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Abstract— This paper presents a design for a two stage towing
system which will be used to measure small-scale ocean turbu-
lence. The science application introduces stringent requirements
for tilt regulation. In addition to standard and specialized
sensors, the towed platform includes an on-board computer
and independently actuated stern planes for pitch and roll
disturbance rejection. To validate a PID tilt regulation scheme,
a six degree of freedom mathematical model is implemented in
Matlab/Simulink. Using a simpli�ed model for the towing cable
effects, the controller effectiveness is evaluated over a rangeof
towing speeds and sea states.

I. I NTRODUCTION

Advances in sensor technology have enabled new mea-
surement techniques for ocean science. Small scale ocean
turbulence, for example, has traditionally been measured by
dropping a tethered microstructure pro�ler, letting it fall freely
to a desired depth, and then recovering the instrument and
moving on. Naturally, this tedious process can not provide
high spatial or temporal sample rates. In recent years, it
was proposed that a specially constructed, �ve-beam acoustic
Doppler current pro�ler (ADCP) could be used to search for
and measure small-scale ocean turbulence [7].

Fig. 1 shows a �ve-beam ADCP (or “VADCP”) owned by
the Center for Coastal Physical Oceanography (CCPO) at Old
Dominion University (ODU). This sensor was custom-built
for CCPO physical oceanographer Dr. Ann Gargett by RD
Instruments, a well-known manufacturer of conventional (four-
beam) ADCPs. The �ve transducers are arranged so that four
of the beams form a tetrahedron around the �fth beam. These
four beams are inclined 30± from the �fth beam and can be
used to measure the two components of �uid velocity which
are orthogonal to the �fth beam. The �fth beam measures the
remaining velocity component.

Fig. 1. RD Instruments' �ve-beam ADCP.

To obtain velocity pro�les using a conventional ADCP, one

may translate the sensor through the water, either by towing
it behind a research vessel or by mounting it directly in
the vessel's hull. The result is a map of the �uid velocity
within the sensor's plane of symmetry. To measure ocean
turbulence, one must measure random velocity �uctuations in
three dimensions. Moreover, because the vertical component of
�uid velocity is generally orders of magnitude smaller thanthe
lateral components, it must be measured with great precision.
From the resulting measurements, one may accurately compute
the turbulent kinetic energy dissipation rate [7]. To use a
VADCP for this purpose, the sensor must be oriented so that
the �fth beam is precisely aligned with the direction of gravity.

In this paper, we describe a passively and actively stabilized
towed platform designed to maintain the VADCP tilt attitude
within § 1± of zero. This attitude regulation requirement
presents a considerable challenge, even in light to moderate
sea states. Wave-induced motion of the towing vessel is
transmitted through the tether to the towed platform. Using
a clever towing arrangement, however, one may signi�cantly
reduce the effect of wave disturbances.

Fig. 2. The two stage towing arrangement.

The two stage tow is a simple way to attenuate disturbances
due to a towing vessel's motion [7], [19], [16], [15]. The as-
sembly consists of an umbilical towing cable which is attached
to a towed sensor platform (or “tow�sh”) that houses a suite
of sensors. A weight or, in some cases, a winged depressor
is also attached to the umbilical tether, somewhere along its
length. The portion of tether between the towing vessel and
the weight is called the “main catenary” while the portion
between the weight and the tow�sh is called the “pigtail.”
While the depressor weight experiences disturbance forces
transmitted from the towing vessel, the length of the pigtail
can be adjusted to attenuate the effect of these disturbances



on the tow�sh. In some applications, the cable properties (e.g.,
buoyancy and drag) along the main catenary are adjusted to
shape the catenary in order to obtain even better disturbance
attenuation.

Using a simple metal frame as the tow�sh, Dr. Gargett
has demonstrated a two stage towing arrangement which
maintained a tilt angle less than two degrees, with RMS tilt
motion less than one degree. Moum and colleagues obtained
similar passive tilt regulation results using a two stage tow
[12]. In neither case did the tow�sh have actuators, however,
so it was necessary to iteratively trim, launch, and recoverthe
platform in order to minimize pitch and roll biases. For a tether
length of hundreds or even thousands of meters, deployment
and recovery is a tedious process. With servo-actuated stern
planes, the tow�sh may actively remove such biases and can
even reject time-varying disturbances [17].

