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Abstract

A miniature capsule robot (capsubot) - which has no external moving parts whereas a conventional
robot has legs and/or wheels - is suitable for in-vivo applications, engineering diagnosis and pipe
inspection. This study addresses the trajectory-tracking problem of an underactuated planar capsubot.
A combining piece-wise and behaviour-based control algorithm is proposed for trajectory tracking. The
paper also proposes four motion behaviours, four switching behaviours, one stationary behaviour. A
selection algorithm for behavior-based control and rules for IM motion control in all the behaviours
are developed. The partial feedback linearization control is used for low-level IM motion control while

the piece-wise and behaviour based control is used for the capsubot trajectory tracking control.

1. Introduction

Control of underactuated mechanical systems [1] is an active research area because of their simple
structures, medical and industrial applications. A capsubot belongs to a class of underactuated system
which works on the principle of internal reaction force and, hermetically sealable and limbless - the
examples are a pendulum on a cart [2], a 1D capsubot [3] etc. Thus a miniature capsubot is suitable
for in-vivo applications such as medical diagnosis (e.g. capsule endoscopy) & treatments (e.g. drug
delivery) whereas a micro/miniature legged robot [4] may injure the internal soft tissues by the sharp
edges of the legs. It is also suitable for engineering diagnosis specially underground pipe inspection
as the outer structure of the capsubot can be designed to match the desired pipe structure. Recently
the research of micro/miniature robots, e.g. legged [4] and legless robots [5, 6, 7, 8] including capsule
robots [3, 9, 10] have attracted the attention of researchers because of their potential applications.

The capsubot propulsion principle was analyzed in [11] from the viewpoint of physics and a control
law and optimum parameters of the system were proposed. The motion generation of a single mass
capsubot was explained in [9] based on a four-step velocity profile which was, fast motion for the first

two steps and slow motion in the last two steps. In [10], the motion generation of the capsubot was



explained on the basis of a seven-step velocity profile which is, fast motion in the first three steps and
slow motion in the rest of the steps. Motion of a single mass capsubot was explained in [3] based
on a four-step acceleration profile and a stand-alone prototype was developed. However trajectory
tracking which is the primary requirement of this type of underactuated systems was not considered
in the literature. This paper addresses 2D trajectory tracking control of a capsubot. It proposes a
combined piece-wise and behaviour-based [12, 13, 14] algorithm for planar trajectory tracking of a 2D
capubot. The 2D capsubot is an underactuated system as it has four degrees of freedom (DoF) but
only two control inputs.

Main contributions of the paper are 1) proposing a trajectory tracking control algorithm by com-
bining piece-wise and behaviour-based control for the trajectory tracking control of an underactuated
2D capsubot (section 3); 2) defining various basis behaviours for the 2D capsubot (section 2.3); 3)
developing a selection algorithm for proper selection of the behavior-set (Fig. 4); 4) proposing the
rules for implementing each behaviour (section 4.2.7); 5) describing the data set creation, selection of
profile parameters, tuning the piece time and, modifying the desired velocities (sections 4.2.3, 4.2.4,

4.2.5 and 4.2.6).

2. System Description and Defining the Behaviours

2.1. System Description: 2D Capsubot Model:

The 2D capsubot considered in this paper has a parallelepiped shape shown in Fig. 1(a). Two IMs
(inner masses) are placed in the hollow spaces within the capsubot. The hollow spaces are identical
and placed symmetrically within the capsubot. IMs can move along the hollow spaces. By controlling
the movements of IMs, the capsubot can move on a plane. F,,, force is applied on the I M; along the
hollow space and creates a motion whereas fy,, is the friction force. IM; applies equal and opposite
forces on the capsubot. The sources of the forces which are not shown in the figure could be linear

motors as used in [3, 15]. From Fig. 1(a) the capsubot dynamic model is:

Foy — [, =midms ¥V i=1,2 (1)
Y Fo=Mi=(F — fa)cos(d) = (—Fmy + frny = Finy + finy — far)cos(¢) (2)
Y Fy=Mijj= (F. = far)sin(¢) = (=Fun, + fruy = Fina + fina = far)sin(9) (3)

> Mg =1¢=M, — My = (=Fn, + fms)la = (—Fmny + )11 — My (4)

where Z,,; is the acceleration of IM;; x, y and ¢ are generalised coordinates of the capsubot with

respect to fixed frame O(Xp,Yo); m; and M are the IM; mass and capsubot mass respectively;



