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Abstract

The paper treats the question of dive plane control
of biorobotic undersea vehicles (AUVs) using oscil-
lating pectoral fins. The forces and moment pro-
duced by the pectoral fins are complicated functions
of the modes of oscillations (lead-lag, feathering and
flapping) as well as the oscillation parameters such
as the frequency and amplitude of oscillation, phase
angle and bias angle. Experimental results indicate
that the fin forces are mostly periodic. We present
control systems for the dive plane maneuver using
the periodic forces and moments of the fins. Two
kinds of control laws are derived. The first control
law is for the open-loop synthesis. Here the Fourier
coefficients of the periodic force and moment play
a key role in the controller design. The open-loop
controller assumes a fixed mode of oscillation of the
fins. A set of Fourier coefficients associated with the
fin force are obtained for a finite time transition of
the vehicle to any desired depth. By a choice of suf-
ficient number of harmonics in the fin oscillation, a
large set of Fourier coefficients for maneuver are ob-
tained. The second design provides a feedback con-
trol system and uses the periodically updated bias
angle as the control input. The bias angle switches
every ngTy second where Ty is the fundamental pe-
riod of the fin force and moment and ng is a positive
integer. The design uses discretized model and inte-
gral feedback for precision in depth control. Simula-
tion results for both the open-loop and closed-loop
control systems are present. These results show that
the pectoral fins can accomplish rapid and precise
control in the dive plane.

1. Introduction

Fishes and aquatic mammals are marvelous swim-
mers and have the ability to perform swift and com-
plex maneuvers employing oscillating fins [1, 2]. This
has motivated researchers to design flapping foils

for propulsion and control of biorobotic autonomous
undersea vehicles(AUVs) [3-6]. These biologically-
inspired control surfaces can provide AUVs with
greater maneuverability as well as efficient propul-
sion. Studies have been carried out on fish mor-
phology, locomotion, and application of biologically-
inspired control surfaces to rigid bodies [3, 6-8].
Considerable effort has been made to measure the
forces and moments produced by oscillating fins in
laboratory experiments [4-6, 8-11]. It has been ob-
served that pectoral fins undergoing a combination
of lead-lag, feathering and flapping motion have the
ability to produce large lift, side force and thrust
which can be used for the control and propulsion
of AUVs [8-11]. In several studies, computational
methods have been also used to obtain forces and
moments of flapping and pitching foils [12-14]. These
experimental and numerical results provide forces
produced by the fins for only a set of motion pat-
terns of oscillating fins. An analytical representa-
tion of the unsteady hydrodynamics of oscillating
foil have been obtained using Theodorsen’s theory
[15]. Finite dimensional models are extremely in-
teresting from the point of view of control system
design. Because analytical representation of forces
is extremely complicated, neural networks and fuzzy
controllers have been suggested for controller design
[9-11]. Of course, the designer must have sufficient
knowledge of the effect of fin forces on the vehicle
to develop rule-based logic for the control of AUVs.
It appears from literature, that only little theoreti-
cal research has been done to design control systems
using pectoral fins.

The contribution of this paper lies in the de-
sign of control systems for the dive plane maneuver-
ing of biorobotic AUVs using pectoral fins. These
pectoral fins produce variety of periodic forces and
moments which have wide range of harmonic func-
tions depending on the oscillation mode and oscilla-
tion parameters of the fins. It is essential to capture
their basic features which simplifies controller de-



sign. For this purpose, characterization of these pe-
riodic forces using Fourier series is very attractive.
These Fourier coefficients play an important role in
the design of the control systems in this paper. Two
kinds of control laws (an open-loop and a closed-
loop) for maneuvering are derived. For the open-
loop control, an analytical solution for the Fourier-
coeflicients 1s derived for a given maneuver. The de-
rived coefficients in turn determine the required fin
forces and moments for the maneuver of the vehicle.
It is seen that for a given maneuver there exist mul-
tiple solutions for the pectoral force and moment.
This flexibility can be exploited to satisfy certain
given performance criteria. The second control sys-
tem uses state variable feedback for synthesis. For
the closed-loop control, the bias angle is utilized as
the control input. For the purpose of control, the
bias angle is switched to new values at the chosen
sampling instants which are integer multiple of the
fundamental time period of the fin force and mo-
ment. An integral feedback is included in the control
law for the precise depth control. In the open-loop
control scheme, the pectoral fins complete the ma-
neuver by operating in a fixed oscillation mode with
constant oscillation parameters. However, for each
maneuver one needs to compute the motion pattern
separately. Simulation results using the open-loop
and closed-loop control systems are obtained for the
dive plane control.

