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SUMMARY

Wireless Capsule Endoscope (WCE) is a new medical device that can be used for examining the
whole digestive tract if effectively actuated. In this paper, a new three-coil actuator is proposed
for the capsule endoscope navigation system. The proposed system, which is based on the current-
controlled magnetic levitation concept, utilises a small permanent magnet within the capsule
body and an arrangement of controlled electromagnet actuator placed on a movable frame. The
dynamics of the proposed control system is modelled mathematically and then formulated in
state space form. In this research, the Linear Quadratic Regulator (LQR) technique is used for
designing a 3DOF controller for the capsule actuation system. Artificial Bee Colony (ABC) tuning
algorithm is used for obtaining optimum values for controller gain parameters. The optimised
LQR controller is simulated by using the Matlab/Simulink tool, and its performance is then
evaluated based on the stability and control effort parameters to validate the proposed system.
Finally, the simulation results suggest that the LQR controller based on the ABC optimisation
method can be adopted to synthesise an effective capsule actuation system.

KEY WORDS: wireless capsule endoscope (WCE); electromagnetic actuator; linear quadratic
regulator (LQR); artificial bee colony (ABC).

1. INTRODUCTION

The WCE is a new diagnostic device provided by a digital camera and is used for examining the
whole gastrointestinal tract without discomfort or need for sedation that traditional
procedures cannot [1]. However, its passive movement mode limits its use as a commercial
diagnosis tool in hospitals. Therefore, there is an incredible interest from endoscopists and
bio-engineers in the methods of controlled actuation for these medical devices. Magnetic
locomotion is highly recommended by many researchers in order to move the capsule in the
digestive tract wirelessly due to the fact that a patient’s body, which has very small magnetic
permeability, does not have an effect on the distribution of the magnetic field. Furthermore,
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the magnet does not need to connect to a power supply to move [2]. Simi et al. [3] proposed a
new miniaturised hybrid endoscopic capsule for the digestive tract evaluation. They fabricated
a prototype capsule-type micro robot with an active hybrid locomotion system which merges
with an internal actuation mechanism with external magnetic dragging. The internal actuator
is based on a micro motor, whereas the external actuator is based on the magnetic interaction
between a set of small cylindrical permanent magnets inserted in the capsule and a big
external cylindrical permanent magnet mounted on a passive hydraulic arm. 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. However, the actuation of the actuator was not validated
for capsule functions and the supply capacity of the inserted battery. Additionally, further
miniaturisation for the capsule size is required in order to achieve an ingestible capsule size.

In 2012, a new actuation approach was proposed by Yim et al. [4, 5] for a capsule endoscope.
They fabricated a prototype of a compliant magnetic robot-driven capsule based on medical
procedures in the stomach. The device is actuated and oriented magnetically based on a rolling
locomotion method. They implanted two permanent magnets in both ends of a dummy capsule
and used the force and torque of an external permanent magnet connected across a motor to
rotate the capsule. However, the actuator force was not controlled to manipulate the capsule in
the free space of the tested organ.

Lien et al. [6] proposed a magnetic actuation system for enabling the surgeons to control the
mobility of the endoscopic capsule by moving their own hands as previously proposed by [7].
They fabricated a new prototype capsule endoscope equipped with shorter and longer focal
length lenses for the visualisation of close-up and far-end stomach wall. 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 the stomach. However, the proposed device was
not wireless, as it still needed to be connected to power and image data transfer cables.

A new handheld magnetic actuator for a spiral-type WCE is proposed by Ye et al. [8]. They
fabricated an actuator mainly consisting of a permanent magnet attached to a step motor, a
microcontroller and a dummy capsule with a cylindrical magnetic shell and a spiral. The spiral-
type device can move across the rotational magnetic field produced by the handheld actuator.
The ex-vivo experiments in porcine small bowel showed that the medical device can move
forward or backward under the control of the actuator. However, the handheld actuator
cannot orient the capsule in the desired direction. The capsule rotational movement could
cause blurring in the captured images. The regulation signal applied to the step motor is not
calculated based on the capsule position feedback. Hasson et al. [9] presented a prototype of a
steering mechanism for the Tethered Capsule Endoscope (TCE) system used for examining the
stomach. The navigation mechanism consists of a controller, an extension tube made of the
flexible Bowden cables and a steering system. Three thin steel wires in 120° configuration are
placed in the tube and used for steering the capsule. In the steering unit, a mock-up capsule is
connected to the adaptor cap of the Bowden cable. The experimental tests have shown that the
TCE can be steered in the desired direction. However, the capsule cannot be used for
examining all digestive organs. In addition, the navigation of the cabled device through the
digestive tract can cause pain and discomfort to the patient.