Fig. 3. The tow�shHokieStone.

In collaboration with Dr. Gargett, researchers at Virginia
Tech have constructed a tow�sh to house a VADCP for the
purpose of measuring ocean turbulence. The tow�sh has a
streamlined body, �xed rudders and two independently actu-
ated stern planes to provide control in pitch and roll. The
tow�sh is expected to operate at depths up to 200 meters and
must regulate its tilt attitude within§ 1± of zero at speeds
ranging from 1 to 3 m/s.

Section II reviews some of the literature concerning two
stage towing arrangments, as well as some competing tech-
nologies for measuring ocean turbulence. Section III describes
the vehicle mechanical design and construction. Section IV
describes the control hardware and the LabVIEW data acqui-
sition and control software. Section V describes mathematical
modeling for this two stage towing system, including a full
nonlinear model for the tow�sh and a simpli�ed model for the
tether effects. Section VI presents results of a numerical study
of the tow�sh performance over a range of towing speeds and
sea states. (Additional details about the tow�sh design and
simulation can be found in [18] and [11].) We conclude in
Section VII.

II. T ECHNOLOGY REVIEW

Autonomous underwater vehicles (AUVs) and remotely
operated vehicles (ROVs) can be used to obtain ocean science
data, but they are quite costly. Moreover, ROVs move too
slowly to perform large-scale sampling missions and AUVs do

not allow a shipboard scientist to monitor the science data and
adjust the survey plan in real time. The turbulence sampling
application requires a device that can move quickly enough to
search for turbulent “hot spots” while providing real-timedata
to the scientist.

The performance requirements and other concerns suggest
using a towed sensor platform, or tow�sh. Tow�sh are often
used for ocean science and military applications. Both single
stage tows and two stage tows are commonly used, with either
passive or actively stabilized tow�sh. Towed sensor platforms
are even available commercially, however the VADCP is a
unique sensor and requires a customized platform.

In towing systems, the tow cable transmits disturbances
experienced by the ship to the tow�sh and also generates
new disturbances. For example, a tow cable sheds vortices
which may cause it to strum. This effect can be mitigated by
using faired cable, but at added cost. Different modes of cable
motion transmit different types of disturbances to the towed
body. In single stage towing arrangements, motion of the
towing vessel is transmitted directly to the tow�sh, causing it
to heave and pitch [16]. Another effect is “kiting,” or excessive
swaying motion [3]. In a two stage towing arrangement, a
slightly buoyant tether allows for some curvature in the pigtail
section of the tether, which can soften the effect of depressor
motion on the tow�sh. Longer pigtail lengths yield smaller
disturbance forces.

Although the pro�le of the main catenary and pigtail and
the presence of the depressor weight help to reduce pitch
disturbances, yaw disturbances are transmitted to the tow�sh
with little or no attenuation [15]. The same can be said for
sway or surge motion of the tow�sh [19]. For the ocean tur-
bulence problem, such directional disturbances are acceptable,
provided they do not induce pitch and roll motion that would
violate the tilt speci�cation.

Modeling and control design for two stage towing arrange-
ments is discussed in [8]. The paper discusses three control
strategies, including PID control, which is the technique we
choose to implement. Although the authors cite problems with
integral windup due to actuator saturation, this problem can
be avoided using LabVIEW's PID control software [2].

III. V EHICLE DESIGN AND CONSTRUCTION

The tow�sh is designed to satisfy the following primary
performance requirements:

² operate at depths to 200 m.
² maintain the VADCP tilt attitude within§ 1± of zero at

towing speeds between 1 and 3 m/s in sea state code 3
conditions.

² pass data continuously from the VADCP to a supervisory
computer aboard the towing vessel.

In addition, the system allows an operator aboard the towing
vessel to monitor depth, altitude, and tilt angle while the
system is deployed. The operator may also alter the control
mode (manual or automatic) and modify the control gains
if necessary. The tow�sh is designed to carry the VADCP



in either an upward or downward-looking con�guration, al-
though changing the sensor's orientation requires recovering
the system. Besides the VADCP, the system includes two
servo-actuators, a PC-104 computer, and a sensor suite that
includes a vertical gyroscope (VG), a depth sensor, and an
altimeter.

