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Abstract: This paper deals with the attitude control of a towfish (underwater towed vehicle) with
two elevators and a single rudder to improve the image quality of an attached sound navigation
ranging (sonar) system. Image distortion can occur if the towfish shakes excessively. Since a towfish
is connected to the mother ship through a towing cable and the motion of the towfish is affected not
only by the motion of the cable, but also by the position of the center of gravity, towing point, and
towing speed, it is necessary to analyze how these factors affect the towfish to appropriately control
its attitude. In this study, a method for obtaining a feasible region of the towing point in accordance
with the variations in the center of gravity and towing speed is proposed, and the feasible region
obtained can ensure that pitch control can be achieved using the installed elevators. In addition, the
allowable range of disturbances for yaw control was also investigated. Simulations were conducted
using the dynamic models of the towfish and cable to check the obtained feasible region/range, and
it was confirmed that there is a region/range where the attitude control can be carried out with
relative ease.

Keywords: towfish; attitude control; cable; towing point; center of gravity

1. Introduction

Unmanned underwater vehicles (UUVs) are frequently used for marine environmen-
tal data collection, submarine topography mapping, and military purposes, among other
uses [1]. Autonomous underwater vehicles (AUVs) and towfish (underwater towed vehi-
cles) are widely used. An AUV has the advantage of being able to move freely and can
operate autonomously without operator intervention [2—4]; however, the power supply is
limited, making it difficult to apply for long-term missions [5,6]. By contrast, the towfish
is connected to the mother ship through the towing cable and its motion is constrained;
however, the observation data can be transmitted to the mother ship in real-time, and the
power is supplied by the mother ship continuously, allowing real-time, long-term, and
wide-area observations [7-9]. We are currently developing a towfish with a sonar system,
and this paper deals with its attitude control to improve the quality of the sonar image.

The towfish is usually designed to be stable in movement; however, it is difficult to
fully respond to unpredictable underwater environments and various operating conditions.
In particular, if an interferometric synthetic aperture sonar (InSAS) with 10-times the
resolution of the existing side scan sonar (SSS) is mounted onto the towfish, the irregular
motion of the towfish causes distortion or defocusing of the InNSAS image [10]. Thus, precise
attitude control is required to improve the image quality.

Related studies on towed vehicles for various purposes can be found [11-28]. Research
on improving the image of a sonar system mounted on a towfish [11-13] and obstacle
avoidance for route tracking [14-18] were conducted. In addition, depth and attitude con-
trol using various controllers were studied [19-26]. Moreover, the vertical and horizontal

J. Mar. Sci. Eng. 2021, 9, 641. https://doi.org/10.3390 /jmse9060641

https://www.mdpi.com/journal /jmse


https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0003-3730-5900
https://doi.org/10.3390/jmse9060641
https://doi.org/10.3390/jmse9060641
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmse9060641
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse9060641?type=check_update&version=2

J. Mar. Sci. Eng. 2021, 9, 641

2 0f 24

shaking of a towed vehicle for monitoring submarine pipeline conditions [27] and turn
maneuvering [28] are discussed. These studies are mainly focused aspects of the control
method; however, the towfish is affected by various factors such as the towing point,
position of the center of gravity, and towing speed. This paper challenges the analysis of
the relationships among such factors for making attitude control much easier.

In Section 2, we first describe the specifications of our target towfish. An InSAS system
is mounted on the towfish, and two elevators and a single rudder are attached to the
right and left horizontal wings and the vertical wing, respectively, for attitude control. In
Section 3, the dynamic models of towfish and towing cable are formulated. The towing
cable was modeled using the lumped-mass method [29,30]. In Section 4, we analyze how
the towing point, center of gravity, and towing speed affect the pitch motion of the towfish
and present a method to find a feasible region of the towing point for pitch control in
accordance with the position of the center of gravity and towing speed. The allowable
range of disturbances for yaw control was also discussed. The feasible region/range allows
us to control the attitude much more easily with the given elevators and rudders.

Finally, to verify the feasible region obtained, simulations using the dynamics of the
towfish and cable are presented in Section 5. The simulation results show that the feasible
region of the towing point and the allowable range of the disturbance in yaw control are
correctly selected, and there is a region/range where the attitude control can be achieved
with relative ease.

2. Target Towfish

Figure 1 shows the target towfish, and its detailed specifications are listed in Table 1.
For attitude control, two elevators and one rudder were attached to the left and right
horizontal tail wings and the vertical tail wing for pitch and yaw control, respectively.

Figure 1. Towfish used in this study.

Table 1. Specifications of towfish.