In 2015, another electromagnetic actuation system for capsule endoscopy was introduced by
Lee et al. [10]. The proposed system was used for achieving 3D locomotion and steering of the
capsule endoscope in the digestive tract. The system utilised five pairs of coils and a
permanent magnet inserted in the capsule endoscope. The external magnetic field exerted by
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the solenoid components on the embedded magnet is used for orienting and navigating the
capsule within the digestive organs. In order to validate the actuation approach, the ex vivo
tests are executed by using a small intestine extracted from a cow. However, the moving speed
of the capsule by propulsion force of the actuator is not high enough. In addition, the capsule
motion in the z-direction by using the system is helical, hence, it is possible that some
important spots in the tested organ may not be scanned. Therefore, a new low cost wireless
navigation system using magnetic actuator based on three coils is proposed in this paper to
address the problems associated with the actuation systems introduced in the literature
survey (capsule size, orientation, power supply, image blurring, feedback, cabling, speed etc).
The actuator employs three coils fixed in (120°) and configured on a 3D movable frame for the
purpose of applying magnetic force to the inserted magnet in the capsule in order to guide it
through the desired 3D trajectory within the stomach and the bowel.

This study focuses on the design of a linear control system for moving the dipole in 3D within
the area around the operating point and maintaining it at a desired position. The stabilised
device can then navigate the intestine by manipulating the actuator frame and using three
degrees of freedom (3DOF) robot. The introduced scheme is based on magnetic levitation,
which seems appropriate for high precision motions if a robust tracking algorithm is applied to
deal with its inherent instability problem [11]. The system is analysed mathematically to
describe its dynamics, and then modelled in state space form to enable the use of the state
feedback technique for the purpose of designing a controller. The controller is based on a
linear quadratic regulator (LQR) technique, which is highly recommended for precision
movement applications. In order to validate the controller, the actuation system is simulated
by using the Matlab/Simulink tool, and its performance is then evaluated based on overshoot,
settling time and control input parameters.

However, the use of this control method includes many drawbacks, such as the limitation of
the state and control variable by applying the trial-and-error procedure in order to determine
the control gain coefficients. Therefore, there is a considerable interest in optimisation
algorithms used to obtain optimum parameters values for state feedback controller
techniques. For LQR controller design, there are many computer-aided optimisation methods
used for finding optimum weighting matrices elements such as genetic algorithm (GA) [12],
particle swarm optimisation (PSO) [13], particle swarm inspired evolutionary algorithm (PS-
EA) [14], and artificial bee colony (ABC) [15].

ABC method is one of the tuning algorithms that has been successfully applied to solve various
types of optimisation problems [16]. Tuning performance of the ABC algorithm is compared to
that of GA and PSO method for the roll control system problem based on LQR technique of an
aircraft [17]. Basturk and Karaboga compared the performance of ABC optimisation algorithm
with those of PSO and PS-EA [15], GA [18] and DE, PSO and EA [19] on various test problems.
In this research, the ABC tuning algorithm was developed for the capsule actuation system by
using the LQR technique. The performance of the ABC-LQR controller is analysed with respect
to the step input based on standard control criteria, which includes maximum overshoot, rise
time (time necessary to reach 90% of its final value), settling time (time necessary to reach
95% of its final value), steady state error and control input.

The paper is organised as follows. Section II presents system configuration. In section III, the
modelling and the dynamics of the proposed system are formulated. Tracking system
technique and tuning method are described in section 1V. Section V introduces strategy of the
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capsule actuation system. In section VI, simulation results of the navigation system are
presented and followed by conclusions and prospective research in section VII.

2. SYSTEM CONFIGURATION

The preliminary setup of the proposed 3DOF actuation system is depicted in Figure 1. The
scheme mainly consists of a controlled electromagnet, which is assembled by using three iron-
cored coils (radius re, length L.) fixed symmetrically on a 3DOF Cartesian coordinate slide, a
small cylindrical permanent magnet (radius rg, length L) which is made of an alloy of
neodymium, iron, and boron NdFeB enclosed by a capsule with a generating coil (wound
around the capsule body), three-position coil sensors attached to lower poles of the actuator
coils, a 3D simulated bowl tube, a processor to implement the controller of the proposed
actuation system, and a 3DOF robot to move the coil frame.