For emergency recovery, the tow�sh is trimmed to be
5% buoyant and it carries a Xenon strobe/VHF pinger in
the topside vertical �n. Should the tether break between the
depressor weight and the tow�sh nose, the tow�sh would �oat
to the surface where an integrated Xenon strobe/VHF pinger
would provide a recovery signal.

Fig. 4. The partially assembled tow�sh.

The tow�sh frame is constructed of welded 6061 aluminum
members to provide suf�cient strength and good resistance
to corrosion. The frame is an open structure with a square
cross section 11.5 inches on a side and 80 inches in length.
Two handles are attached to each side of the frame to aid in
deployment and recovery. At the forward end of the frame,
a galvanically isolated, stainless steel eye-bolt serves as a
mechanical attachment point for the towing cable.

The tow�sh frame houses three large pressure vessels:
the VADCP and two cylindrical housings that contain power
converters, the on-board computer, and the VG. The power
converters are installed in one of the two housings, which is
mounted near the tow�sh nose; the components convert AC
power supplied by the towing vessel to DC power for the tow-
�sh computer, sensors, and actuators. The computer and VG
are installed in the second housing, which is mounted aft of
the power converter housing. The VADCP and other pressure
housings are mounted to UV-resistant polyethylene brackets
and are held in place by galvanically isolated, stainless steel,
quick-release band clamps.

The tail �ns are based on the NACA 0012 airfoil pro�le,
with the chord length and span determined by static stability
requirements. The �berglass �ns are �lled with syntactic foam;
the topside vertical �n also houses a Xenon strobe/VHF
pinger. The two vertical �ns are �xed in place, and the two
horizontal �ns are driven by two independent servo-actuators
through a chain/sprocket assembly. The actuators are capable
of producing 60 ft-lbs of torque at a maximum speed of

roughly 25 degrees per second, although the chain/sprocket
assembly speeds the response and reduces the torque by a
factor of three. Limit switches electronically hard-limitthe
stern plane de�ections to§ 20±.

The hull was designed to have predictable hydrodynamics
and to provide just enough volume to contain the tow�sh
components and �otation. A female mold of the half-hull was
manufactured commercially. Several layers of �berglass weave
were laid in place using a two part epoxy resin. Aluminum
bars were embedded in the hull to provide attachment points
for the frame. The hull was vacuum bagged and cured and was
then faired and painted to provide a smooth �nish. Two types
of syntactic foam were used for �otation. A pourable two part
foam with a density of 38 lb/ft3 was used in the tail �ns and
the top half of the hull to raise the center of buoyancy (CB)
and a dough-like two part foam with a density of 24 lb/ft3 was
used to �ll remaining voids, as necessary to trim the tow�sh.

IV. CONTROL HARDWARE AND SOFTWARE

The system receives 220 VAC power from the towing vessel
and converts it locally to three levels of DC power: 144 VDC
for the servos, 48 VDC for the VADCP, and 12 VDC for
the remaining components. The PC/104 computer includes a
power regulation card, a CPU card, a serial expansion card,
and a two axis motor control card.1 The computer collects
data from the VADCP, the VG, the altimeter, and the depth
gauge via RS-232 serial links. At the operator's discretion, the
system then transmits some subset of these data to the towing
vessel via an RS-422 serial link. Fig. 5 shows a schematic of
the electronic hardware installed on the tow�sh.
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Fig. 5. Diagram of the tow�sh electronics.

The tow�sh tilt attitude is regulated using a LabVIEW
implementation of PID control. Consider the generic control
system shown in Fig. 6. The plant is represented as an
input/output system denotedG(¢). The goal is to drive the
discrepancy between the plant outputy(t) and a desired value
yd (t) to zero. De�ne the output error

e(t) = yd (t) ¡ y(t):

1Explicit speci�cations for these and other hard-
ware components can be found at the project website:
http://www.aoe.vt.edu/research/groups/nsl/ .