Towfish
Length 3.5m Diameter 0.4m
Single elevator area 0.025 m? Rudder area 0.03 m?
Weight in air 2940 N Buoyancy 490 N
Operating depth <200 m Towing speed <2m/s

Positioning and attitude sensors (manufacturer/model)

USBL (Advanced Navigation/Subsonus)

IMU (Advanced Navigation/Spatial FOG Dual)

0.1 m Position Accuracy
1000 m Range and Depth
0.01° Roll, Pitch, and Heading
0.05° /HR FOG Gyroscope
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Towing force %

3. Mathematical Model
3.1. Dynamic Towfish Model

Figure 2 shows the forces acting on the towfish. Letf, € R> be the towed force, f, € R3

be the actuator forces, such as the drag forces generated by the elevator angles 6, and J;,

and the rudder angle g, and f;, € R° be the force generated by the weight and buoyant

force. Then, the six degree-of-freedom equations of motion of the towfish can be expressed
as follows:

| ) ()
Mv+Cv)v+D(v)v = ¢ + a + 1, 1

= )+ (T )+, 0

wherev = (u,v,w,p,q, r)T € RO, (u,v,w) is the linear velocity of the towfish with respect

to the body frame, (p, g, ) is the angular velocity, and r., 7, € R are the position vectors

from the center of gravity to the towing point and the center of the actuators, respectively.

Restoring forces f

fe

Buoyanc
yancy B Actuator forces fa

Weight W

I : Rudder force (fr) generated by dp # : Center of gravity : Components of fp

T : Elevator forces (f.) generated by &, , §; () : Center of buoyancy

: Components of fq

Figure 2. Forces acting on the towfish.

Assuming that the shape of the towfish is a symmetrical cylinder, M, C(v) and D(v)
are given as follows [31,32]:

M = Mgp + M, € R°"C, ©)
m 0 0 0 mzg  —myq
0 m 0 —mzg 0 mxg
o 0 0 m mye  —MXg 0
Mgp = 0 —mzg My Lix 0 0 ¢ ©)
mzg 0 —MXg 0 Ly 0
Mmye  MXg 0 0 0 I,
‘ T
My = —diag(X;, Yy Zg Ky My, N; ) 4)

where Mgp and My are the rigid-body inertia matrix and hydrodynamic added mass
matrix, respectively; m is the mass; (xg, y¢, z¢) is the position of the center of gravity;
Ixx, Iyy, and I, are the moments of inertia; and the diagonal components of M4 are the
hydrodynamic added mass coefficients.

C(V) = CRB(V) + CA(I/) S R6X6, 5)
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0 0 0 m(yqq + zgt)
0 0 0 —m(ygp + w)
Con — 0 0 0 —m(zgp —v)
Ko —m(ygq +2zgr)  m(ygp+w) m(zgp —v) 0
m(xeq —w)  —m(zgr + x¢p) m(zgq + u) —L,r
m(xgr +0) m(ygr —u) —m(xXgp +Ygq) Lyyq ©
—m(xgq —w) —m(xgr+v)
m(zgr +xgp)  —m(ygr —u)
—m(zgq+u) m(xgp+ygq)
L7 —Iyyq !
0 Lxp
—ILxp 0
0 0 0 0 Z,w  Y;v
0 0 0 Zw 0 Xu
0 0 0 =Y,v X,u 0
Ca= 0 —-Zw Yo 0 —Nir - Mg | @)
Z,w 0 X,u N 0 —Kpp

Yo Xu 0 —Mg Kyp 0

where Crp(v) and Cx(v) are the rigid-body Coriolis and centripetal matrix and the hydro-
dynamic Coriolis and centripetal matrix, respectively.

Because the towing speed of the target towfish is not high (less than 2 m/s), nonlinear
damping with a quadratic form of the towing speed can be neglected. The damping terms
can then be simplified as follows [33]:

D(v) = D+ D,(v) = D € R®¢, 8)

D = —diag(Xu, Yo, Zuw, Kp, Mg, N;)7, )

where D and D, (v) are the linear damping matrix and nonlinear damping matrix, respec-
tively, and the diagonal components of D are negative scalar coefficients.

Leta x b = S(a)b, a = (ay, ay, az) T, and b € R®, where S(a) is a skew symmetric
matrix and is given as follows:

0 —a; ay
S(a) = a 0 —ay |,
—ay  ay 0

Then, the right side of Equation (1) can be rewritten as

I35 I35
7= ( St )fc + ( S(r) )fa o an
—(W — B)sb
(W — B)sfsin¢
- (W — B)ccy
fo= (ygW — ypB)cOc — (24W — z;,B) cOs¢p 12)

—(24W — 2,B)s0 — (x¢W — x},B) cfcep
(xgW — x,B)cOs¢p + (ygW — y;B)sO

where (xp, Yp, zp) is the position of the center of buoyancy, and ¢, s, ¢, and 6 are the cosine
function, sine function, roll angle, and pitch angle, respectively.

