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Abstract — The report presents a biomimetic autonomous
underwater vehicle (BAUV) that mimics the shape and
behavior of fishes. The swimming motion of the BAUV is
achieved by an oscillating foil. We parameterize the body
spline by a set of parameters. Then we optimized the
parameter set using Genetic Algorithms (GAs) by evaluating
a fitness function through many swimming trials in a water
tank. The fitness function of the optimization is defined as
the ratio of the forward velocity to the required driving
power of joint motors. It is found that the resulting body
spline is the best compared to all other body splines among
all tail-beating frequencies. And there is an optimal
tail-beating frequency for one particular body spline.

Index Terms — Underwater Vehicle, Biomimetic, GAs
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L. Introduction
Recently, the combination of engineering and biology
has become a new direction of science and technology. A
fishlike Autonomous Underwater Vehicle (AUV) testbed
named BAUV is under developing in National Taiwan
University to investigate interactions and coordination
among appearance, motion, behavior, and perception. In this
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report, we derive an optimal swimming pattern for the
BAUYV testbed by evaluating the ratio of forward velocity to
the driving power of joint motors. To find an optimal
swimming pattern, we need to find the best traveling body
spline for the vehicle. Besides, we have to develop a
program for motion control to manipulate joint motors for
performing the desired traveling body spline. The results are
fundamental for our researches such as propulsive efficiency
measurements, guidance, and control of the BAUYV testbed.

The overview of fish swimming modes for aquatic
locomotion was presented in [1]. Fish swim either by body
and/or caudal fin (BCF) movements or using median and/or
paired fins (MPF) propulsion. Basing on the type of
movements (oscillatory or undulatory) employed for thrust
generation, specific swimming modes are identified for both
BCF and MPF locomotion. Chiu el al. [2] did simulation on
undulatory locomotion of a flexible slender body. Chiu et al.
[3] analyzed the dynamic characteristics of a BAUV. Guo et
al. [4] presented a method to coordinate body segments and
paired fins for the BAUV motion control. Barrett et al. [5]
used GAs to evolve the optimal fish body motion for
‘RoboTuna’. Many methods for the measurement of the
power of swimming fish are developed, for example [6][7].
Wardle and Reid [8] experimented to measure the power
output of large cod with the large amplitude elongated body
theory by Lighthill. Moreover, the study to investigate the
mechanical control of speed in steady undulatory swimming
had been presented in [9].

The report is organized as follows: Section II explains
how we define the body spline and find the optimal body
spline by evaluating the ratio of the swim speed to the
required driving motor power. The descriptions of the
experimental procedure and the results are presented in
Sectoin III. Finally, concluding remarks are provided in
Section IV.

II Fitness function

We define three coordinate systems:
coordinate system O-XY , body-fixed
system o—xy (global) and segment-fixed coordinate
system &; —X;y; (local) as shown in Figure 1. Each
coordinate can be transferred to another one by using the
relationship of the position and angle between two
coordinate systems.

space-fixed
coordinate
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Fig. 1 Definition of coordinate systems

From observations of biological fishes [10][11], the
body spline motion can be considered as traveling waves that
increase in amplitude from the nose to the tail. A specific
form of traveling wave equation which is a slight derivation
from that originally suggested by Lighthill [12] was
developed. Let the body spline take the form of a traveling
wave given by

y(x,0) = y;(x)sin(kx+wt)-(1-e ) (1)
where
y : transverse displacement of body
y1(x) the amplitude envelope; here we define

yi(x)=cix+ 02x2
X !displacement along the main axis
k =2m /A ; body wave number

Fig. 2 Photograph of the testbed vehicle

in a water tank
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Figure 3 Motor velocity profile

A :body wave length

¢, : coefficient of linear wave amplitude envelope

¢, : coefficient of quadratic wave amplitude envelope
w=2rnf =2n/T ;body wave frequency

T :body wave period

T, :period of the initial undulating delay cycle

Eq (1) expresses a sinusoidal wave traveling from nose
to tail (i.e. from x=0 to x=-L) within the bounds of a
second-order ( c1x+c2x2 ) amplitude envelope. The
exponential term defining the initial delay when the body
starts to undulate is for the convergence of numerical
calculation. The slope of the body is y (x,r)=0dy/dx, the
angle between the body and the x-axisis @=tan""y .

To obtain a highly efficient mode for swimming, we
define a fitness function as

Forward Swimming Velocity

Fitness Function =

Q)

Motor Power Input

The fitness function represents the transmission
efficiency of the drive system. The reason we did not set the
fitness function as the ratio of the swimming power output to
the motor power input is that swimming power output
provides not only the power to move forward but also the
power to move laterally. Besides, the forward swimming
velocity of the vehicle is diretly measurable.