The organization of the paper is as follows.
Section 2 presents the dive plane dynamics while
Section 3 considers the derivation of an open-loop
control law. Simulation results for the same are pre-
sented in Section 4. The derivation of a closed-loop
control law is considered in Section 5 and numerical
results for the closed-loop depth control are shown
in Section 6.

2. Dive Plane Dynamics

Let the vehicle be moving in the dive plane (X5 — Z;
plane) where O; X7 is an inertial coordinate sys-
tem (Fig. 1). OpXpZp is a body fixed coordi-
nate system: Xp is in the forward direction, and Zp
points down. The heave and pitch equations of mo-
tion are described by coupled nonlinear differential
equations.

In the moving coordinate frame OpXpZp
fixed at the vehicle’s geometric center, the equations
of motion for neutrally buoyant vehicle are given by
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Figure 1: Schematic of the AUV
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where 6 is the pitch angle, ¢ = ] . LGB =Xg — TR .
ZaB = 2z — 2B, = body length, p = density, w is
the velocity along the Zp-axis, and z is the depth.
fp and my, denote the force and moment produced by
the pectoral fins. Here X¢. Zg and Xp. Zp are the
coordinates of the center of gravity and the center
of buoyancy, respectively. It is assumed that Op is
at the center of buoyancy and the forward velocity
is held steady (u = U) by a control mechanism.

z=—usinf 4+ wcos b

In this study. only small maneuvers of the ve-
hicle are considered. As such linearizing the equa-
tions of motion about w =0,¢ =0,z =0and § =0,
one obtains

m— 2y —mzg —z5 0 w
—mzg — My I, — M, 0 q =
0 0 1] z
zwlU z2q + mU 0 [ w
MU My;—mzcgU 0 q
1 0 0 | 2
0 fr
+ —ZapW g+ my (2)
-U 0
where zgp = 0. Here we have introduced new

parameters (z,, Mg, etc.) which are propor-
tional to the nondimensionalized (primed) hydrody-
namic coefficients. Defining the state vector z =
(w,q,2,0)T € R* and solving (2), one obtains a state
variable representation of the form

a'::A:n—l—B[T{;i] (3)



for appropriate matrices A € R*** and B € R**?,

The force and moment produced by the os-
cillatory pectoral fins are quite complex and depend
on the motion pattern of the fins. In the most gen-
eral case the pectoral fins can have lead-lag, feath-
ering and flapping motion. The force and moment
also depend on the oscillation parameters such as
the frequency and amplitude of oscillations, the bias
angle, and the phase angle which can be indepen-
dently varied and thus can be treated as control in-
puts. Experimental results indicate that the oscilla-
tory foils produce periodic forces in the steady state.
Although, as indicated above, one can have several
independent control inputs, it is assumed here that
the pectoral fins have flapping and pitching motion
given by

N
h(t) = Z hon cos(nw et + vyn) + B
n=1
N
U(t) = Z Yon cos(nuwst + vn) + By (4)
n=1

where w¢, hop, ¥on are the frequency and amplitudes
of oscillations and 3, and 3y are the biases which can
be used as the control inputs. The periodic force and
moment generated by the fins are nonlinear func-
tions of these control inputs. Since f,(¢) and m,(t)
are periodic functions, they can be represented by
the Fourier series

M

= Z(fm sin(nwyst) + fen cos(nwyt))

n=0

M
m, = Z(mm sin(nwyt) + me, cos(nwyt))

n=0

(5)

where it i1s assumed that the fin produces domi-
nant M harmonically related components and the
harmonics of higher frequencies are negligible. The
Fourier coefficients f;; and m;; capture the charac-
teristics of the time-varying signals f,(¢) and m,(t)
and play a key role in the design of control systems
for maneuvering.