Meanwhile, the position of the underwater towfish cannot be obtained directly using
the global positioning system (GPS), as shown in Figure 3. Thus, we used the USBL system
mounted on the mother ship and towfish for underwater positioning, and the attitude with
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respect to the body frame is obtained through the IMU. Let y = (41, #) T, m=(xy, Z)T,
and 1, = (¢, 0, l[))T, where (x, 1, z) is the position with respect to the fixed frame, and
(¢, 8,1) are the roll, pitch, and yaw (heading) angles, respectively. The linear and angular
velocities with respect to the fixed frame are given by

1= ](m)v, (13)
o= (5 350 ) =
cpcd  —stpcp + cpstsp  sips¢ + cpedsd
Ji(n2) = ( spcd  cped 4 spsbsyp  —cpsd + sOspcg ), (15)
—s0 cOs¢p cOcp
1 sptf  copto
J2(112) = ( 0 cp  —s¢ ) (16)
0 s¢p/cd cp/co

where t represents the tangent function.

Earth-fixed frame Satellite | (\>‘
. GPS

Transceiver

J(m2)

Body frame

(il :USBL
— MU

VB

Figure 3. Definition of body and earth-fixed coordinate systems.

3.2. Dynamic Model of the Towing Cable

The mathematical model of the towing cable is frequently formulated using the
lumped-mass method. The concept of the lumped-mass method is shown in Figure 4a. The
towing cable is modeled as (n — 1) discrete masses interconnected by linear springs that
do not have weight, and it is assumed that the drag force, weight, and added mass force
acting on the towing cable are concentrated on each mass [34].
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(a)

(b) ,
fzj 4 ij
' \ /
P dSzj f‘ij

dnj X I _7\"

Y, @ B
$yj +— ! 7 o

fag,; 5

Figure 4. Lumped mass model: (a) concept and (b) coordinate systems.

As shown in Figure 4a, the forces acting on the j node (mass) consist of drag forces,
tension, and weight. Let fy.j, fa,;, and fz.; be the drag forces along the x, y, and z-axes,
and Tj and Tj_; be the tensions at the j" node and (j + 1)
d; is the weight in water, and /; is the length between the j" node and the (j +1)" node.

In Figure 4b, xyz is the earth-fixed frame, and ¢,;¢,;¢; is the body frame attached to
the j" node, where the & xj-axis is defined as the tangential direction of the towing cable,
and the ¢,; and ¢,j-axes are defined as the normal directions with respect to the §;-axis; in
addition, the §y;¢,;C.; frame is determined by rotating the xyz frame by @; around the z-axis
and p; around the y-axis, &; is the angle between the x — z plane and the cable formed by

node, respectively. In addition,
h
)t

the j and (j + 1)”1 nodes, and f; is the angle formed by the x — y plane. Therefore, the
$xjCyjCzj frame at the j node can be obtained by

Eyj x cﬁjcﬁj sﬁjcﬁj sﬁj
Gz b4 —czxjs,B]- —suc]-s/%j c,B].

The drag forces in the tangential (f;;) and normal (f4,,) directions can be expressed
as follows: -
farj = = 3pCpymD; 5= |y |y,

L+l (18)
finj = = 3PCpni D5 [ty
where p is the water density, D; is the outer diameter of the cable, Cpy; and Cp,; are the
drag force coefficients, and u;; are u,; are the tangential and normal speed components,
respectively. The drag force components acting on the §y;¢,;¢,; frame are given by
fag,; = favjs
faz,; = fanjcvis (19)
faz; = fanjs -
In addition, the drag force components acting on the xyz frame are given by
faxj fag,;

fai | =07 fa, | (20)
dej fdgzj
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Next, we determine how to calculate the added mass acting on the j node. Letting
the acceleration components at the j* node be X, i, and , the corresponding acceleration
component on the §y;G,;¢,; frame is obtained as follows [35]:

ang X
ng . z
z]

where the acceleration component in the tangential direction a¢ ; is expressed by a;; and
the ¢,; and {;; axis acceleration components in normal directions ¢ - and ag; are expressed
by ayjcyj and a,js7y;. Thus, the added mass forces fy, fagy]., and farjzj acting on the jth node
are expressed as follows:
D]27T lj-‘rl]',]
fatj = —p— Catj—— a1 = — Ayjayj,

D27 Ll
fﬂgw. = *p{TCanj]T]laijw- = *Anjﬂgyj, (22)

D?n Ii+1;
— ] LT - _ .
for; = =P Canj" 5 —0g,; = —Anjlc,;,
where Catj and Capj are the added mass coefficients, and Ayj and Ayj are the tangential and

normal added mass on the j* node, respectively. The components of the added mass force
on the xyz frame are then obtained by

f axj B f atj
fayj | = Q faz | (23)
fazj fagzj

Using Equations (23) and (24), f,,; is calculated as follows:
faxj = —cﬁjchAtjatj + 8@ Ayjag, + chsBjAnjagzj,
= —cicBjAy (ca,-cﬁjae +sjcBiij + sB].i), (24)
+80Ayj (—SH;X + jlj) + cijsP;Ayj(—cjspx — sijsPy + cpz).
Letting fu,j = Xyjx + Xyjy + X3z, Xyj, Xy, and X;; can be obtained by

2y 2R A _ 27.20 .