In the proposed capsule navigation system, the embedded magnet served as the actuation
source, whereas the capsule coil based on AC magnetic field was used as a localisation source.
The purpose of using the AC magnetic field is to discriminate the capsule localisation field with
the DC actuation field of the coil. The magnetic sensors are used to provide the controller with
feedback information about the capsule position, which is used for adjusting the actuator
current required to move the capsule in the x, y and z-direction and maintain it at the desired
position.

3. SYSTEM MODELLING AND DYNAMICS

The force vectors of the system in the free space are illustrated in Figure 2(a). The orientation
definition of the coil and magnet in the Spherical coordinate system is shown in Figures 2(b)
and (c) respectively. The figure shows the inclination angles fand & and azimuth angles #and
yof the coil and magnet respectively.

l 3DOF Actuator Frame ‘

Capsule Coil

| Simulated Bowel I Capsule Coil Sensor

Fig. 1 Conceptual platform of the proposed control system
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(b) (c)

Fig. 2 Geometry of the system in the free space

(a) Force vectors of the system; (b) Orientation angles of the coil; (c) Orientation angles of the magnet

Fig. 3 Schematic diagram of the proposed control system in the xy-plane

In the proposed scheme, the actuator is set on the 3D movable frame so that the inclination
angles of the coil 1, 2 and 3 have the same value of 135°, while their azimuth angles are 210°,
330° and 90°, respectively. Figure 3 illustrates a 2D schematic diagram of the actuation system.
In this study, the inclination « and azimuth yangles of the dipole are assumed to have the same
value of 90°. The diagram shows the projections of the distance and the force vectors of the
control system in the xy-plane.
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The magnetic force, produced by a coil, and exerted on the embedded dipole, is provided in
expression Eq. (1).
-~ Supn, | (A R) g + (A B)ic + (A Ba)R 5 (A, R) (g B)R

F= - 1
i 25 1Y n

The definition of the above equation parameters are as follows: p,is air magnetic
permeability (Tm/A), u, is the relative magnetic permeability of the coil core, ji. is magnetic
moment vector of a coil (Am?), fi,; is a magnetic moment vector of the magnet (Am?), R is the
vector distance from coil to the dipole (m) and R is the distance between coil and the magnet
(m).

Based on Figure 2(b) and (c), the magnetic moment of the coil i (i=1,2,3) and dipole is

provided by:
Hei =Nili A (2a)
BV
Mg =—— (2b)
Ho
i = Mg (Sin( B; )cos(6; )x +sin( B; )sin(6; )y +cos(B; )z) (2¢)
By = ug(sin(a)cos(y )x +sin(a)sin(y )y +cos(a)z) (2d)

where . and p; is the magnetic moment value of the coil i and magnet respectively, N, I;

and A, is the number of turns, current (A) and the cross-section area of the coil i (m ],
respectively, B is the intrinsic induction of the magnet (T ), and V is the volume of the magnet
[m3], X, ¥, Z is the unit standard vectors in the x, y and z-direction respectively. If the coils

have the same magnetic and physical parameters, then the magnet moment value of the coils is
the same p; =N_IA. . Based on the mentioned above values of inclination and azimuth angle of

coils and the magnet and using Egs. (2c) and (2d), the magnetic moment vectors of the system
are provided by:

_ _NJA., V3, 1,

Her = NG (-—x-Ey z) (3a)
. _NA, J_ 1, .
o= p- 3b
Hez = NG ( X=2 z) (3b)
. _NJIA. . ..
He3 :%(OXW—Z) (3¢)
by =ug(0x+y+0z) (3d)

The response of air core coil sensor is easy to characterise by Faraday's fundamental law of
induction, as follows:

do
V, =-uyN, 4
Ho St (4)

where Vis the induced voltage (V), N, is the number of coil turns, and ¢ is the magnetic flux
passing through a coil. The above expression refers to the fact that induced voltage in the N

turn coil winding is equal to the rate of change of electromagnetic flux. Generally, the
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sensitivity of an air coil sensor is relatively low, hence in order to improve the output
response, a ferromagnetic core with high permeability should be used. Based on Eq. (4), the
output voltage of an iron-cored coil sensor is governed as follows:

dH
V. =- N.A— (5)
N Holrc N g dt

where A is the cross-sectional area of the coil sensor (mz ), Wy is the resultant permeability of
the core and H is the magnetic field intensity (A /m ) [20]:

- MT‘S
14Dy (s 1)

where p, is the permeability of the iron core of the coil sensor, and Dy is the demagnetisation

Hrc (6)

factor. It is worth considering that the measurement of the capsule position in this study is
based on the air core coil sensor. The reliability of the controller design depends on the
robustness of the transfer function, and to achieve this, the modelling of the system must be
based on realistic parameter values. In this research, the realistic parameters values of the
system, which are listed in Table 1, are taken from previous work [21].