We are interested in the design of an open-
loop and a closed-loop (feedback) control systems
for the dive plane control of the vehicle. This way
the AUV can be maneuvered to operate at different
depths on command.

3. Open-loop Control System

In this section, first the design of the open-loop con-
troller is considered. Let the initial condition be

2(0) = zo and suppose that it is desired to steer
the vehicle to the terminal state z* = (0,0, 2*,0)7,
where z* denotes the desired input. For simplicity
in presentation, we assume that only the first and
second harmonics are present in (5). Then (5) gives
fr= [ 1 sinwygt coswst sin2wst cos2wyt ]pf
= ¢ ()ps
my = ¢ ()pm
where the vector function ¢(t) € R® is

o =

(6)

[ 1 sinwygt coswst sin2wst cos 2wyt ]
and the vector of the Fourier coefficients are

pr = [ ch fsl fcl fs? fc2 ]T S R5

T 5
Pm = [ Meo M1 M1 M2 Me2 ] € R

are the constant parameters. Now for steering the
vehicle from the initial condition zy to z*, we shall
find appropriate values of the vectors py and p,, as-
sociated with the fin force and moment.

The solution of (3) and (6) can be written as

¢
x(t) = e?txg —1—/ A=) B®(1)pdr (7)

0
where p = (p?,pgq)T € R'0 is a constant vector and

¢T(t) 0

o= 10 0] cnoen

and 0 denotes null matrices of appropriate dimen-
sions.

Define
XO (t) = €Atl‘0

(8)

Then Xg(t) € R* and Z(t) € R**! can be obtained
by solving the differential equations

¢
Z(t):/ AT B®(r)dr
0

Xo(t) = AXO(t)XO(O) = Zp.

Z(t) = AZ(t) + B®(t), Z(0) = 0 (9)

For the transfer of xg to #* at the instant ¢* > 0,
using (7) and (8), one must have

2" = Xo(t*) + Z(°)p (10)

For the existence of solution of (10), z* —
Xo(t*) must be in the range space of Z(¢*). Since
zg is arbitrary, (10) can be solved for p if rank
{Z(t*)} = 4. Noting that (10) does not have a



unique solution, an optimal value of p can be ob-
tained by minimizing an appropriate quadratic func-
tion

J = pTWp

where W is a symmetric positive definitive weighting
matrix. By the choice of W, one can obtain suitable
values of the vector p. Then the unique solution for
p obtained by minimizing J can be shown to be

P = W) ZEW T AT () (@ - Xo(t)
(1)
One notes that a general solution of (10) can be writ-
ten as
pP=p"+q (12)
where ¢ € N(Z(t*)), the null space of Z(¢*). Indeed
the pectoral fin forces and moment for which the
Fourier coefficients ¢ belong to the null space of 7 (¢*)
do not contribute to the transfer of zy to z*.

To this end, it is appropriate to discuss, the
question related to the synthesis of the desired con-
trol law. Tt is pointed out that the rank of Z(¢*) de-
pends not only on the pectoral fin oscillation mode
and oscillation parameters, but also on the choice
of the transfer interval [0,#*]. Because, the forcing
function in the Z-dynamics is ®(¢) consisting of sinu-
soidal signals, Z(t) is sinusoidal and the determinant
A of Z(t)Z7 (t) is is an oscillatory function of time.
One can select any value of t*, such that A(¢*) yields
a feasible p* associated with the pectoral fin motion.
Since, pectoral fins can have a variety of motions,
they have the capability to generate forces and mo-
ments yielding a set of p large enough which contains
p*. The Fourier coefficients are functions of the os-
cillation parameters and belong to certain bounded
intervals. As such, one can use constrained opti-
mization algorithms to obtain solution of (10) with
inequality constraints on the Fourier coefficients.

According to (5), the dimension of the design-
parameter vector p = (p?,pgq)T increases if addi-
tional sinusoidal components in the fin force and
moment are included. Fin forces consisting of larger
number of harmonic terms by the choice of M in (4)
provide flexibility in satisfying (10) which can be ex-
ploited to satisfy certain response characteristics of
the dive-plane control system. It is also pointed out
that the design approach presented in this section is
equally applicable if the fin motion is not periodic.