Xyj = —cajc ﬁjAt] (1 cowje ﬁj)An],
ij = (An] — AU)SE]'CR]‘CZEJ', (25)
ij = (An] - At])CE]SB]CB]

The mathematical model of the towing cable at the j node can be obtained by
calculating the added mass forces along the y- and z-axes in the same way:.

myyj Mg M x Fyj
Myl Myj Mo, y =\ ki | (26)
m31j  Mzpj  M33; z E;j
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myqj = M; + CZRjCZBjAtj + (1 — czijczﬁj) A,
migj = mayj = (Asj — Apj)sTic;c B,
myzj = mzy; = (Agj — Anj)CEjSBjCB]‘/

Mmyj = M; +s*%;c* B Ayj + (1 - SZE]-CZB]-> Ayj,
masj = Maj = (Agj — Anj)sﬁjsﬁjcﬁj, (27)

masj = M+ 52 Asj + B Ay,
Fyj= chﬁjcﬁj — T]-_ch]-_lcR]-_1 + faxjs
Fyj = TjeBsaj — Tj1B;_15%j-1 + fauj,
E;j=Tjsp; — Tj-15B;_1 + fazj — j
Here, the cable tension T; can be obtained by

I
T, = EjA; (l] - 1), (28)

]

where E; is the Young’s modulus of the towing cable, A; is the cross-sectional area, and E
is the length without deformation.

4. Feasible Region of the Towing Point for Attitude Control

The roll motion is stabilized automatically by the weight and vertical towing force;
thus, we discuss the pitch and yaw control in connection with the positions of the towing
point, the center of gravity, and the towing speed.

4.1. Feasible Towing Point for Pitch Control

Figure 5 shows the forces acting on the towfish in the x — z plane. Here, f, = (fcx, fez) T
is the towing force, f, = (fex, fez)T is the drag force generated by the elevators, and

re = (Tex, rCZ)T and r, = (7ex, O)T are the position vectors from the center of gravity to the
towing position and from the center of gravity to the center of the elevators, respectively.
The pitching moment generated by these forces can be expressed as follows:

My:rc®fc+re®fe+fh5/ (29)

here, f}5 is the fifth component in Equation (12), and ® is the outer product in the plane
and is calculated as follows:

a®b=(Ea)'b= (ETa")b, a,bc R?,
0 -1 (30)
(0 ))

where E is the rotation matrix that rotates 90" counterclockwise on a plane.
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X
fe f B e e
rCZI.é;ch?——é}——n;;(—(— — *>fex

|
w

Figure 5. Forces acting on towfish in x — z plane (vertical plane).

When controlling the attitude of the towfish, it is difficult to secure the stability of
the towfish if the center of gravity is behind the center of buoyancy. Thus, as shown in
Figure 6, five cases (cases (a)-(e)) in which the position of the center of gravity is the same
as that at or before the center of buoyancy are selected and discussed. In the following, it is
assumed that the center of buoyancy is located at the center of the body of the towfish.

Case (a) Case (b)

j h
|
0

Case (d)
Case (c) | | Case (e)
«— —

>
I

O : Towing point
Figure 6. Five cases ((a)—(e)) used to discuss effect of towing point and center of gravity.

4.1.1. When the Center of Gravity Is the Same as the Center of Buoyancy (Cases (a) and (b))

In cases (a) and (b), the center of gravity is located at the center of the buoyancy. As
a difference between these two cases, the towing point is located before and behind the
center of gravity. Here, the effect of the restoring force term fj5 in Equation (12) can be
ignored because zg = zj, = x¢ = x;, = 0. Therefore, ¢y in equilibrium with the maximum
elevator forces in the positive and negative directions in Equation (29) can be obtained
as follows:

r+ — TezfextTex for max
cX max 7 4 (31)
— _ _chfcx"rrexf; max
rC.X max — cz 4

where f;f .. and fi- ... are defined as the maximum drag forces of elevators in the positive
and negative directions, respectively, and rJ; ., and 75 .., are defined as the maximum
towing points where the pitching moment occurs in the positive and negative directions,
respectively. In addition, if the towing point is located outside of 7, .., and 7z jx, the
pitch motion cannot be controlled by the drag forces of the given elevators.
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4.1.2. When the Center of Gravity Is Before the Center of Buoyancy (Cases (c)-(e))

Cases (c)—(e) are classified according to the position of the towing point. Case (c) is
the case in which the towing point is before the center of gravity, Case (d) is between the
center of gravity and the center of buoyancy, and Case (e) is behind the center of buoyancy.
Because the center of gravity and the center of buoyancy are at different positions, the
restoring force must be considered. Assuming that the changes in the pitch and roll motions
are extremely small, thatis, 8 ~ 0" and ¢ ~ 07, fy5 = — (zgW — 2;,B)s6 — (xgW — x,B) cfcgp
in Equation (12) can be simplified to —x;W. Hence, the towing points in equilibrium
with the maximum elevator forces in the positive and negative directions can be obtained

as follows:
1’+ _ chfcx"ﬂ’exfe; nxax+xgw

cx max fCZ 4

_ _ ( —Texfox+Hrexfol merng)
7

(32)