By using Eq. (1), the movement of the magnet due to magnetic force produced by the system

actuator (three electromagnetic coils) in the x, y and z-direction is governed by Newton's
second law, and it can be expressed as follows:

dZ(X,y,Z) - 3#0#,« 3 {(ﬁci u_éi):ad +(ﬁd ljéi)ﬁci +(ﬁci Eﬁd)i\;i _

dt? 4nM Z R>

i=1 i

5 (e ) ER-)R}_ w

R/
(7a)

2 2
th :d (;(;é)/’zjl)?—direction (7b)
dzy:dz(x’y'ZJIA - 70

dtz dtZ Yy—direction

2 2

thz = d (;;;’Zjii—direction (7d)

where:

g = (et /N2)(—N3%/2-5/2-2), ey = (02 /N2)(N3%/ 2-5/2-2),

Hes =(He3 /N2)(0%+§—-2) are the magnetic moment vectors of coill, coil2 and coil3,
respectively,

fiy =ug(0R+3+2), W=Mg(0%+0y—%) is the weight vector of the inserted dipole,

M is the mass of the embedded magnet (kg),

g is the gravitational acceleration (m/ s? )

Ry =(L/2+x)%+(-L/(2\3)+y)j+z2, Ry =(~L/2+x)%+(~L/(2N3) + y)y+z,

ENGINEERING MODELLING 31 (2018) 1-2, 77-98 83



I.K. Mohammed, A.l. Abdulla: Design of optimised linear quadratic regulator for capsule endoscopes based on artificial bee colony
tuning algorithm

Ry =xx +(L/~3+y)y+z% is the distance between the inserted magnet and coill, coil2 and
coil3 respectively.

Assuming that the electromagnets have the same magnetic and physical parameters, i.e.
K; =K, =K; =K, the x-direction movement formula of the inserted magnet based on Egs. (7a)

and (7b) can be written as:

K (\/§y1—X2)_5X2y1D1 7 (\/§y1+xl)_5X1J/1D1 +

#(t)=—11
M| RS R/ I RS R,

5xy,D
R3 R3

Table 1 Physical and magnetic parameters of the control system

(8)

Parameter Value Parameter Value
L 0.06m M 0.009kg
N 250 B 1T
T, 0.0125m Uy 200
r, 0.006m Ly 41077 (Tm/4)
L, 0.012m K 1.987107° (Nm*/4)

where K =3u,.BVNA,. /167 is a force constant depending on the geometry of the system
(Nm4 / A).The definition of the variables (x;,x,,y;,¥,,D;,D,,D5 ) is included in Appendix A.1.
[t is worth noting that the above force formula is non-linear, and that it involves three position
variables (x,y,z) and three current variables (I;,1,,13). In this study, the proposed control

system is linear. Therefore, for scheme design purpose, Eq. (8) is linearized by using Taylor's
series expansion about suitable equilibrium values (x,,).,2y,1p7.1p2,193) - It is worth

considering that the desired equilibrium position is at the centre of the actuator frame
(xp =0,y, =0) and vertical distance (z,)as much as possible while keeping the equilibrium

input (1y,1,,,13 ) within the acceptable values.

Let us consider the perturbation about these equilibrium values as follows: Ax(t)=x(t)-x,,
Ay(t)=y(t) =y, Az(t)=z(t) -z, Al () =1;(t) = Ipy, Al (t)=15(t) =1y,
Al;(t)=13(t)—1,; where Ax(t), Ay(t) Az(t), Al (t), Al,(t), Al;(t) are the position

and current deviation from the equilibrium states (x,,y,,2,1y;,1p2,1p3 ), respectively.

Based on the above assumption, after algebraic manipulation, the linearized model of the
dipole movement about the operating values (x,,¥,,2y,1y;,1y,,193) in the x-direction can be

described by:

3
AR(6) =) Cidli(t)+Crax(t)+Cr5Ay(t) +Crsla(t) ©)
i=1

The expressions for the above equation parameters Cy; (i =1,2,..6) are included in Appendix B.1.
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In the y-direction, the movement of the inserted dipole can be expressed on the basis of Egs.
(7a) and (7c) as follows:

N K \/E(Xz-\/EJ’rZZ) 5y%D, \/E(Xz-\/EJ’rZZ) 5y.;°D,
yt)=—11 5 —— | 5 7|t
M Rl Rl RZ RZ

_ 2
e fz)_5y25D3H
R3 R3

(10)

For linear controller implementation purposes, the above dynamic equation is linearized
around the equilibrium values (x,,y,,2y,1y;,1p7.1p3) as follows:

3
4y(t)= ZCZiAIi (t)+Cpqx(t)+Co5Ay(t)+Crsdz(t) (mn
i=1

where the expressions for the elements C,;(i=1,2,...6) are outlined in Appendix B.2.