4. Numerical results:

loop Control

Open-

In this section simulation results for the system (3)
with the open-loop control law (6) and (12) using

p = p* with W = [ are presented (/ denotes an
identity matrix). The model parameters for simula-
tion of the vehicle are taken from [7]. It is assumed
that the vehicle is initially moving horizontally at a
constant speed U = 3 (m/s) and the initial condi-
tion is z(0) = (0,0,0,0)7. The desired state at ¢*
is selected as z* = (0,0, 2%, O)T. That is. one would
like to maneuver the vehicle such that at t = ¢*, the
vehicle dives down to a depth of z* and subsequently
moves horizontally.

Case 4.1: Open-loop control: z* = 4 (m),
t* =20 (s), wy =40 (rad/s)

It is desired to maneuver in t* = 20 seconds
and z* is taken to be 4 (m). The frequency wy is
chosen as wy = 40 (rad/sec). Thus f, contains si-
nusoidal terms of frequencies 40 and 80 (rad/s). Of
course it is assumed that the fin motion in (4) is suit-
ably chosen to yield fin force of the form indicated.
Although the control system of Section 3 is appli-
cable to any general case, for the purpose of illus-
tration, we assumed here a restricted case in which
m, = 0.25f,, that is f, and m, are linearly related.
Such situations do arise for certain oscillation patters
of the fins. It is noted that by the choice of linearly
related moment and force, one has fewer elements
in the control parameter vector p (p = py € R®,
Pm = 0.25py) to satisfy (10) for maneuvering the ve-
hicle; however, it is found that in spite of this limita-
tion, several solutions for p still exist and maneuver
can be completed.

The simulated responses are as shown in Figs.
2 and 3. The plot of the determinant A(t) of
(Z(t)Z(t)T) is shown in the Fig. 2. It is seen that
A(t) is oscillatory and for the chosen wy, one can
select any t* > 12 (sec) for maneuvering as long as
A(t*) #0.

Fig. 3 shows smooth convergence of the depth
trajectory to the desired value (4 (m)) in the chosen
time interval of 20 seconds. During this interval of
time one observes an oscillation of extremely small
amplitude superimposed on the mean pitch angle
trajectory. The pitch rate and pitch angles are also
have oscillatory motion. However, it i1s pointed out
that the initial state 2(0) = 0 is precisely steered to
the chosen state z* = (0,0,4,0)T at ¢+ = 20 (sec).
Indeed if the fin force and moment are set to zero
beyond 20 (sec), the vehicle continues to move along
the horizontal path (The plots beyond 20 (sec) are
not shown here). Oscillatory fin force f, (shown only
over ¢ € [0,1.5] (sec) for clarity) of magnitude less
than 50 (N) is required for the maneuver. The pitch
angle swings between —5 and 0 degrees. The max-
imum magnitude of the velocity w remains within
0.08 (m/s) which is quite small. The pitch rate is
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also small (less than 15 (deg/sec). We observe small
nonzero average values of the pitch rate and the ve-
locity w.

Case 4.2 Open-loop Control: z* = 4 (m),
t* =20 (s), wy = 30 (rad/s).

Simulation is done using a lower value of w;
but the remaining conditions of Case 4.1 are re-
tained. The responses are shown in Fig. 4.

We observe that the vehicle smoothly attains
the desired depth as well as the terminal state. at
20 seconds. The pitch angle is between —5 and 0
degrees. The maximum magnitude of the normal
force 1s less than 20 N. The velocity stays between
—0.06 to about 0.035 (m/s). Tt is seen that for lower
frequency of oscillation the magnitude of the normal
force 1s smaller. Of course, one can obtain different
normal force history for the maneuver by selecting
the weighting matrix W # I.

Case 4.3 Open-loop Control: z* = 2 (m),
t* =20 (s), wy = 30 (rad/s).



Figure 5: Open-loop control: z* =

(rad/sec)

2(m), wy = 30

The simulation is done by retaining the con-
ditions of Case 4.2. But a smaller terminal depth z*
= 2 (m) for control is chosen. The responses are as
shown in Fig. 5.

The desired depth and terminal state are reached at
20 seconds. The pitch angle varies between —2.5 and
0 degrees. The normal force is less than 10 N which
is almost half of that required for Case 4.2. The
maximum velocity is only slightly over 0.03 (m/sec)
and the pitch rate is less than 4.5 (deg/sec). Thus it
is seen that smaller commands for maneuver can be
chosen to reduce the magnitudes of state trajectories
and the control input in the transient period.