7 =
cx max -

To find the feasible region of the towing point, numerical simulations were conducted
using Equations (31) and (32). In addition, fcx, for max, and fof ;0r Were determined accord-
ing to the towing speed, and other components except f., are given by the specifications of
the towfish (as illustrated in Table 1). Moreover, f., was set to be equal to the underwater
weight of the towfish, and these two forces are assumed to be in static equilibrium. The
underwater weight (W — B) is 2450 N, 7., = 0.2 m, and 7.y = 1.7 m if x, is at the center
of body. In addition, the drag forces of the elevators were calculated using Equation (35)
given in Section 5.

Figure 7a shows the feasible region of the towing point when the towing speed changes
from 1 to 2m/s and x¢ changes from 0 to 0.5 m. The curved plane determined by the
red lines (7, ) contains the maximum value of ., generating a moment in the positive
direction, and the curved plane r;, ,,,,, contains the maximum value of r.y generating a
moment in the negative direction. On the two curved planes, the elevators are required
to exert maximum drag forces f,; ;. and fof .., for pitch control; this implies that pitch
control is difficult to accomplish if 7.y lies on the two curved planes. Therefore, we need
to choose the value of .y (the position of the towing point) in the area between the two
curved planes to control the pitch motion more easily.

Figure 7b shows the feasible regions obtained for the five cases shown in Figure 6. The
feasible region for Case (c) is wider than that of other cases; in addition, cases (d) and (e)
have narrow feasible regions, which means that the pitch control is difficult to achieve
owing to the narrow range of f,! ... Meanwhile, cases (a) and (b) are special cases in
which x, = 0 and the range of the towing point for the pitch control is similarly assigned
in the positive and negative directions. In addition, for all cases, the feasible region of the
towing point widens as the towing speed increases because the drag force generated by
the elevator is proportional to the square of the towing speed.

4.2. Yaw Control

The pitching moment is closely related to the positions of the center of gravity, center
of buoyancy, and towing point; however, the yawing moment does not occur if there is no
initial error or disturbance. In what follows, we investigate the range of the disturbance in
which the yaw control can be achieved using the drag force of the rudder. Note that this
discussion is based on the feasible region of the towing point described in Section 4.1.
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Iex(m)

0.1 0.2 0.3 0.4 0.

Xg(m)

et
U *Tex max

Curved plane requiring
maximum elevator drag forces
in the negative direction (f; max )

" -
: rcx max
> 02 Curved plane requiring
15 - <03 maximum elevator drag forces
T— 04 *g(m) in the positive direction (fo} max )

725 max (Towing speed=2m/s)

2% max (Towing speed=1m/s)

Tex max (Towing speed=1m/s)
Tex max (Towing speed=2m/s)

% : Feasible region of 7., when the towing speed = 2m/s

: Feasible region of 7.x when the towing speed = 1m/s

%,

[¢)]

Figure 7. (a) Feasible region of r.x when x; and towing speed change and (b) when expressed along the r.x — x¢ plane.

Figure 8 shows the forces acting on the towfish in the x — y plane (horizontal plane).

Let foy and fcy be the towing forces in the longitudinal and lateral directions, respectively,

and fcy be regarded as a disturbance (f4;;), that is, foy = f4is. The yawing moment can then
be given by

Mz = rex fais + Trxfry + foer (33)

where 7,y is a vector from the center of gravity to the center of the rudder, and fy is the sixth
component of f;, in Equation (12). Assuming that the changes in the pitch and roll motions
are extremely small, thatis, 6 ~ 0", ¢ ~ 0, fus = (xgW — x,B)cfs¢ + (ysW — y,B)s6 can
be simplified to zero. Therefore, f;; in equilibrium with the maximum rudder force in the
positive and negative directions can be obtained as follows:

f+ _ rr-’ff@ max
dis max — ¢t ’

Tex max

f7 _ —7rxfr; max
dis max ~— 4

Tex max

(34)

where fry max and fr, ., are defined as the maximum drag forces of the rudder in the

positive and negative directions, respectively, and f;;., ~and f,.  are the maximum
disturbances in the positive and negative directions, which can be handled by the rudder.
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Top view ﬂ

Feasible region of 7.x used to control pitch is used

Figure 8. Forces acting on towfish in x — y plane (horizontal plane).

Numerical simulations were conducted using Equation (34) to determine the allowable
range of the magnitude of the disturbance. In addition, f;; ., and fﬂy' max are determined
according to the towing speed, ,y is determined by the specifications of the towfish, and
¥ max and 75, . are the values obtained in Section 4.1. If x, is at the center of the body,
Try = 1.7 m.