F.. is the total reaction forces of the IMs on the capsubot, M, is the total moment due to reaction
forces of the IMs on the capsubot about z-axis through the mass centre of the capsubot; [; is the
perpendicular distance of the direction of force F,,,, from the axis of rotation; fas is the friction force
on the capsubot by the surface of motion - fyy = 0 if F,. = 0 and |f| increases when |F,| increases
with a maximum value of fypr = sgn(r)uMg; 7 is the linear velocity of the capsubot, p=translational
friction coefficient, g=gravitational constant; M is the frictional moment of the capsubot about z-

axis through the mass centre of the capsubot - M; = 0 if M, = 0 and |M/| increases when |M, |
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increases with a maximum value of My = sgn(¢)2uMg(rs + wl;:rz ), T2 = G, = ¥ l2;“’2 [15];

1 = rotational friction coefficient, [ and w are the length and width of the capsubot respectively,
I = 5 M(I? + w?) is the moment of inertia of the capsubot about z-axis through the mass centre of

the capsubot.

2.2. System Description: Motion Generation and Switching

The capsubot has one switching mode and two motion modes: linear motion mode and rotational
motion mode depending on the forces applied on the IMs. For easy implementation, we design the
capsubot with m; = ms = m and [; = 5. The mass centre of the capsubot is assumed to stay at a
fixed point within the capsubot and the natural mass centre of a parallelepiped i.e. G of Fig. 1. The
IMs follows the following four-step acceleration profile in linear and rotational motion modes. One

example of the acceleration profile is shown in Fig. 2(a).
ami1 0<t<ty; Vi=1,2 Stepl: Onward journey of IM;
Uiz tin <t <tp; YVi=1,2 Step2: Onward journey of IM;

Uiz tio <t <tz; Yi=1,2 Step3: Return journey of IM,;

Amia  tio <t <ty; Yi=1,2 Step4d: Return journey of IM;
After choosing a1 to ami4 based on the desired capsubot velocities, ¢;; to t;4 can be found as:

- |'Umi1| . |'Umi1| .

ti1 =

Ui Vi
ti3 = tio + [Vmas]. tia = ti3 + [Vrnia| (6)

tio = ti1 + ;
|ami3| |ami4|

|ami1| 7 |ami2| 7
where v,,;1 and v,,;3 are the I M; velocities at the end of steps 1 and 3 respectively.
The IMs follows the following two-step acceleration profile in switching mode:
) amsin 0 <t <tp; Vi=1land/or2 Stepl: Onward journey of IM;
Tmid = (7)
Amsia bl <t <tlp; Yi=1land/or2 Step2: Onward journey of IM;

A convenient choice for switching accelerations are a,,s;1 = —amsi2- Then t;; and ¢;2 can be found as:
2k
ti1 = ;o tia =2t (8)
|amsi1|



where k = maximum stroke length of IM;

Linear Motion Mode: If forces of same magnitude and direction are applied to both the IMs i.e.
Fp, = Fi, then M, = 0and Y. Mg = 0in (4), and F,. # 0 in (2) and (3). Thus if the capsubot
has a zero initial velocity and |F,.| > | fara]|, the capsubot starts a linear motion. Here &14 = &m2d-
Capsubot performs linear motion in steps 2, 3 and part of step 4.

Rotational Motion Mode: If forces of same magnitude but opposite directions are applied to the
IMs ie. Fy,, = — F,,then M, #0in (4), and F,, = 0,)_ F, =) F, =01in (2) and (3). Thus if
the capsubot has a zero initial velocity and |M,| > |M¢az|, the caspubot starts a rotational motion.
Here Z,,14 = —Zm24. Capsubot performs rotational motion in steps 2, 3 and part of step 4.

Switching Mode: Capsubot uses this mode to switch from one motion to another. In this mode the
IM/IMs changes/change its/their position from one end to other but the capsubot remains stationary.

Here the forces applied on the IMs are small enough so that |F.| < |fuam]| and [M,| < |Mygul.

| fars] \MfMl)

Thus the IMs’ accelerations maintain following constraint: |&,,ia| < min(*ga, 5L

2.3. System Description: Basis Behaviours

We define the following nine basis behaviours based on the above motion and switching modes.