5. Closed-loop Control Design

In this section, the design of a feedback dive-plane
control law is considered. Unlike the open-loop con-
trol system of the previous section. in which pectoral
fins have a fixed motion pattern, here it is assumed
that there are control variables which can be altered
periodically. Although, one can chose a variety of
oscillation parameters such as the amplitudes and
frequency of oscillation and phase and bias angles,

for simplicity in presentation, we assume that only
the bias angles 3 = [, is varied periodically and
Br = 0 and the remaining oscillation parameters are
constant.

It has been experimentally shown that the
mean value of the normal force and the pitching mo-
ment varies almost linearly with # [5] and the am-
plitude of fin force and moment are functions of 3.
Expanding the fin force and moment in a Taylor se-
ries about 3 = 0 gives:

5(0.9) = .0+ F2(0.0)5+ 0(?)

dm,

mp(trﬂ) :mp(tro)+ W(tO),@—i—O(ﬂz) (13)

where O(3?) denotes higher order terms. We assume
here that for a fixed 3 € R, fp(t + To.8) = fp(t. )
and my,(t + 1o, B) = mp(t. B). t > 0 (Ty denotes the
fundamental period). Then the partial derivatives
of f, and m, with respect to @ are also periodic
functions of time. Then using (5) and (13), one can
approximately express f, and m, as

M
= Z fsn(0)sin nw et + fen (0) cos nwst+
n=0

M
nz::o(ag;n (0) sin nw¢t + aafgl (0) cos nw¢t) 3

M
mpy = Z My (0) sin nw ¢t + men (0) cos nwyt+
n=0

M

a]\an . a]\Jcn

0)sinnwst + ———

where O(3?) terms are ignored in the series expan-

sion. For simplicity in presentation, we assumed that
M = 2 similar to Section 3.

(0) cos nwt)3 (14)

n=0

We define
fa — (ch(O):fsl(O):fcl(o):fSQ(O):fCQ(O))T
fb — (3fc0 (0) af.s:l (0) afcl (0) afs? (0) afc? (0))T

ap ap ap ap op
mg = (meo(0), ms1(0). me1 (0), my2(0). mes(0))”

_ aTnc() amsl aTncl ams?
amc?

T
e o) (15
Then using (14) and (15), we get

Fot) = 6" (fa + Bfo)



mp(t) = ¢7 (mq + fmy) (16)
and the dive plane dynamics take the form
&= Az + BO(t)f. + B®(t)f, 0 (17)
where
fo = (f7.mT) € RY (18)

fo=(fF . mj)eR?

For the purpose of control, the bias angle is period-
ically changed at a sampling interval of 7™ where
T* is an integer multiple of the period Ty, i.e.,
™ = nQTQ, This
way one switches the bias angle at an uniform rate
of T™ seconds at the end of ng cycles.

where ng 1s a positive integer.

For the derivation of the control law, the tran-
sients introduced due to switching are ignored in
this study. Since the bias is changed periodically,
it will be convenient to express the continuous-time
system (17) as a discrete-time system. The func-
tion F(¢) now has piecewise constant values gy for

€ kT* (k+1)T*),k=0,1,2......
(17) is given by

The solution of

z(t) :eA“—tD):c(to)Jr/t A=) BO(7) [fo+f, B(T)]dT

Taking ¢ = kT*, and t = (k + 1)T™, one has 1
o[l + 1T = AT 2 (kT") 4
(k+1)T*
[ TR+ £ A (20)
since B(t) = By, t € [kT*, (k+ 1)T™)
Let (k4 1)T* — 7 = s. Then noting that
D((k+ 1)T* —s) = B(—s) (21)
(20) gives
o[l + 1T = AT 2 (kT") 4
T
/0 ' BO(=s)[fe + fuOs]ds
= Aqz(kT™) + Balfe + fuB%] (22)
where Ay = ¢4T" and By = fOT* e4* B®(—s)ds. For

the precise depth control, it is desirable to include
a feedback term in the control law which is propor-
tional to the integral of the depth tracking error.
For this, a new state variable z, is introduced which
satisfies

zs[(k+ DT = 2" — y(kT*) + 25 (kT™) (23)

where z* — y(kT™*) is the tracking error,

y(kT™) = 2(kT™) = Cx(kT™) (24)

and C' =[0,0,1,0].