Motor power dissipation can be discussed in the case of
incremental motion where the motor steps periodically
following a trapezoidal velocity profile, as shown in Figure 3.
The motor accelerates over ¢, to the velocity ®,, and runs
at that speed for ¢, . Later, it decelerates to zero velocity
over tj.

The analysis of determining the average power loss in
the motor can be found using Eq (3) [13]. The average
power dissipation P was found to have five terms.

P=PR+P+P,+ P +P

pofRlon (1,1
1 K7 (0 n
P2 =—f§'(Tj'+TL+D(Omyt2 (3)
K7
1
Py = %[(Tf +TL)2 +(Tf +TL)Dw,,, +§D2w3,](tl +13)
T
SKeT sy,
Pp=———{t1+2t) +¢
4 2K (6 +205 +13)
2
P = —-fKEDwm (tl + 3[2 +l3)
T
where:
K : torque constant
K  : voltage constant

R: resistance
. friction constant
D: viscous damping

T, : load torque
f: frequency
J=J,+J, (total moment inertia) = (motor) + (load)

The various terms can be interpreted physically. A



describes the power dissipation due to the acceleration and
deceleration of the motor and load. P, and P; describe
the winding losses due to the opposing torques during the
various intervals of motion. Finally, P, and P; represent
the rotational losses due to the constant torque 7, and the
damping D respectively. Table 1 shows the motor
parameters we are using for our testbed.

To calculate the load torque 7, , we need to make
assumptions on the hydrodynamic model. The fluid
interaction forces composed of friction C, and cross flow
drag C, can be written as:

Table 1 Motor parameters
Parameters | BSM80A-250AE | BSM50A-233ME
\Motor (body joint) (tail joint)
K (Nm/amp) 0.55 0.38
Ke (Virad-s™) 0.3228 0.2187
R () 1.8 4.07
T, (Nm) 4.24-107 4.24-107°
D (Nm/rad-s™") 2.7-10™° 2.7-107°
J,, (kgm®) 1.72:107* 1.3-107
Fy = —myii; + my 5; =% pifi|- C - ;
F'\*,I =—myi\;1,-—mxiﬁil];i—%pﬁilﬁi|~Cd d,AL (4)
(aL)*

Gs = =1y~ (my, = me )7, - P Cy - 2L

Here, the forces are acting on the i segment

described in the segment-fixed coordinate o, - %, ,

and
mg,my;,my;,J ;. the mass, added masses in the X;,5;,%;,

respectively;
Cp: friction coefficient;
C, : sectional cross flow drag coefficient;
S;: the wet surface area of the /" segment;

h

d; : the height of the cross-section of the i segment

(perpendicular to the y-axis );

p : fluid density
AL : segment length

We then translate it to space-fixed coordinate by

F, _|cosy; —siny; I 5)
F, |

£,
siny; i

COSl[/i

So the total torque 7 that motor need to resist due to the
fluid interaction forces are

n n
T= 2T+ Z(Fy,fi—Fx,ii) 6)

i=mp i=mp
In Eq (3), the load moment inertia J, is calculated by

n
Jp= 2‘]21' N

i=mp

where
mp: joint position
n: number of segments

We define a GAs’chromosome for the body spline as
{c/,ca,A,T}. Every parameter has four genes, and each
gene is a decimal integer (0~9). In other words, the whole
chromosome has 16 bits such as {0053003338528063}. For
example, the above chromosome represents c¢; =-0.053,
¢, =0.033, A =3.852, T =8.063 respectively. The
optimization procedure using the GAs includes three
transformation operators, reproduction, crossover, and
mutation.

IT1. Experiments

The BAUV is segmented to five components: head, tail,
tail fin, and two pectoral fins. The head segment and the tail
fin are rigid, and the tail part is supported using by a rigid
link. There are six brushless DC servo motors mounted
inside the BAUV. The Doppler sonar is set in the abdominal
part of the BAUV for sensing the direction, velocity, and
water depth. Only two motors located on the body spline are
powered in our experiments.

The flow chart of the optimization procedure is shown
in Figure 4. To reduce computational time, the control
parameter T is fixed at 4 sec during the optimization
procedure. Evolutions were carried out to the tenth
generation. The initial and the resulting parameter values are
shown in Table 2 and 3. Fitness variations vs. time for the
full process of evolution appears in Figure 5.