These behaviours are followed for trajectory tracking.

1. Forward (FW) linear motion: The IMs’ initial and final positions are the rear end of the capsubot;
the capsubot moves forward.

2. Backward (BW) linear motion: The IMs’ initial and final positions are the front end of the
capsubot; the capsubot moves backward.

3. Clock-wise (CW) rotational motion: The initial and final positions of IM; are the rear end of
the capsubot and of IM> are the front end; the capsubot rotates clockwise.

4. Counter clock-wise (CCW) rotational motion: The initial and final positions of IM; are the
front end of the capsubot and of IMs are the rear end; the capsubot rotates clockwise.

5. Switching to FW linear motion: Using this behaviour both the IMs reach to the rear end of the
capsubot and ready to start FW linear motion.

6. Switching to BW linear motion: Using this behaviour both the IMs reach to the front end of
the capsubot and ready to start BW linear motion..

7. Switching to CW rotational motion: Using this behavior IM; and IMs reach to the rear and
front end of the capsubot respectively and ready to start CW rotational motion.

8. Switching to CCW rotational motion: Using this behavior IM; and I M5 reach to the front and
rear end of the capsubot respectively and ready to start CCW rotational motion.

9. Stationary: Both the IMs remain stationary and thus the capsubot also remains stationary.



2.4. Reference Frame Allocation

We assign a fixed reference frame O(Xp,Yo) and following local frames while the robot moves as

shown in Fig. 1. We assign two local frames: R;(Xg;,Yr;) and L;(Xz,,Yr;) on the mass centre of

j
the capsubot. The robot performs only one behaviour at a time. When the capsubot needs to move
from one point to another, it uses rotational motion to align itself with the straight line joining current
position and destination; then it uses linear motion to move to the destination. When the capsubot
rotates R; remains stationary with respect to O and, L; moves with the capsubot. Then L; become
stationary with respect to O and the capsubot performs linear motion. When the robot moves to

the next destination two more local frames are assigned. The current orientation and position of the

capsubot with respect to O are:
G5 = Gj-1+ Omy; @ = xjo1 +aajcos(95); Yy = yi-1 + arysin(e;) (9)

where ¢pr; is the rotation of the capsubot with respect to R; and z)s; is the translation of the
capsubot with respect to Lj;.

When the capsubot switches from one motion behaviour to another it uses the switching mode
while the capsubot remains stationary but the IM/IMs moves/move.

Linear Motion Mode: In the local frame (L;) the motion equations (1)-(4) become:
Py = finy = madimn = Fony = finy = Madima; Y Fo = Mg = —2F, +2fm, — fu (10)

where fr,, = sgn(&m; — Za)pimig Vi = 1,2 and far = sgn(ar) Mg, xmi and xpr are the displace-
ment of the IM; and the capsubot respectively measured in the local frame (L;).

The average linear velocity of the capsubot s is:

Py = M (11)
t

where x; is the linear displacement of the capsubot in cycle time ;.

Virs | Vs — Ve Vs _ o omal  omal | vmas] - [omis] (12)
- b

Ty = =
|ami1 | |ami2 | |ami3 | |ami4 |

B 2aM2 2(ZM3 2(11\/[47
where ayzq is the capsubot acceleration in step ¢, vas2 and varz are the capsubot velocities at the end

of steps 2 and 3 respectively.

vm2 = ana(tio — ti); vz = anr2(tio — ti1) + ams(tis — tiz)

B N UM
e — mi1amik TEam2k M 97 k= 17 2; 374

Rotational Motion Mode: In the local frames (L;, R;) the motion equations (1)-(4) become:

Py = fony = Midimi ¥V i=1,2 > Mg =I¢y = (2Fm, — 2fm, )11 — My (13)



wl—7r2
™ri

where fr,, = sgn(&mi)pimig, Mpa = sgn(ci)M)g,u,.Mg(rg + ) [15], ¢ar is the orientation of the
capsubot in the local frame.