Defining the augmented state vector z, as
T, = (.Z‘T,Z‘S)T € R°

the system (22) and (23) is written as
z(kT™)
zs (KT™)

5 e ]

z

Aqg 0

za[(k + 1)T"] = [ e

|+

= Aqzq(kT*) + Bafr + dg (25)

where the constant matrices A,. B, and d, are de-
fined in (25).

The control of the system (25) can be accom-
plished by following the servomechanism design ap-
proach in which d, is treated as a constant distur-
bance input. The design is easily completed by com-
puting a feedback control law of the form

BkT*) = =Kz, (kT*), k=0,1,2, ... (26)
where K 1s a constant row vector such that the
closed-loop matrix

Ae = (Aq — B, K)

is stable. It is well known that that one can assign
the eigenvalues of A, arbitrarily if (A,, By) is con-
trollable [16-18]. For the discrete-time system, this
implies that one must choose K such that the eigen-
values of A. are strictly within a unit disk in the
complex plane.

In this study, an appropriate value of K is ob-
tained by using the linear quadratic optimal control
theory. For this one chooses a performance index of
the form

oC

=2 =

(kT*)Qua (kT™) + Biu (27)

where Q) is a positive definite symmetric matrix and
> 0. The optimal control law is obtained by min-
imizing .J, for the system

zo[(k + V)T = Az (kT™) + B s (28)
The system (28) is obtained by setting d, = 0 in
(25). The feedback matrix K is obtained by solving

the discrete Ricaati equation [18]

P=Q+ATPA, — ATPB,(u+ BT PB,)BI PA,
(29)



and then setting the feedback matrix as

K =—(u+BI'PB,)"'BIPA, (30)
The choice of the weighting matrix Q and the pa-
rameter p is made to obtain desirable responses and
the convergence of the tracking error to zero.

To this end, a discussion of the two designed
We note that the
open-loop controller of the previous section does not
require any change in the motion pattern of the pec-
toral fins. For the open-loop control scheme. the
Fourier coefficient associated with fin force and mo-

control systems is appropriate.

ment are determined. It is essential that these coeffi-
cients lie in the feasible parameter set Q obtained by
certain choice of motion pattern and oscillation pa-
rameters of the pectoral fins. For the feedback con-
trol system designed in this section, the bias angle
is periodically varied and kept constant over the se-
lected sampling period T* = nyTy. The pectoral fin
must produce force and moment such that the con-
trollability condition is satisfied. The choice of the
sampling period also provides flexibility in meeting
the controllability condition. The synthesis of the
feedback control law requires measurement of all the
state variables, and switching of the bias angles by
the actuator. However closed-loop system can pro-
vide robustness to parameter uncertainty compared
to the open-loop control system. The closed-loop
system provides asymptotic regulation of the track-
ing error. But open-loop control law can complete
maneuver in a finite specified time. As such one can
use a dual mode control synthesis for depth control
in which one first uses the open-loop control law and
then switches to the feedback law for precise regula-
tion in the vicinity of the terminal state.

6. Simulation Results: Closed-

loop Control

In this section, the feedback discrete control law
(26) is simulated. For the optimal control law
design, the performance index J, with @ =
diag(1,1500,1,1000, 1) and g = 400 is chosen. The
bias angle is changed to a new value every T* = nyTy
seconds where Ty = fLu is the fundamental period of
fp and m,.

For the purposes of illustration, it is assumed
that f, and m, have only fundamental components,
and therefore it is assumed that fso, foo.mso, mea
are zero. Experimental results indicate that for zero
bias angle, the mean values of f, and m, are zero.
Therefore the vectors f,. fy. mq. and my are selected
as

fa = (0.5.8). f, = (20,30, 36)

0 (deg)
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Figure 6: Feedback control: z* = 2(m), fo = 5(Hz),
sampling interval = 0.2 sec

mq = (0,1.5,3.2), my = (10,12, 9)

However, it is pointed out that the derived controller
is effective even when the mean values are nonzero.
The initial conditions and the terminal state are cho-
sen as z(0) = (0,0,0,0)7 and 2* = (0,0,2,0)7 with
z* = 2 (m). Thus one desires to move to a depth of
2 (m).