Figure 9 shows the allowable range of the disturbance when x, = 0.3 m and the towing
speed and towing point change. For reference, the allowable ranges for different values of
xg are shown in Figure 10. As shown by the thick red and blue lines, the maximum drag
forces of the rudder in the positive and negative directions are required for yaw control;
thus, the lines indicate whether the yaw control can be conducted sufficiently. From this
figure, we know that yaw control can be accomplished in the area marked with a black
solid line. Similar to the pitch motion, the rudder can respond to larger disturbances as the
towing speed increases.

m)

Iex(

4000 f dts max
Vol
7
7

fdis(N)

f d_is max

Figure 9. Allowable range of fz;; when x¢ = 0.3 m by which yaw control can be achieved.
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Figure 10. Allowable range of disturbance for yaw control when (a) x; = 0m, (b) x¢ = 0.2 m, (c) x¢ = 0.3 m, (d) x; = 0.4 m,

and (e) xg = 0.5 m.

Figure 10 shows the allowable range of the disturbance where the rudder can perform
yaw control according to the changes in towing speed and towing point for each center of
gravity position. The allowable range of the disturbance decreases as the position of the
center of gravity moves forward; this is because if the center of gravity moves forward,
the value of 7. increases, as shown in Figure 7. Thus, a smaller value of r., is better for
yaw control when the same magnitude of disturbance is applied. In addition, as shown in

Figure 10a, when the center of gravity is 0 m, there are cases in which the allowable range
includes negative values of 7.
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5. Simulation
5.1. Simulation Conditions

For the simulations, the drag forces generated by the elevators and rudder are obtained
as follows:

fax = CuCp + CyCp + CvCp,
fay = CyCp,
faz = CuCL + CuCp,
Cr,Cp = function of «, Cy = 0.5psyu?, Cy = 0.5psyu?,

(35)

where fax, fay, and f,; are the forces exerted by the actuators (elevators and rudder) acting
on the x, y, and z-axes, respectively; sy and sy are the areas of a single elevator and
rudder; and p, u, and « are the density of the water, towing speed, and angle of attack,
respectively. In addition, Cp and Cj, are the drag and lift coefficients, respectively. The
National Advisory Committee for Aeronautics (NACA) provides values of Cp and Cp,
according to the shape of the airfoil. Because the angle of attack is the same as the angle of
the actuator [36], fux, fay, and f,, are expressed as functions of the actuator angles. Letting
ér and ¢; be the angles of the left and right elevators, and ér be the rudder angle, from
Equations (1) and (11), the mathematical model of the towfish can be expressed as

M+ C(v)v + D(v)v — f, — ( SI?E:S >fc

—0.065Cy —0.065Cy —0.065Cy

0 0 0.11Cy 5, (36)
B 0.11Cy 0.11Cy 0 5
- 0 0 0 ( 5’ )
0.11Chrex  0.11CHTex 0 R
0 0 0.11Cy 7yx

where 0.065 and 0.11 are the slope of the drag and lift coefficients according to changes
in the elevator and rudder angles, respectively, and can be linearized by referring to the
values for the NACA 0018 model.

In addition, the attitude controller used for this study is given by

8,8, = K,_P (e,ef - 9) — Ky _Pq+K._P [} (eref - 9),

(37)
Or = Kp_Y(lpref — l/)) —K; Yr+K._Y fot (lpref — l/J),
where K,_P, K;_P, and K;_P are the control gains of a proportional-integral-derivative
(PID) controller used for pitch control, and 6,.¢ and 6 are the target pitch angle (reference
value) and current pitch angle, respectively. In addition, K,,_Y, K;_Y, and K;_Y are the
control gains of the PID controller used for yaw control, and ¢,y and 1 are the reference
and current yaw angles, respectively.
Table 2 lists the parameter values used in the simulations. The moments of inertia
Ixx, Iy, and I, were calculated from cylindrical features; X, Y;, Z;, Ki” Mq, and N; were
obtained using the specifications of the towfish, and the remaining parameters X, Yy, Zy,
Ky, Mg, and N; were selected through simulations.



J. Mar. Sci. Eng. 2021, 9, 641

15 of 24

Table 2. Parameter values of towfish used for the simulation.

Parameter Values Parameter Values
m 300 kg M, —144.4516 kg
Lix 6 kgm? N, —144.4516 kg
Ly 309.25 kgm? Xu —20kg/s
L. 309.25 kgm? Yo —200kg/s
X, —12.837 kg Zw —200 kg/s
Y, —276.2693 kg Ky —30 kgm?/s
Z, —276.2693 kg M, —300 kgm? /s
K, 0kg Ny —300 kgm2 /s

Table 3 lists the parameter values of the towing cables. The shape of the cable can be
considered as a circular cylinder, and the normal and tangential added mass coefficients
Can and Cy are set to 1 and zero, respectively. The tangential drag force coefficient Cp; is
assumed to be extremely small and set as 0.01, and the normal drag force coefficient Cp,
was determined to be 2.5 through simulations. The length of the cable L was selected as
200 m and the length between each node I without tension was set to 20 m.