Then the PID controllerH (¢) is de�ned by the expression

H (e(t)) = K c

µ
e(t) +

1
Ti

Z
e(¿)d¿+ Td _e(t)

¶
; (1)

where the gainK c, the integral timeTi , and the derivative
time Td are control parameters. Separate PID controllers are
implemented in roll and pitch. The two controller outputs
aileron and elevator commands which are then mixed to
provide appropriate individual stern plane commands.

yd
u yH+

-
G

e

Fig. 6. A feedback control loop.

Fig. 7 shows the front panel for the LabVIEW program
that runs locally on the tow�sh. Although the graphical user
interface is not available over the RS-422 link, the operator
can make changes to the various parameters while the system
is deployed by writing values to a text �le that is read by the
LabVIEW program. The key parameters that the operator may
change are

² A control �ag which selects either open-loop or closed-
loop control.

² Static elevator and aileron commandswhich are either
implemented directly in open-loop or superimposed on
feedback controller commands, depending on the value
of the control �ag.

² The pitch channel PID control gains: the proportional
gain, the integral time, and the derivative time.

² The roll channel PID control gains, as above.

Fig. 7. Front panel of the LabVIEW tow�sh control program.

When the tow�sh is deployed, the operator �rst adjusts
the �n angles manually until the mean roll and pitch angles
are zero. The operator may then switch to feedback mode
and implement predetermined PID gains or tune the gains as
desired.

V. SYSTEM MODELING

To model the tow�sh motion, �rst �x a reference frame in
the body at the CB, assumed to be located at the geometric
center of the body. The bodyx B axis (or longitudinal axis)

is aligned with the hull's axis of symmetry. The bodyzB

axis (ordirectional axis) points down through the belly of the
tow�sh, and the bodyy B axis (or lateral axis) completes the
right-handed reference frame. Let another reference framebe
�xed in inertial space, de�ned by the orthonormal triad (x I ,
y I , z I ), wherez I points in the direction of the local gravity
vector. The tow�sh position is given by the inertial vectorX =
[x; y; z]T which extends from the origin of the inertial frame
to the origin of the body frame. The attitude can be described
using the conventional XYZ Euler angles© = [ Á; µ; Ã]T

as de�ned, for example, in [5]. The body translational and
angular velocity arev = [ u; v; w]T and ! = [ p; q; r]T ,
respectively.

A. Equations of Motion

The tow�sh kinematic equations are
µ _X

_©

¶
=

µ
J 1(Á; µ; Ã)v
J 2(Á; µ)!

¶
(2)

where

J 1 =

0

@
cµcÃ sÁsµcÃ ¡ cÁsÃ cÁsµcÃ + sÁsÃ
cµsÃ cÁcÃ + sÁsµsÃ ¡ sÁcÃ + cÁsµsÃ
¡ sµ sÁcµ cÁcµ

1

A

and

J 2 =

0

@
1 sÁtµ cÁtµ
0 cÁ ¡ sÁ
0 sÁ=cµ cÁ=cµ

1

A :

In the expressions above, “s” represents the sine function,“c”
represents the cosine function, and “t” represents the tangent
function.

To de�ne the dynamic equations, we �rst de�ne the6£ 6
generalized inertia matrix

I =
µ

M D T

D J

¶

where the3£ 3 mass matrixM includes the tow�sh mass
(multiplied by the3£ 3 identity matrix) and the added inertia
matrix, the3£3 inertia matrixJ includes rigid body and added
inertia terms, and the coupling matrixD includes terms due
to an offset CG and hydrodynamic inertial coupling (due to
the tail �ns, for example). Added mass and inertia arise from
potential �ow theory; the associated “inertial forces” account
for the effort required to accelerate the �uid around the body
as it moves. The added mass and inertia for the tow�sh were
determined according to standard approximation techniques
presented in [5] and [13], as described in [18].

De�ne the terms

P (v; ! ) = Mv + D T !

¦ (v ; ! ) = J! + Dv :

These terms have units of linear and angular momentum,
respectively. For a rigid body in an in�nite volume of ideal
�uid, these expressions are indeed the linear and angular
momentum of the combined body/�uid system. (See [10], for
example.)