The average angular velocity of the capsubot g;) Mi 1S

(;Mi = CZ?M (14)

where ¢y, is the angular displacement of the capsubot in cycle time ¢,..

g = Wirp |, Wi = Wi | Wi =gy = il il sl Joms] (15)
2an 2an3 2a lamitl  lami2l  |amiz|  |amial

where o is the capsubot angular acceleration in step g, ware and warz are the capsubot angular

velocities after steps 2 and 3 respectively.

wire = an2(tio — ti);  wwms = oz (tio — ti) + ams(tis — tio)

ank = (Meamarle — miamigh — M)/ k=1,2,3,4
Switching Mode: In the local frame (L;) the motion equations (1) to (4) become:
Fm% - fmm = mia'émi V1= 1, 2

where fp, = sgn(Lmi)pimig.

3. Proposed Trajectory Tracking Algorithm

Let the capsubot follow the planar position trajectory shown in Fig. 2(b) which is a sinusoidal
trajectory. This trajectory reflects necessary complexity to test the performance of the proposed tra-
jectory tracking algorithm. We propose the following algorithm (trajectory tracking control algorithm)
to solve the trajectory tracking problem with the details in section 4.

Step 1: Generating trajectory piece: Divide the trajectory into small pieces as shown in Fig. 2(c),
and compute the desired angular and linear velocities to track each piece.

Step 2: Behaviour-based control: A behaviour-based control approach tracks each piece from step 1.

Step 2.1: Behaviour-sets: Define nine basis behaviours. Several behaviour-sets (A to I in Fig. 3)
comprising one or more basis behaviours are formed. These behaviour-sets include all necessary
combinations of behaviours to track each piece of trajectory.

Step 2.2: Selection algorithm: A selection algorithm shown in Fig. 4 is used to select appropriate
behaviour-set for each trajectory piece.

Step 2.3: Data-base creation: To track the trajectory, change the capsubot velocity by tuning the
acceleration parameters of the IMs. Hence we create a data-base by computing capsubot linear and

angular velocities for different profile parameters to feed into step 2.4.



Step 2.4: Selection of profile parameters: The desired velocity is compared with the data-base and
the appropriate profile parameters are selected. The acceleration sets for which (22) and (23) give the
minimum value, are selected for rotational and linear motion modes respectively. To switch among
various motion modes, switching modes are used.

Step 2.5: Tuning the piece time: Tune the piece-time based on the selected parameters.

Step 2.6: Modification of the desired angular and linear velocities: The desired linear and angular
velocities for each piece are modified based on the projected position of the capsubot before the start
of the tracking of the piece.

Step 2.7: Rules for behaviours: Develop rules to implement behaviours of selected behaviour-sets.

Step 3: Low-level control: IMs movements for each behaviour is performed using partial feedback

linearization control.

Summary of the Algorithm:. Step 1 is used to generate pieces from the desired trajectory. Step 2.1
is used to define behaviours and behaviour-sets. Step 2.2 is used to select appropriate behavour-
set to track the trajectory in a piece. Then in step 2.4 appropriate profile parameters are selected
for the selected behaviour-set. These profile parameters are the desired accelerations of the IMs
Tmid,V 1 = 1,2. In step 3 the low-level IMs controller tracks the desired IMs accelerations &,,;q and
eventually track the capsubot trajectory in a piece. The process will be iteratively performed for the

rest of the pieces.

4. Methods for Implementing the Proposed Trajectory Tracking Algorithm

4.1. Step 1: Generating Trajectory Piece

The trajectory tracking is performed in a piece-wise manner. The desired trajectory of Fig. 2(b)
is divided into small pieces with a piece-time T, as shown in Fig. 2(c). The capsubot follows the
straight lines connecting the start and end points of the pieces. Firstly the capsubot aligns itself with
the straight line by using one of the rotational behviours i.e. the capsubot corrects its steering angle.
Then the capsubot uses one of the switching behaviours to switch from rotational to linear motion
mode. Finally the capsubot travels the distance of the straight line using one of the linear behaviours.

The smaller the piece-time, the smoother the followed trajectory. However as the capsubot may
need to complete behaviour-set comprising upto four behaviours - switching to rotation, rotation,

switching to linear and linear motion - to track the trajectory in a piece, the capsubot should satisfy:
T >ts+trm +ts +tim (16)

where t; = time to complete the switching cycle, t,,, = maximum time to complete a rotation cycle,

tim = maximum time to complete a linear cycle.