Case 6.1 Closed-loop control: frequency fy
=5Hz, T =Ty

The closed-loop system (3) including the dis-
crete control law (26) is simulated. The frequency
of oscillation is fo = 5 (Hz) and the sampling pe-
riod is T = Ty = 0.2 (sec). That is, the bias an-
gle is updated every cycle. The simulated responses
are shown in Fig. 6. A smooth regulation of the
depth trajectory to the desired value of 2 (m) is ac-
complished. The response time is of the order of 10
seconds. The oscillatory normal force and moment
are within 10 (N) and 4 (Nm), respectively. It is ob-
served that the pitch angle response has oscillations
of tiny amplitude superimposed over a smooth mean
motion. It is pointed out that these tiny oscillations
of the pitch angle persist even in the steady-state.
However, it is interesting to note that this minor
pitching motion causes no problem. The vehicle con-



Figure 7: Feedback control: z* = 2(m), fo = 10(Hz),
sampling interval = 0.1 (sec)

tinues to move horizontally and the perturbations in
the depth trajectory between the sampling instants
due to the pitching action of the vehicle are hardly
noticeable. The piecewise constant bias angle re-
mains within 2 (deg).

Case 6.2 Closed-loop control: fo = 10 (Hz),
T =1Tp

It is assumed that the fins are oscillating with
a higher frequency 10 (Hz) (twice of that used in
Case 6.1) and the sampling period is 7% = Ty = 0.1
(Sec).

It is seen that precise control of the depth of
the vehicle is obtained (Fig. 7) and compared to the
Case 6.1, one has a smaller tracking error at ¢ = 10
(sec). This is expected since the bias angle is up-
dated at a faster rate compared to Case 6.1. The
responses remain close to those of Case 6.1, and the
fin force and moment have magnitudes of similar or-
der. The bias angle magnitude is only slightly higher
in this case. The tiny oscillations in the pitch tra-
jectory observed for lower frequency in Fig. 7 have
almost disappeared. Thus it seems that the choice
of fins oscillating at higher frequencies is preferable.

Case 6.3 Closed-loop control: f = 5 (Hz),
T* = 5Ty second

o (deg)

e
<

Figure 8: Feedback control: z* = 2(m), fy = 5 (Hz),
sampling interval = 1 (sec)

Here, the frequency of oscillation is retained
at fo = 5 (Hz) similar to Case 6.1, but a slower sam-
pling rate of value 7* = 5Ty = 1 (sec) is assumed.

Thus now unlike Case 6.1, the bias angle switches
to new values at the interval of one second instead
of 0.2 (sec). We observed that compared to Case
6.1, the response time (20 seconds) has almost dou-
bled (Fig. 8). But the fin force and moment have
magnitudes of similar order. It is seen that initially
the depth trajectory has a slight overshoot in the
wrong direction (upward motion) but recovers and
dives down to attain the desired depth. Apparently,
slower sampling rate has a detrimental effect on the
maneuverability of the vehicle, but this may not be
avoidable, especially when the actuators are slower.

7. Conclusion

The design of control systems for the dive plane ma-
neuver using pectoral fins was considered. Pectoral
fins have lead-lag, feathering and flapping modes of
oscillations and have ability to produce maneuvering
forces and moments which are functions of oscillation
parameters (frequency, amplitude, bias angle and
phase angle). The periodic forces and moments can



be uniquely characterized by the associated Fourier
coefficients. An open-loop control law was derived
which determine a set of Fourier coefficients (i.e; fin
forces and moment) for finite time maneuver of the
vehicle in the depth plane. Besides the open-loop
controller, a feedback control system was designed
by utilizing periodically varying bias angle of the fins
as control input. The closed-loop controller was de-
signed using a discrete-time form of the model incor-
porating integral feedback. The complete open-loop
and closed-loop systems were simulated for various
types of dive-plane maneuvers which showed that us-
ing pectoral fins, one can perform precise and rapid
maneuvers using the open-loop and feedback con-
trollers.
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