The rigid body dynamic equations are
µ

_v
_!

¶
= I ¡ 1

µ
P (v; ! ) £ ! + F ext

¦ (v ; ! ) £ ! + P (v; ! ) £ v + M ext

¶
(3)

where the external forceF ext and external momentM ext

include gravitational effects (weight and buoyancy), viscous
�ow effects (such as lift and drag and angular rate damping),
and the effect of the towing force exerted at the nose of
the tow�sh. Given explicit expressions forF ext and M ext ,
equations (2) and (3) completely describe the six degree of
freedom motion of the tow�sh.

B. Gravitational Force and Moment

The weight and buoyant forces are

W = W J ¡ 1
1 z I and B = ¡ B J ¡ 1

1 z I ;

whereW andB are the scalar weight and buoyancy, respec-
tively. When the tow�sh is being towed, a net buoyant force of
roughly 5% of the vehicle's dry weightW must be countered
by the towing cable tension and vehicle hydrodynamic forces.

Let the vectorr cg denote the position of the CG in the body
frame, that is, the position of the CG relative to the CB. Then
the gravitational moment due to an offset CG is

M grav = r cg £ W

= W
¡
r cg £ J ¡ 1

1 z I
¢

:

This moment vanishes wheneverr cg is aligned with the gravity
vector. For static tilt stability (at rest), the CG should be
some distance below the CB. The greater the distance, the
greater the restoring moment in response to tilt disturbances.
In practice, it is impossible to trim the tow�sh so that the CG
is precisely below the CB, so the static tilt angle will generally
be nonzero. Moreover, a buoyant tow�sh will �oat above the
depressor weight and experience a nose-down moment from
the towing cable. Thus, the proper “trim” location for the CG
will depend on the tow�sh buoyancy and towing speed, both
of which are subject to change. The discrepancy between the
true CG location and its proper trim location may be viewed
as a disturbance to be countered through feedback control.

C. Viscous Force and Moment

Standard practice in hydrodynamic property estimation is to
decompose the viscous force and moment into terms arising
from the hull and terms arising from the tail �ns. In both cases,
the forces and moments will depend on the hydrodynamic
angles

® = arctan
w
u

and ¯ = arcsin
v

kvk
;

which are illustrated in Fig. 8. Because lift and drag are de�ned
relative to the velocity vector, the viscous force and moment
are most conveniently expressed in the “current” frame (x C ,
y C , zC ). The rotation matrix

R BC (®; ¯ ) =

0

@
c®c¯ ¡ c®s̄ ¡ s®

s̄ c¯ 0
s®c¯ ¡ s®s̄ c®

1

A

transforms free vectors from the current frame to the body
frame.

v

u

w

v

®

¯

x C

yC

zC

Fig. 8. Hydrodynamic angles.

Making use of axial symmetry, a model for the viscous force
acting on the hull is

F hull = ¡ R BC (®; ¯ )

0

@
CD 0b

+ CD ® b
(®2 + ¯ 2)

CL ® b
¯

CL ® b
®

1

A Pdyn S

where

Pdyn =
1
2

½kvk2

is the dynamic pressure andS is a reference area. The viscous
moment is

M hull =

0

@
0

Cm ® b
®

¡ Cm ® b
¯

1

A Pdyn SL

whereL is a characteristic length.
Ideally, the force and moment coef�cientsCD 0b

, CD ® b
,

CL ® b
, andCm ® b

would be obtained from a series of wind or
water tunnel experiments on a geometrically and dynamically
similar vehicle model. We pursued the less costly approach of
estimating these coef�cients using semi-empirical techniques,
as described in [4] and [9]. See [18] and [11] for details.

The forces and moments due to the vertical stabilizers and
stern planes can be developed using standard aerodynamic es-
timation theory as described in [4]. These forces and moments
will have components due to the hydrodynamic angles® and
¯ as well as the stern plane de�ection angles, which we treat
as inputs. The nondimensional lift generated by a �n is

CL ® f
°

whereCL ® f
is the slope of the lift curve for the �n and° is

the total hydrodynamic angle experienced by the �n (including
the control de�ection, if applicable). The nondimensionaldrag
is

CL ® f
° 2

¼²AR

whereAR is the �n aspect ratio and² is the “span ef�ciency
factor” [1]. See [18] for the complete viscous force and
moment expressions.