In the z-direction, the movement of the embedded magnet is expressed on the basis of Egs.
(7a) and (7d) as follows:

(2\/§y1 +Z) _2Y121D; -1 (Z\/EM +Z) _5Yi1z;1D,

K
TOERES 2
M R15 R17 R25 R27

- +
21, (V522 +2) 57,205 H_g

Ry® R, 2

Linearization of Eq. (12) about the operating point (x,,y,,2y,1y;,1y7.1p3) can be described by:

3
L(t) = CiAl,(€) +C340x(t) +C35Ay(t) +C35 (L) (13)
i=1
where the expressions for C3;(i=12,...6) are outlined in Appendix B.3. From the free body

diagram in Figure 2(a), at the equilibrium state, the resultant magnetic force exerted by the
electromagnetic coil on the levitated dipole in the x and y-direction is zero, whereas in the z-
direction it equals the capsule weight W. Based on Egs. (8) and (10), the current inputs

(1p7.1p2,1y3 ) of the system at the equilibrium point [xo,yo,ZO]T :[O,O,O]T are the same. In
order to satisfy the equilibrium condition, the currents that pass in the actuator coils must be
the same. Based on Eq. (12), the excitation currents of the scheme can be calculated by using
the following equation:

Mg

p=— M9
0 13854007k

1

i=1,2,3 (14)

[t this study, the input of the system at equilibrium case is reduced as much as possible as the
inserted magnet is placed in the plane of the actuator coils (x, =0,y, =0,z,=0).

STATE SPACE FORMULATION

In order to design a 3DOF actuator, the modelling of the proposed system should be
formulated in state space form AX[nxl]:[xl,xz,xg,x4,x5,x6]T:[AX,AX,Ay,Ay,AZ,AZ']T

being the state vector of the system, the applied coil currents are considered the control
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input's vector so that AU(mx1)=[Al;,A41,,4l, ]T, and the movement of the magnet in the xyz-
planes is considered the output's vector so thatAY(pxl]Z[yl,yZ,yg]T =[AX,Ay,Az]T.The

state and the output equation of the proposed Linear Time-Invariant (LTI) system can be
written based on Egs. (9), (11) and (13) as in Egs. (15) and (16), respectively.

AX(t)=AAX(t)+BAU(t)
AY(t)=CAX(t)+DAU(t)

(15)
(16)

where A is the system matrix (n x n), B is the input matrix (n x m), C is the output matrix (p x n),
and D is feed forward matrix (p x m). These matrices are provided by:

o 1 0 0 0 0] o0 0 o0
C14 0 C15 0 C16 0 C11 C12 C13
0o 0 0 1 0 0 0 0 0
A= , B= ,
C24 0 C25 0 C26 0 C21 C22 C23
0o 0 0 0 0 1 0 0 0
_C34 0 C35 0 C36 0_ _C31 C32 C33
1.0 0 0 0 0] (0 0 0
c=l0 0 1 0 0 0|, D=|0 0 0
0000 10 0 0 0

4. OPTIMISED CONTROLLER APPROACH

In this section, the theory of the controller technique used for designing the proposed capsule
navigation system and the ABC tuning algorithm method, which is adopted to obtain optimum
values for the controller gain parameters, are presented.

4.1 CONTROLLER DESIGN METHOD

In this paper, a more common technique LQR is adopted to implement the proposed 3D
controller, since it basically seeks a compromise between the minimum energy and the best
performance. The LQR controller can be successfully implemented in this application as the
proposed system is observable and state controllable. For any desired input, this approach
involves applying the optimal control input vector:

M(t)=NX,(t)-K,AX(t) (17)

where N is a feed-forward scaling matrix, K, is the optimal feedback gain matrix, and X, (t)

is the desired state vector to track the input commands and keep the magnet in the desired
position, while minimizing the quadratic cost function [22]:

J=[I€" (t)actse(t)+" (t)R(t)AU(t)]dt (18)
0

where Q(t) and R(t) are referred to as combined state and control penalty matrices,
respectively. The parameters of the controller matrices are determined by trial and error so
that the controller can achieve a compromise between the applied input and the state
magnitude of the system [23, 24]. In this study, so as to avoid the drawback of the trial and
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error procedure, an optimisation algorithm based on the ABC tuning method is adopted to find
optimum controller gain parameters.