4.2. Step 2: Tracking using Behaviour-Based Control
4.2.1. Step 2.1: Behaviour-sets:

We have defined nine basis behaviours in section 2.3. A to I shown in Fig. 3 are all the possible
behaviour-sets to follow certain piece of trajectory. E is used when the capsubot doesn’t change its
position and orientation in the trajectory piece. A or B is used when the capsubot only changes its
orientation whereas C or D is used when it only changes its position in the trajectory piece. F, G, H

or I is used when the capsubot changes both of its position and orientation in the trajectory piece.

4.2.2. Step 2.2: Selection algorithm:

The selection algorithm shown in Fig. 4 is used to select the right behaviour-set - A to I - to
track each trajectory piece. At the beginning of the tracking the IMs are placed at the rear end of the
capsubot. The variable P is used to keep record of the behaviour of the capsubot - P =1, 2, 3 or 4
means the previous behaviour executed is FW linear, BW linear, CCW rotational or CW rotational
respectively. The rules developed in section 4.2.7 are used to implement behaviours of the selected

behaviour-sets.

4.2.8. Step 2.3: Data-base creation:

For the acceleration profiles, the tuned variables are a1, @mi2, Gmis and a4 (Where i = 1,2)
to get various average velocities of the capsubot. For simplicity, we design a2 = amis and ami1 =
amia and a fixed value for a1 = amia (Maintaining |amii| = |amia] < min(%, %)) Only
Gmi2 = Gms3 are tuned to get various average velocities of the capsubot. It is noted that if we take
Amiu2 7 Cmiud A0A Qi1 7 Gmia the data-base size will be larger.

A parameter-set includes a1, Gmi2, Gmis and am,q (where ¢ = 1,2). Total number of acceleration

profile parameter-sets for linear motion (n;) and rotational motion (n,) are:

a — |Gmmi a 3 = |Cmmin(r
ny = flOOT(| mma:c(l)| | mm n(l)| ) +1; n, = flOOT(| mma;c(7)| | mm n(7)|) +1 (17)
Amdif f(1) Amdif f(r)

where floor(A) rounds the elements of A to the nearest integers less than or equal to A; [ and r
refers to linear and rotational; |@,maq)| and |@pmmae(r)| are maximum accelerations, |a,,min)| and
|ammm(r)| are minimum accelerations, a,,q;f 1y and a,,qiff(r) are differences between accelerations of
two consecutive profile parameter-sets.

Average linear and angular velocities of the capsubot for all possible profile parameter-sets are

calculated using (11) and (14) respectively and stored in the data-base.

4.2.4. Step 2.4: Selection of Profile Parameters
The piece is decided from the desired trajectory by satisfying the constraint (16). In each piece

the capsubot needs to follow a behaviour-set from Fig. 3. The desired velocity, & md(y) and desired



angular velocity, d_) md(;) can be calculated as:

-1 Y —Yji—1 .
Tad() = \/(fﬂj —x1)2 = (Y5 —y5-1)%  $mag) = tan”! ﬁ Viji=12.n (18)
- Td(j - Ord() — PMd(i—1 .
TMd(j) = T 7(2 5 dmay) = (])Z — U=y i=1,2,.n (19)

2 2
where 7 is the number of pieces; (2o, y0) and ¢arq4(0) are the initial capsubot position and orientation.

For A and B (Fig. 3), |Zazaei)| < €2 (e2 is a small number), thus <Z7)Md(j) is modified as:

OrmdG) — PMdG-1) )
= YV i=1,2
T _ ts -7 b b

For C and D (Fig. 3), |QT5Md(j)| < &1 (1 is a small number), thus &74(;) is modified as:

- TMd(j) .
Tymd(j) = T 1, vV j=1,2,.n (21)

Selection:

If quMd is negative (CW rotational motion) IMs follows the profile of Fig. 2(a) whereas IM;
follows 14 = —Zmaq- If quMd is positive (CW rotational motion) IM; follows the profile of Fig. 2(a)
whereas I My follows &24 = —Fm14- Now we need to select the profile parameters (ami1, Gmi2, Gmis
and a;,;4) which will generate the required desired gf;Md. From the data-base created in section 4.2.3
we get (]TbM(q)7 qg = 1,2,..n, i.e. all the possible profile parameter-sets and corresponding average
angular velocities. Thus the minimum error ¢g; 7s can be obtained by (22). The profile parameter-set

corresponding to minimum error in (22) is selected.

bairs = min((|daral — 1dar (D)), (baral = [$ar(2)]), -, (baral — o (ne))); (22)

If dpzq is positive (FW linear motion) both IMs follow the profile of Fig. 2(a). If 2574 is negative
(BW linear motion) IMs follow accelerations with the equal magnitude as in Fig. 2(a) but opposite in
direction. From the data-base we get i/ (p), p = 1,2,..n; i.e. all the possible profile parameter-sets
and corresponding average linear velocities. Thus the minimum error &4;¢¢ can be obtained by (23).