D. Towing Force and Moment

The tether dynamics in a two stage (or even a one stage)
towing system are quite complicated to model. The system
is in�nite-dimensional and depends on parameters that are
dif�cult to estimate with precision. Although effective �nite
element approaches exist, they are time-consuming which is
inconsistent with the goal of assessing tow�sh performance
over a range of parameter values. Rather than develop a
high-�delity model of the tether dynamics, we develop a
simple model which represents, in some ways, a “worst case
scenario.” If the system is shown to meet the performance
requirements with this simple tether model, it can be assumed
to perform well in actual sea trials.

As described in Section I, the towing cable for a two stage
tow comprises two elements: the main catenary and the pigtail.
The main catenary, and the towing vessel itself, will generally
act as a low-pass �lter for wave disturbances, even though
the cable may generate new disturbances in the form of cable
strum. Regardless, we essentially treat the main catenary and
depressor weight as a translating spherical pendulum whose
pivot point is excited directly by the surface waves. The model
is conservative in the sense that the surface wave motion is
transmitted unattenuated.

The Joint North Sea Wave Project (JONSWAP) spectrum
provides an energy density spectrum of wave amplitudes at
speci�c sea states. A sea state can be de�ned in terms of
the signi�cant wave heightH s and the average wave period
T. The JONSWAP spectrum represents wind-generated waves
under the assumptions that there is a �nite water depth and
limited fetch. The spectral density function is [6]

S(! ) = 155
H 2

s

T4 ! ¡ 5 exp
µ

¡ 944
T4 ! ¡ 4

¶
3:3Y (4)

where

Y = exp

"

¡
µ

0:191! w T ¡ 1
p

2¾

¶ 2
#

and

¾= 0 :07 for ! · 5:24=T
¾= 0 :09 for ! > 5:24=T.

The portion of the spectrum with signi�cant energy density
may be divided into a discrete number of bins, each with
random width. A random wave signal is generated by summing
sinusoids, with random phase shifts, at the center frequencies
of each bin.

Although the towing cable will be heavy in water for
the towing system described here, the pigtail section will
include cable �oats when the system is deployed. In the
nominal case, the pigtail section will be neutrally buoyant(on
average). Assuming steady motion of the depressor weight,
the hydrostatic cable pro�le and cable tension in the pigtail
can be determined by solving a coupled set of boundary value
problems [11]. As one would expect, the cable curvature and
tension vary with towing speed. When deployed, the cable
curvature would generally act as a low-pass �lter between

the depressor weight and the tow�sh. As a simplistic model,
the pigtail may be treated as a linear spring-damper whose
stiffness is determined from variations in the hydrostaticcable
pro�le and cable tension at varying speeds [11]. The towing
force is assumed to act along a line from the tow�sh nose
(the towing point) to the depressor weight, although this
assumption becomes less accurate at low towing speeds. In any
case, the model provides a simple, physics-inspired coupling
mechanism between the depressor weight and the tow�sh.

VI. N UMERICAL VALIDATION

The system model developed in Section V was implemented
in a Matlab/Simulink simulation. The model includes actuator
position and rate limits and shaft encoder quantization effects.
Zero-order holds in the two control channels model the dig-
ital controller implementation. In addition, early simulations
showed that implementing a small (§ 0:5±) dead zone around
the zero tilt condition would improve controller performance
near the desired orientation by reducing chatter induced by
encoder quantization. The simulation is described in detail in
Appendix B of [11].

Measured and estimated values for tow�sh parameters are
used in the simulation. For example, as measured in trim
experiments, the 220 kg vehicle's CG is located atr cg =
[0:4; ¡ 0:5; 1:2]T cm, that is, below the CB and slightly
forward and to port. For sea trials, the CG will be shifted
by moving �otation and ballast;r cg given above represents a
worst-case estimate. The pigtail length is assumed to 50 m,
the smallest length that is likely to be used.
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Fig. 9. Roll histories at three towing speeds. (Sea state code 2 with no
feedback control.)