The feedback gain matrix K, can be calculated by solving the following Riccati equation and
relation Egs. (19) and (20) by using the Matlab software:

A"P+PA-PBRIB"P+Q=0 (19)
K,=R'B"P (20)

The controller weighting matrices Q(t) and R(t) are set so that the control system can achieve
the desired performance based on a reasonable control effort.

It is worth considering that based on the weighting matrices Q(t) and R(t), which govern the
system states behavior and input currents respectively, the feedback gain matrix K, is

calculated by using the Matlab command “Iqr”, whereas the pre-compensator N is obtained on
the basis of the state and output matrices(A,B,C,D) and controller gain K, from the Matlab

function, i.e. the designer’s function in m.file code.

4.2 CONTROLLER TUNING METHOD

In this study, an optimisation algorithm ABC is adopted to implement the tuning process for
the LQR weighting matrices Q and R, which is used for calculating the feedback gain matrix K,

of the actuation system. A set of good control parameters Q and R can achieve a good output
response for the system, and result in the minimisation of performance criteria in the time
domain including the rise time ¢, settling time t;, maximum overshoot (%Mo) and steady
state error eg. In Bees Algorithm, the colony of artificial bees consists of three groups of bees:
employed bees, onlookers and scouts.

The first half of the colony consists of employed artificial bees, and the second half includes the
onlookers. For every food source, there is only one employed bee. In other words, the number
of employed bees is equal to the number of food sources around the hive. The employed bee
whose food source has been abandoned by the bees becomes a scout. The position of a food
source represents a possible solution to the optimisation problem, and the nectar amount of a
food source corresponds to the quality (fitness) of the associated solution. The number of the
employed bees or the onlooker bees is equal to the number of solutions in the population [25].

The flow chart of the ABC tuning algorithm used for obtaining the optimum gain parameters
for the proposed LQR controller system is shown in Figure (4), where SN is the number of food
source, D is the dimension of the problem for optimisation of the LQR controller system
[namely Q diagonal elements: q11, G2z q33 q44 G55 qss and R diagonal elements: ryz, 12z, r33] and
MCN is the maximum cycle number.

5. STRATEGY OF THE ACTUATION SYSTEM

The main idea of the proposed system is that the magnet, which is enclosed in the device as a
marker for localisation, can also be moved by the magnetic force of the external controlled
magnetic field produced by coils placed outside the human body on a movable frame.
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Start

A 4

Set parameters of ABC algorithm SN=20, D=9, MCN=100

»
»

\4

Better solution searching around each food source based
on the fitness function calculated by:

Fitness=30M_ + 30t + 30t +10e,

A 4

Possibility calculation of each selected source and
sending the onlooker bees to the higher one

l

New food source exploitation in the vicinity of the
selected food source

Replacing the
current food

Yes source with the

one generated by
Fitness

Will the scout
bee Annear

A

Fitness comparison to get the best solution

Fig. 4 Flow chart of the ABC optimization algorithm
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The procedure of the proposed actuation system for the medical device in the digestive tract
includes the application of the following steps:

* Stepl: Applying an auto tuning LQR controller to move the inserted magnet across a
distance Ax(t ), Ay(t ), Az(t ) within the area around the operating point to set the dipole at

the desired position relative to the movable electromagnet frame.

» Step 2: Navigate the embedded magnet through the simulated intestine in the x, y and z-
direction by moving the actuator frame and/or the patient's bed using the robotic frame
manipulator.

This study focuses on the design of a linear 3DOF tracking system to achieve step 1. It is worth
noting that it can successfully implement the 3DOF LQR controller for the proposed capsule
actuation system as the system based on A,B and A,C matrices, and the use of both Matlab
commands “ctrb” and “obsv” is completely controllable and completely observable. The block
diagram of the control system is shown in Figure 5. The idea presented here for the proposed
scheme is very simple, as it has been based on the magnetic levitation concept, which is highly
recommended for accurate movement applications. The system is analysed mathematically
and modelled in state space form to enable the use of the state feedback LQR technique to
design the controller. In this research, the ABC tuning algorithm is used to optimise the
controller through obtaining the optimum value for its weighting matrices elements. It is worth
noting that the scaling matrix N is added to the system as shown in Figure (5) to scale the
desired input X, (t), so that the system output will be equal to the reference input in steady

state condition [2].