The profile parameter-set corresponding to minimum error in (23) is selected.
daify = min((|aral — 2 (L)), (Earal = |2ar(2)]), -oos (aral = [2ar (m)]) (23)

4.2.5. Step 2.5: Tuning the Piece Time

The piece time is tuned based on the selected profile parameter-sets. The selected parameter set
can only be used for a multiple of cycle time i.e. one cycle or two cycles or three cycles or so on - cycle
time is the time to complete all the steps (four steps for linear and rotational mode and two steps
for switching mode) of the acceleration profile. To satisfy this constraint the piece-time T is tuned as

follows:



. T —ts . T —tg
Rotation : Tr(tuned) = tr(set) X floor(t " );  Linear : Tyguned)y = trsety X floor( et ) (24)

For A and B : Tiuned = Trtunea) +ts; For C and D : Tiunea = Ti(tuned) + ts (25)

For F, G7 Hand I: Tiupea = T‘l(tuned) + Tr(tuned) + 2t (26)

where #)(5¢;) and t,.(sep) are the cycle times of the selected acceleration profiles for linear and rotational

motions respectively and t; is the cycle time for switching mode.

4.2.6. Step 2.6: Modification of the desired angular and linear velocities

We modify the desired angular and linear velocities iteratively using the error in each piece. The
expected position of the capsubot after completing each piece is calculated based on the selected
profile parameters and tuned piece-time. This position is used to modify the desired angular and

linear velocities for the next piece. Thus the modified desired velocities & Mad(y) and (;5 Md(j) are:

1 Y5 = Ye(j-1)

vV j=23,.n (27)
Tj = Te(j-1)

Tma(j) = \/(fﬂj —Ze(i-1))* = (¥ ~Ye(i-1))%  Paragj) = tan

drd) — PMd(i—1)
Tt
2 S

TMd(j)
Tt

barag) = Y j=23,.n (28)

& prd() =

where (2.(j_1),Ye(j—1)) is the current position of the capsubot before the tracking of the jth piece of

trajectory and can be calculated iteratively as:
Te(j—1) = Te(j—2) +8j-1€08(0j-1);  Ye(j—1) = Ye(j—2) + Sj—15in(0;—1) (29)

where 0;_ is the current orientation with respect to O before tracking starts at the jth piece; s;_; is

the displacement of the capsubot at the (j-1)th piece.

ojfl = 9j72 + TR(tuned)QBMu(j—l)sel; Sj—1 = TR(tuned);:Mu(j—l)sel (30)

where d) Mu(j—1)sel and & Mu(j—1)sel are the capsubot angular and linear average velocities respectively

of the (j-1)th piece for the selected parameters.

4.2.7. Step 2.7: Rules for Implementing Behaviours
We develop the following rules to implement each behaviours:
FW linear motion: (1) Select profile parameters, (2) Calculate the corresponding 77 tuned), (3)
Execute the IMs movement till Teiapsea < Tr(tunea), (4) Set P=1.
BW linear motion: (1) Select profile parameters, (2) Calculate the corresponding T, (tunea), (3)
)

Execute the IMs movement till Tejapsea < T (tuned), (4) Set P=2.

10



CW rotational motion: (1) Select profile parameters, (2) Calculate the corresponding Tr(tuned)
(3) Execute the IMs movement till Teiapsed < TR(tuned), (4) Set P=3.

CCW rotational motion: (1) Select profile parameters, (2) Calculate the corresponding Tr(tuned),
(3) Execute the IMs movement till Teiapsed < Tr(tuneay, (4) Set P=4.