Table 3. Parameter values of towing cable used for simulation.

Parameter Values Parameter Values
D 22.5 mm Can 1.0
4% 8.9 kKN /km Cat 0
o 5 kN/km Cpn 25
E 3300 kg/mm? Cpt 0.01
L 200 m 1 20 m

The control gains for pitch control K,_P, K;_P, and K;_P are chosen as 3, 5, and
0.01, respectively, and the gains for yaw control K;,_Y, K;_Y, and K;_Y are 4, 5, and 0.01,
respectively. In addition, the angles in the positive and negative directions of the elevators
and rudder were limited to 30°.

5.2. Pitch Control for Cases (c) and (e)

Table 4 shows the maximum values of the towing point generating pitching moment
in the positive and negative directions when the center of gravity changes and the towing
speed is 1.5 m/s. For the simulation, 7. was selected as 0.35 m in Case (c) and —0.06 m in

Case (e).

Table 4. Values of r{; .5, and 7z, 5y according to xg when the towing speed is 1.5 m/s and selected

¢y for simulation.

Towing Speed=1.5 m/s Case (c) Case (e)
Xg 0.3m 0.05m

& max 0.5m —0.05m

Tex max 02m —0.08 m

selected 7.y for simulation 0.35m —0.06 m

Figure 11 shows the simulation results for Cases (c) and (e). The actual size of the
towfish is 3.5 m in length and 0.4 m in height, although the length and height were enlarged
by approximately 10-fold in the figure to make it easier to understand the motion of the
towfish. The synchronous elevator angle dg is given by s = (J; + J;) /2. The reference
value Gref was changed to 0°, —5°, —10°, —5°, 0°, and 5° in order, and the current pitch
angle tracks the reference value well; however, Case (e) has a narrow region of the towing
point, as shown in Figure 7a, and a large elevator angle is required to perform the pitch
control. Hence, if a disturbance is applied, it is difficult to achieve the pitch. By contrast, in
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Case (c), we can also observe that pitch control can be achieved with small elevator angles.
Moreover, there is a large spare range of the elevator angles, which means that we can
control the pitch motion sufficiently if a disturbance occurs.

0", = 0n 9,,f i —5= 9,,f = —10= 9,-,_., - '-5n 9,-(.[ . 0~ 9"_.’ =5
-50 SAA S S/ AT A
Pt ‘ /
E -100/ “
-150 [ [ | Lt
—-200
0 100 200 300 400 500 600 700
x(m)
0,,,, = 0“ 9,,f = —55 9,-,, o —10= 9,-,_.,‘ e —5~ 9,-,_.,' = 0q 0,.,_., =5
0 L T /S A "/ Case(e)
~ S Mofoo / , Towmg point
N g / ‘,“v J / 4 f ",
-150 (1L Ll oL o amlalamtasasniomdamiens | g-ﬂ—"’h—[.
s 1 | — :Q
-200 \ . | Iee:—0.06m x,: 0.05m
0 100 200 300 400 500 600 700 800
x(m)
6,—,, =0 0,.,f = —5= 9,-,, = —10" 9"., = —5, 6", — 0“ 9,-(., = 5~
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) 0 F 1 Orer =0 9"., = |
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g i B = D 0 \
)
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Figure 11. Simulation results when pitch control is applied for Cases (c) and (e). Here, s = (6, + J;) /2.
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In addition, note that the pitch angle of the towfish changed significantly at the
beginning part of the simulation because the towing cable is in a transition stage and the
towing force is thus unstable at that time.

5.3. Pitch Control for Cases (c) and (e) When Disturbance Is Applied

Case (c) has a spare range and is able to respond to additional disturbances, and
Case (e) was considered to have difficulty responding to additional disturbances because
there was little spare range of the elevator angles. Therefore, in Section 5.3, it is shown
that the elevators can handle disturbances in both cases (c) and (e). The simulation was
carried out under the same conditions as in Table 4, and a pitching moment of —200 Nm
was continuously applied for cases (c) and (e) as a disturbance.

Figure 12 shows the simulation results when a disturbance of —200 Nm is applied
in Case (c). The animation for this case is analogous to that in Figure 11 and is therefore
omitted. The pitch angle can track the reference value 6,.¢ accurately if a disturbance
is applied.

gre[ = 0g B,ef — —5n gre[ — —10D gre[ — ‘50 H,ef — 00 Gre/ — 5‘1

-~ - - -

8s (deg)

-10 without disturbance
0 100 200 300 400 500 600
Time(sec)

Ore, = 0“ gre[ = —59 Oref = —10D gre[ = —5° Bre, = 0“ gref = 5°

N
o

|
N
o

Pitch angle (deg)
K o
/{ i

\ with disturbance

L 1 1 1

100 200 300 400 500 600

Time(sec)

|
N
o
o

Figure 12. Simulation results when —200 Nm disturbance is applied for Case (c).