The feedback gain K, of the controller is calculated on the basis of the optimised weighting

matrices Q, R and state A and input B matrices of the system based on the Matlab command
"lqr"” . In the proposed positioning system, the coil sensors attached to the actuator coils are

used for obtaining the device position information from the AC magnetic field generated by the
capsule coil which is decoupled from the DC magnetic actuation field. Based on the feedback
sensors information, the controller is designed to manipulate the current inputs for the
purpose of guiding the dipole to the desired region and keep it there. The stabilised device
then navigates the bowel by moving the frame and/or the patient.

X(t) = AX(t) + BU(t) — y
Y =CX(t) + DU(t) Sensing Unit |—»
System Plant

A 4

X(t)

&
X

Q,R
ABC Algorithm

Controller

T

Fig. 5 Block diagram of the proposed control system
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Regarding the system control effort, the coil currents, which are governed by the initial
position of the capsule and the physical and magnetic parameters of the system, must be
within a reasonable value (no more than several amperes). The reason for this is that the
increasing current heats the coil thus changing the magnetic behaviour of the actuator.

6. SIMULATION AND RESULTS OF THE LQR CONTROLLER

For the proposed LTI system as stated in Egs. (15) and (16), based on the realistic values in
Table 1, the currents and the state matrices A4, B as the elements of the system required to
track the desired input are calculated and listed in Table 2.

In this section, the Matlab/Simulink environment is used as the simulation tool to verify the
performance of the proposed control system based on rise time, settling time, maximum
overshoot, and control input parameters. The LQR controller is designed for the desired

response with rise time#, of 0.1 s, settling time 7, of 0.5 s, and maximum overshoot Mo of 5%.
The tracking scheme is designed to guide the embedded magnet with the initial state vector
Xi(t):[X,-,X,-,y,-,yi,z,-,z',-]T :[0,0,0,0,0,0]T to a position represented by the desired states
vector [Axy,Ay,, Az, 1" =[1, 1, 1]".

Table 2 Electrical and linearisation parameters of the control system

Parameter Value Parameter Value
lp;,i=1,2,3 32mA Cyy 0
Cqq 201.5N/(kg A) Cys -2983.5 N/(kg m)
Cyy 368.46 N/(kg A) Cys 2086 N/(kg m)
Cy3 0 C3 -197.46 N/(kg A)
Cyy -2777 N/(kg m) Cs, -197.46 N/(kg A)
Cys 0 Cs33 89 N/(kg A)
C16 0 Cs4 0
Cy; 147 N/(kg A) C;3s 2086 N/(kg m)
Cy, 147 N/(kg A) Cs3 -2922.8 N/(kg m)
Cy3 177 N/(kg A)

In practical application, the system operates through the placement of the inserted magnet
initially in the vicinity of the operating point, as the proposed linear controller is valid only
around the equilibrium position. It is worth considering that closing the distance between the
initial and final position of the capsule keeps the current values of actuator within the
acceptable range.

In this research, the scaling matrix N is included into the proposed system so that, based on the
optimum controller gain values, it can guide the states of the system output through the
desired trajectory and normalise them to the demand values [1, 1, 1 ]T. Figure 6 presents the

Simulink model of the proposed capsule actuation system. Tracking performance of the system
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P delta I1, delta 12, delta I3

System inputs

delta_Xd +
: delta U 'B . »| 1is delta x ;{>—> delta x, delta y, delta z

Reference input

Add  states initials System outputs

Fig. 6 Simulation model of the proposed LQR tracker system

can be examined by a proper setting of the controller gain matrix K, and the scaling matrix N
which determines the control input AU(t) and eliminates the steady state error capability,

respectively. The optimal weighting vectors Q and R obtained for the LQR controller by using
the tuning algorithm ABC are provided by:
Q =Dblkdiag(qi1 qzz q33 q44 qs5 qes) and R = blkdiag(ris, 122, r33)

where q11 = 313.399, q22 = 1e-9, q33 = 0.0884, q44 = 1e-9, qs5 = 598.6766, qss = 1e-9, r11 = 1e-9,
rzz2 = 1e-9, and r3z = 1e-9. These controller matrices elements are set to effectively enable the
system states to track the desired step input while keeping the control inputs as small as
possible. Based on the controller weighting matrices Q, R, the feedback gain matrix K, was

calculated by using the Matlab command "Iqr" as follows:

103919.9 -7.9 6068 1.9 -572061.5 -57.4
K, =|520249.6 59.9 -33754 -1.1 -63349.5 16.2
1786788 36.6 63232 2.0 5171161 633

whereas the scaling matrix N was calculated on the basis of the system dynamic matrices
(A,B,C,D) and the controller feedback gain matrix K, , which is tuned optimally by the ABC

algorithm, by using the defined Matlab function in m.file code; N = rescale (4,B,C,D,K, ).