Switching to FW linear motion: (1) Decide on the last behaviour - P=1, 2, 3 or 4 means the
previous behaviour executed is FW linear, BW linear, CCW rotational or CW rotational respectively,

(2.1) If P=1 then &,14 = &maq = 0 for IM; and T M, (2.2) Elseif P=2 then switching mode (am,s11 =

—Ums12; Gms21 = —Ams22 and Zmi1g = Fmoq) for both the IMs, (2.3) Elseif P=3 then switching
mode (ams11 = —ams12) for IM; and &,,04 = 0 for IMs, (2.4) Elseif P=4 then switching mode
(ms21 = —Ams22) for IMy and &1 = 0 for My, (3) Execute one switching cycle with selected
parameters.

Switching to BW linear motion: (1) Decide on the last behaviour, (2.1) If P=1 then switching
mode (Amsi1 = —@ms12; Gms21 = Ams22 and Tp1q = Tmaq) for both the IMs | (2.2) Elseif P=2 then
Zmid = Fmzq = 0 for IM; and TMs , (2.3) Elseif P=3 then switching mode (ams21 = —@msa2) for
IMsy and &p,14 = 0 for IM; , (2.4) Elseif P=4 then switching mode (ams11 = —ams12) for IM; and
Zmad = 0 for IMs, (3) Execute one switching cycle with selected parameters.

Switching to CW rotational motion: (1) Decide on the last behaviour, (2.1) If P=1 then switch-
ing mode (ams21 = @msa2) for IMsy and &,,; = 0 for IM;, (2.2) Elseif P=2 then switching mode
(Ams11 = ams12) for IM; and &4 = 0 for IMs, (2.3) Elseif P=3 then switching mode (ams11 =
—Qms12; Ams21 = —Ums22 A0d Zp1q = —Zmaq) for both the IMs, (2.4) Elseif P=4 then #,14 = &mad =
0 for IM; and IMs, (3) Execute one switching cycle with selected parameters.

Switching to CCW rotational motion: (1) Decide on the last behaviour, (2.1) If P=1 then switching
mode (ams11 = —amsi12) for IM; and &0 = 0 for IMs, (2.2) Elseif P=2 then switching mode
(ams21 = —Ams22) for IMy and &y,14 = 0 for My, (2.3) Elseif P=3 then &,,14 = &m2q = 0 for IM; and
IMj, (2.4) Elseif P=4 then switching mode (@ms11 = —@ms12; Gms21 = —Ums22 and Ep1g = —Tmad)
for both the IMs, (3) Execute one switching cycle with selected parameters.

Stationary: (1) Wait for one piece time.

4.8. Step 3: Low-level Control of the IMs

The open loop control laws of the IMs are:
Fr,y = MiZmia + Sgn(Emia — a)pimig ¥ i =1,2 (31)

where 7y = 274 for linear motion mode and, 73 = 0 for switching mode and rotational motion mode.

The closed loop control law can be selected, using partial feedback linearization [16]
Foy = @iTia + Bi (32)
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where «; = my, B; = sgn(Emid — Ta) Limig-
Let ; = T — Tmiq be the tracking error; choosing the linear control law 7,q = Zpiq — k12 — ko

and applying the control law (32) to (1) we get,
.fl + k/’zlfz + kioZ; =0 (33)

The values of k;; and k;o can properly be selected using the standard linear control theory. Then

by using the control laws (32) the IMs can be made to track the desired trajectories.

5. Simulation Results and Discussion

The parameters used for simulation are taken from the prototype implemented in [15]: m; = mq =
6.4gm, p1 = po = 0.2,y = 0.08, 1 = 0.28, Fi1(maz) = Fm2(maz) = 1.03N, 11 = Iz = 11.5mm, M =
42.9gm, g = 9.8ms 2, w = Tcm,l = 8.7cm and k = 6mm. The acceleration profile parameters used to
create the data-set for the trajectory tracking algorithm are: Linear: |apmaz()| = 20ms 2, |Gmmin() =
10ms ™2, amaifpy = 0.05ms™2, |ami1| = |amis| = Tms™2 ; Rotation: |ammaz(r)| = 20ms™2, |@mmin(r)| =

I9ms2, Umdif f(r) = 0.1ms=2 and |ami1| = |amia| = Tms=2.

The minimum piece-time T calculated
from the constraint (16) and the above parameters is 0.4736 s. We used T = 1's, 2 s and 4 s in simu-
lation to evaluate the impact of T to the control performance. The initial position and orientation of
the capsubot are assumed to be (0,0) and 1 rad respectively.