Four chromosomes of different oscillation amplitudes
were chosen as follows,

Chromosomel: { ¢; =-0.0750, ¢,=0.0170, A=3.522}
Chromosome2: { ¢, =-0.0750, ¢,=0.0260, A=3.622 )
Chromosome3: { ¢, =-0.0520, ¢,=0.0110, A=3.522)
Chromosome4: { ¢, =-0.0940, ¢,=0.0207, A=6.510)

Among them, Chromosomel is the optimal one from
experiment results. Chromosome4 is the optimal one from
simulation results using the simulation software presented in
[2] [3]. Every parameter set was experimented with period
T=3,354,45,5,5.5, and 6 sec.
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Table 2 Initial population T R S S A
Mean Fitness = 1.07%, Max Fitness = 1.46%
Test# q € A (m) | T (sec) | Fitness Fig. 5 Graph of generational Fitness Function
1 -0.0940 | 0.0160 | 3.2220 4 0.0146
2 -0.0750 | 0.0040 | 4.6890 4 0.0121
3 [-0.0330]0.0230 [ 59160 | 4 | 0.0092 T ‘ ‘
4 1-00120]0.0500 [ 35770 | 4 [ 0.0043 - e
5 -0.0940 | 0.0410 | 6.3900 4 0.0116
6 -0.0030 | 0.1230 | 5.5740 4 0.0084
7 -0.0320 | 0.0850 | 6.8280 4 0.0110
8 -0.0240 | 0.1060 | 5.8510 4 0.0106
9 -0.0230 | 0.0360 [ 5.8990 4 0.0142
10 -0.0200 | 0.0760 | 5.1520 4 0.0110
Table 3 ~ Tenth generation
Mean Fitness = ].55%, Max Fitness = 1.78% 0.008 002 003 004 005 006 007 008 009 01 oMt
Forward velocity U{m/sec)
Test# c ¢y A (m) | T (sec) | Fitness
1 -0.0750| 0.0170 | 3.5220 4 0.0178 Fig. 6 Forward velocity vs. Fitness Function
2 |-0.0760| 0.0170 | 3.5220 | 4 | 0.0145 of four body splines
3 -0.0750 | 0.0170 | 3.5220 4 0.0178
4 -0.0750 | 0.0130 | 3.5620 4 0.0149 . , , ,
5 -0.0750 | 0.0170 | 3.5220 4 0.0178 1 Amp.=g. o
6 -0.0750 | 0.0170 | 3.5220 4 0.0178 1F 3 Amp.=0.2 /’/ -
7 -0.0750 | 0.0360 | 3.5220 4 0.0122 /
8 -0.0750 | 0.0170 | 4.5220 4 0.0126 g o081 / P
9 -0.0750{ 0.0170 | 3.5280 4 0.0149 H / ’
10 |-0.0750] 0.0130 | 3.5620 4 0.0149 g oo =4 /;//‘
¥ T
Figure 6 shows the relation between Fitness function and .g ll / ’
the forward velocity using the body splines parameterized /
with different chromosomes. The Fitness function values oo
generated from the optimal chromosome at different forward R ‘
velocities is always higher than others. Figure 7 illustrates 12 M equencytradisec) 2 22
the frequency (27 /T ) dependence of forward velocity at
different amplitudes of the caudal fin. It is shown that hlghel‘ Flg 7 Frequency vs. forward veloci[y at different

oscillation frequency and larger amplitude generates larger amplitudes
forward velocity. Figure 8 illustrates the period T

dependence of the yaw, roll, pitch motions at the optimal

condition, Figure 9 illustrates the sway motion vs. the period

T . The amplitude of sway decreases with T . Yaw and pitch

angle as well as the roll angle rise up slowly when the period

decreases.
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From our data, the swimming of the BAUV causes
considerable roll, pitch and larger yaw motion. These
noticeable roll and pitch motions cause more power losses,
and consequently the BAUV swims more slowly. Figures 10
to 14 represent the typical data from the experiments. They
are records from the swimming using the body spline derived
from the optimal chromosome: {¢;=-0.075 , ¢,=0.017 ,
A =3.522} including trajectory and time histories of yaw,
roll, pitch angle as well as forward velocity. In these figures,
T =3 sec.

IV. Concluding Remarks

In this report, we applied the Genetic Algorithms to
evolve the optimal traveling body spline for the drive system
of a biomimetic AUV. The fitness function of the
optimization is defined as the ratio of the swim velocity to
the required driving motor power. The optimization is
carried out by experiments in a water tank. The constraints of
motor speed and torque are considered in our formulation to
avoid excessive command signals.

We have demonstrated by experiments that we can
improve the motor efficiency by selecting the optimal body
spline motion of the BAUV. The optimal swimming pattern
at a fixed forward velocity is optimal for all forward
velocities.

Large pitch and roll motions are observed in the
experiments. To reduce these recoil motions, further
considerations in the shape design and the use of stabilizing
fins are needed.

How to improve the motor efficiency by selecting
proper gear ratios of joint motors will be one of our further
research subjects. The elastic tissues in cetaceans have the
properties of saving swimming energy. Consequently, it is
better in the future to include the influence of elastic
materials set in the caudal region of the BAUV. To improve
the maneuverability of a BAUV, we need to include the
hydrodynamic model of pectoral fin motion in our control
system modelin the future. Besides, to mimic biological
fishes, we could apply some advanced control methods to

develop more complex swimming behavior.,
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