Fig. 9 shows three roll histories for the tow�sh in mild
towing conditions (sea state code 2) with the stern planes �xed
at zero. The passive system fails to meet the tilt performance
speci�cation, because of a roll bias due to the offset CG. Note,
however, that the roll �uctuations are too small to be resolved
at the scale of the plot; this suggests that simply zeroing out
the roll bias, either through repeated trimming of the tow�sh



or through PID feedback, should easily meet the performance
speci�cation. Fig. 10 shows pitch histories for the same towing
conditions. Again, the system fails to meet the performance
speci�cations because of a static pitch biases, but it exhibits
only small �uctuations in pitch angle.
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Fig. 10. Pitch histories at three towing speeds. (Sea state code 2 with no
feedback control.)

For simulations, the PID control gains were chosen using
the Ziegler-Nichols procedure described in [2]. Also see [14].
In this method, pure proportional feedback is applied, withan
increasing gain until the system exhibits sustained oscillations.
The proportional gain, integral time, and derivative time are
then chosen based on the critical gain valueK cr and the period
of oscillationPcr as follows:

K c = 0 :25K cr ; Ti = 0 :50Pcr ; and Td = 0 :12Pcr :

In practice, one would next tune the control gains to obtain
optimum performance. For the purpose of comparison, how-
ever, we use the control parameter values suggested above.
Control gains were generated for three towing speeds: 1, 2,
and 3 m/s.

The performance speci�cations require that the body pitch
and roll angles be maintained within§ 1±. Because the VG
precision is only 0:5±, however, the PID controller must
actually regulate tilt§ 0:5± to guarantee that the speci�cations
are met. Fig. 11 shows a roll history for the tow�sh in mild
towing conditions (sea state code 2) with feedback enabled.
The controller clearly meets the performance speci�cations
throughout the range of towing speeds, with no roll excursions
beyond § 0:5±. Fig. 12 shows a pitch history for the same
towing conditions with feedback enabled. Again, the system
meets the performance speci�cations at all towing speeds.

In stronger seas, the system performance predictably de-
grades. While the roll performance speci�cation is still met,
even in sea state code 5 conditions, the pitch speci�cation is
not. (In practice, the system would not be deployed in sea
state code 5 conditions, although it is possible that an already
deployed system could encounter worsening conditions that
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Fig. 11. Roll histories at three towing speeds. (Sea state code 2 with PID
feedback control.)
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Fig. 12. Pitch histories at three towing speeds. (Sea state code 2 with PID
feedback control.)

prohibit immediate recovery.) Fig. 13 shows pitch histories
for sea state code 5 conditions, which illustrate that the pitch
speci�cation is no longer met. (Note they-axis scale in these
plots.)

Fig. 14 shows a histogram illustrating the number of pitch
angle excursions beyond the§ 0:5± speci�cation during a 100
second interval for a range of sea states and towing speeds. At
sea state code 3, the highest anticipated sea state, the system
rarely violates the pitch speci�cation. At higher sea states,
the system regularly exceeds the tilt regulation requirements.
The tilt regulation requirements can be met, in sea state 3
conditions, by using a longer pigtail length and/or by tuning
the control parameters.

VII. C ONCLUDING REMARKS

A two stage towing system can effectively isolate a towed
sensor platform from attitude disturbances induced by the
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Fig. 13. Pitch histories at three towing speeds. (Sea state code 5 with PID
feedback control.)
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towing vessels motion in waves. This paper a two stage
towing system designed to carry a �ve-beam acoustic Doppler
current pro�ler for measuring small-scale ocean turbulence.
The tow�sh is a streamlined body with cruciform �ns – two
�xed vertical stabilizers and two independently actuated stern
planes. A numerical simulation of the nonlinear dynamics
was implemented in Matlab/Simulink, along with a simpli�ed
model for the tether effects. The numerical model includes
actuator position and rate limits, shaft encoder quantization,
and digital control implementation effects. Simulations using
parameter values for the actual tow�sh suggest that it will
satisfy the primary performance speci�cation of maintaining
sensor the tilt angle within one degree of zero. Fabricationof
the tow�sh is now complete and sea trials are scheduled for
July 2005.
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