N=[-462074.2 453524.1 702117.5]"

The time response of the system output Ax(t) Ay(t ) Az(t) based on the above gain

parameters is shown in Figures 7(a), (b) and (c), respectively. Figures 8(a), (b), and (c)
represent the input currents Al;(t ), Al,(t) and Al;(t) of the actuation system, respectively.
It is observed that the optimised LQR controller based on the ABC tuning algorithm can
effectively achieve a fast and stable response with a reasonable control effort. Based on the
mini plots of Figures 7(a), (b) and (c), the system output Ax(t),4y(t) and Az(t) followed the
desired unit step trajectories with no overshoot, approximately zero steady state error, rise
time of approximately 80 ms and settling time of approximately 95 ms.

Regarding the control effort, it can be seen from the mini figure of the input signals as shown
in Figures 8 (a), (b), (c) that the initial and steady-state control input of the system were within
acceptable values. Figures 9 and 10 present the converging elements of the LQR weighting
matrices Q and R respectively based on the ABC optimisation method through iterations.
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It is worth considering that, in order to increase the maximum levitation distance of the
capsule to a realistic value, the magnetic force of the actuator exerted on the inserted magnet
should be increased. In order to achieve that, the control law can be supported by increasing
the number of turns of the coil and by using high permeability iron-cored coils. However,
increasing the number of turns can cause a rise in the coil conductivity which will increase the
settling time, therefore, using a high permeability iron core is highly recommended to keep the
input signals within applicable rates [21, 26].
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7. CONCLUSIONS AND PROSPECTIVE RESEARCH

This research contributes to the investigation into the development of controlled actuation
methods for capsule endoscopes. The study focuses on the design of a 3DOF navigation system
capable to guide the capsule through the digestive organs after suitable preparation. The
dynamics of the control system is modelled mathematically and then formulated in state space
form. Linear LQR controller was designed and simulated by using Matlab/Simulink
environment to validate the proposed capsule actuation system. In this paper, the controller is
optimised by obtaining the optimum controller gain parameters through the use of the ABC
tuning algorithm. The performance of the optimised controller system was evaluated based on
rise time, settling time, maximum overshoot, and control effort parameters. The simulation
results showed that, based on acceptable control inputs, the auto tuning LQR-ABC controller
under the unit step input was able to effectively provide a fast response with minimal
overshoot value and steady state error. Consequently, the proposed LQR controller based on
the ABC tuning algorithm controller can be adopted to design capsule navigation system. In
prospective research, the validation of the proposed auto tuning LQR-ABC controller system
by implementing it in real-time and by using a float point digital signal processor (DSP) will be
considered.
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A. APPENDIX A. DEFINITION OF THE MAGNET MOVEMENT EXPRESSION IN
THE X- DIRECTION

X;=(V3L/4+x), x, =(N3L/4-x), y;=(L/4+y), y, =(L/4+y),
D] =\/§X2 __y1 _2\/5, DZ =\/§X1 +y1 +2\/§Z, D3 :yz _2\/§ .

B. APPENDIX B. PARAMETERS EXPRESSION OF THE LINEARISED CAPSULE
ACTUATION SYSTEM

B.1 IN THE X-DIRECTION

Xo1 =(~3L/4+x0), Xo =(N3L/4+X)), yo1 =(~L/4+y,), Yoy =(L/4+yy), 2, =L/ 2,

Gy =(K/M)lyy, Gy =(K/M)ly,, Gz =(K /M )lp3, Ry =\/X022 Yol +24°,

Roz =\/X012 Yo’ +29° ) Rog =\%9" +or” +29°, Doy =N3x = vy = 2432,

Doz =N3xg1+ Y1 + 2432, Dyg = yor ~N32, Eg =3N3x5 + 2432,

Egy = 3301 + Yoy + 23329, Egy =305 + 391 + 2N32), Egz =3x91 + 3y, + 2432,
Egs =30z ~\32, Egs = 2391+ 29, Egs =3Y52 =29, Egy =305 + 291 + 2432,
Egg =\3xg1+ 291 + 2432,

c _G (V3591 =%g5) _5Xp2Y01D01 c _Gy (V3y91 = %) _5Xp1Y01Dp2
11 R 5 R 7 ’ 12 R 5 R 7 ’
01 01 02 02

101 102

c..=283| X0 _ 5X9Y02Dp3
13 I 5 7 ’
03 | Ry3 Ry3
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