Figure 13 shows the simulation results when a disturbance of —200 Nm is applied in
Case (e). Without a disturbance, elevator angles of approximately 20° and 16° are required
to track the reference values of 6, = 0° and 10° (see the red line). Therefore, a spare range
of approximately 10° can respond to a disturbance because the maximum elevator angle is
30°; however, if the applied disturbance exceeds the ability of the elevators, the pitch angle
cannot be controlled properly (see dotted blue line).
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Figure 13. Simulation results when —200 Nm disturbance is applied for Case (e).

From the results, we know that Case (c) is more advantageous for pitch control
than Case (e) because there is enough spare range of elevator angles that can respond to
unexpected disturbance.

5.4. Yaw Control

Figure 14 shows the allowable range of disturbance where the yaw control can be
achieved under the same conditions as Case (c) in Table 4. The simulation was conducted
by selecting points marked with a circle and triangle in the controllable and uncontrollable

areas, respectively.
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Figure 14. Two points (positions of towing point and disturbances) selected for yaw control simula-
tion (marked with a circle and triangle, respectively).

5.4.1. At the Point Marked with a Circle

In this case, the rudder can sufficiently respond to disturbances because the point is
located inside the controllable area. First, to emphasize the importance of yaw control, the
towfish was towed without controlling the yaw. It is assumed that a yawing moment of
200 Nm is applied continuously as a disturbance. Figure 15 shows the simulation results.
For clearer understanding, the 20 m length of cable from the mother ship and the 20 m
length of cable from the towfish are drawn by thick blue lines. If the yaw control is not
applied (rudder angle = 0°), the yaw angle of the towfish varies in the form of a sine wave,
and this motion can distort the image of the sonar, for example, InNSAS attached to the
towfish. Thus, yaw control is necessary to improve the quality of sonar images.
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[24 %)_1
0 10 20 30 40 50 60 70 80 90 100
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Figure 15. Simulation results without yaw control at point marked with a circle.
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Figure 16 shows the simulation results when the yaw control is performed. The
reference value ¥,,r was set to 0°. We can confirm that the yaw angle was controlled to 0°;
however, the towfish moved while maintaining an offset in the y-axis direction owing to
the disturbance. To address this problem, the yaw controller in Equation (37) is slightly
modified as follows such that it can control the sway (the motion along the y-axis) and the
yaw angle.

Sr =K, Y (lpref - ¢) — Ky Yr+K._Y /0 t (lpref - w) +Kp_S (yref — y), (38)

where y,.r and y are the target and current y-axis positions, respectively, and Kp_S is the
control gain for sway control. The control gains Kp_Y,K; Y, K;_Y,and K,_S are chosen
as 10, 5, 0.015, and 3, respectively. Figure 16 also shows the simulation results when yaw
and sway control were performed. The towfish can move without an offset error in the
y-axis position.

5.4.2. At the Point Marked with a Triangle

Figure 17 shows the simulation results at the point marked with a triangle with a
disturbance of 350 Nm. The controller in Equation (37) was used for yaw control. The
triangle is located in an uncontrollable area, and the yaw angle cannot be controlled even if
the maximum angle is —30°.
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Yaw angle under a steady state (0°)

|-ﬁ-l—.i.-s1.¢.¢-t.-

30

-20 0 20 40 60 80 100 120 140
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Figure 16. Cont.
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Figure 16. Simulation results with only yaw control and yaw and sway control at point marked with a circle.
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Figure 17. Simulation results when yaw control is applied at point marked with a triangle.
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6. Conclusions

This paper discussed an attitude control method for a towfish with two elevators
and a single rudder to improve the quality of the image of a sonar system attached to the
towfish. A feasible region of the towing point for pitch control in accordance with the
variations in the center of gravity and towing speed was presented, and the allowable range
of disturbance for yaw control was investigated. Through simulations with the dynamics
of the towfish and towing cable, it was demonstrated that the feasible region of the towing
point obtained and the allowable range of the disturbance were both correctly selected,
and there was a region/range where the attitude control can be applied with relative ease.
The results can be summarized as follows.

(1)  When the feasible towing point is located before the center of gravity, attitude control
can be achieved even if disturbance is applied;

(2)  When the feasible towing point is located behind the center of gravity, attitude control
is difficult to be accomplished sufficiently because there is small spare range of the
elevator angles;

(3) The yaw control is required. Otherwise, the towfish can move in the form of a sine
wave if disturbance is applied consistently;

(4) To track a given path accurately, sway control is required together with the yaw
control.

Especially, the results (1) and (2) can be used as an index to determine the position
of the towing point and the capacity of the actuators (elevators and rudder) for attitude
control at the design stage and in the field. In addition, the results of this study will
be applied to the towfish under development and therefore our future work involves
performing experiments in the sea using the towfish.
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