Figures. 5 to 6 show the simulation results for trajectory tracking using the proposed approach for
T = 2 s. Figure 7 provides a comparison of the errors in trajectory tracking using various piece-times.
From Figs. 5(c) and 5(d), we see the impact of piece-wise tracking in the simulated translation and
steering angle. In every piece the capsubot first corrects the orientation and then it travel the line
joining the start and end point of the piece. Thus we see in Fig. 5(c) that the translation graph
remains flat at the beginning of the piece and then increases whereas the steering angle graph changes
for the first portion of the piece and then remains flat for the rest of the piece. The error in the
simulated trajectory remains within certain limit. The steering angle tracking error is within -0.2879
rad to 0.2984 rad. The mean absolute error of steering angle tracking is 0.0744 rad. We are able to
get this result by modifying the desired angular and linear velocities in each piece. The error can
further be reduced by decreasing the piece time. We get the simulated trajectories of Fig. 6 by using

the following equations:
xj =xj1 + (dj —dj—1)cos(d;);  y; =yj—1+ (dj — dj—1)sin(d;) (34)

It is noted from Fig. 6 that the capsubot follows the trajectory quite accurately. From Figs. 6(a) and

7(b) (the curve for T=2s) the error increases at the beginning of each piece and then goes close to
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zero at the end of the piece. The capsubot corrects its steering angle in the first portion of the piece
when it does not have any translation. In the second portion the capsubot performs translation and
thus the error in x decreases. Figure 6(b) compares the desired and simulated y and shows the error
in trajectory tracking. From Figs. 6(b) and 7(c) (the curve for T=2s) the error patterns are same for
both x and y tracking. The error increases at the beginning of each piece and then decreases close
to zero at the end of the piece for the same reason as x tracking. The error range for x tracking is
-0.1751 cm to 0.4361 cm and the error range for y tracking is -0.7261 cm to 0.6736 cm. The mean
absolute error of x position is 0.1628 cm whereas mean absolute error of y position is 0.2328 cm.

From Fig. 6(c), it is noted that the capsubot can follow the desired trajectory with a small error.
However the simulated trajectory is not smooth as the capsubot follows the trajectory in a piece-wise
manner. By choosing a smaller piece-time the simulated trajectory can be made smoother. This
simulation demonstrates the feasibility of the piece-wise trajectory tracking algorithm for this class of
underactuated robots.

From Fig. 7 and Table 1, we observe that increasing peace-time T will increase the errors in
X, y, and steering angle while the computation time will decrease. This is easy to understand from

Fig. 2(c).

Table 1: Comparison of the algorithm performance with various piece-times

Maximum absolute tracking error | Mean absolute error Computation
TE x (cm) | y (cm) | ¢(rad) x (cm) | y (cm) | ¢(rad) | Time (ms)
1 0.2722 | 0.4072 | 0.2344 0.0928 | 0.1340 | 0.0497 | 67
2 0.4361 | 0.7261 | 0.2984 0.1628 | 0.2328 | 0.0744 | 59
4 1.0900 | 1.3125 | 0.4594 0.4041 | 0.3733 | 0.1089 | 55

6. Conclusions and Future Works

This paper proposed a trajectory tracking algorithm combining piece-wise and behaviour-based
control to solve the trajectory tracking problem of an underactuated 2D capsubot - the capsubot be-
longs to a class of underactuated systems which work on the principle of internal reaction force. Based
on the authors’ knowledge, it is the first time the trajectory tracking for this class of underactuated
systems has been addressed. We defined the basis behaviours and formed required behaviour-sets to
track the trajectory. The selection algorithm chooses the appropriate behaviour-set to track each piece
of the trajectory. The rules were used to execute individual behaviours of the selected behaviour-set.

Partial feedback linearization control was used for low level IMs’ motion control. Simulation was
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performed using the parameters of the capsubot prototype of [15]. The simulation results shown the

feasibility of the proposed algorithms and rules.

We will further analyse the robustness of the control method to modelling uncertainties and/or

disturbances in our future research. We aim to implement the proposed trajectory tracking control

approach in a capsubot prototype in future. Ultimately this research will lead to the wireless control

of the robot within in-vivo and industrial environments.
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