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Abstract— This paper presents a design for a two stage towing may translate the sensor through the water, either by towing
system which will be used to measure small-scale ocean turbu-jt behind a research vessel or by mounting it directly in
lence. The science application introduces stringent requirements the vessel's hull. The result is a map of the uid velocity
for tilt regulation. In addition to standard and specialized o ,
sensors, the towed platform includes an on-board computer within the sensors plane of symmetry. To .measure_ocee_m
and independently actuated stern planes for pitch and roll turbulence, one must measure random velocity uctuations i
disturbance rejection. To validate a PID tilt regulation scheme, three dimensions. Moreover, because the vertical compafien
a six degree of freedom mathematical model is implemented in yid velocity is generally orders of magnitude smaller thite
Matlab/Simulink. Using a simpli ed model for the towing cable lateral components, it must be measured with great precisio
effects, the controller effectiveness is evaluated over a ranggf . ’
towing speeds and sea states. From the resultlng r'neasuremen.ts,'oneT may accurately cemput

the turbulent kinetic energy dissipation rate [7]. To use a
. INTRODUCTION VADCP for this purpose, the sensor must be oriented so that

Advances in sensor technology have enabled new mdB€ fth beamis precisely aligned with the direction of gitgy
surement techniques for ocean science. Small scale ocealft this paper, we Qescrlbe apgss!vely and actlvely stai_nihz
turbulence, for example, has traditionally been measused {9Wed platform designed to maintain the VADCP tilt attitude
dropping a tethered microstructure pro ler, letting itifeely  Within 8 1% of zero. This attitude regulation requirement
to a desired depth, and then recovering the instrument afi§Sents a considerable challenge, even in light to maelerat
moving on. Naturally, this tedious process can not providi€d States. Wave-induced motion of the towing vessel is
high spatial or temporal sample rates. In recent years'trﬁmsmmed through the tether to the towed platform. Using

was proposed that a specially constructed, ve-beam aimusd clever towing arrangement, however, one may signi cantly

Doppler current pro ler (ADCP) could be used to search foieduce the effect of wave disturbances.

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 Olc
Dominion University (ODU). This sensor was custom-built
for CCPO physical oceanographer Dr. Ann Gargett by RD 4
Instruments, a well-known manufacturer of conventionali(f /{
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 30from 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. 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 ateth
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 alomng it
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.”

Fig. 1. RD Instruments' ve-beam ADCP. While the depressor weight experiences disturbance forces
transmitted from the towing vessel, the length of the pigtai
To obtain velocity pro les using a conventional ADCP, onean be adjusted to attenuate the effect of these disturbance




on the tow sh. In some applications, the cable propertieg.(e not allow a shipboard scientist to monitor the science dath a
buoyancy and drag) along the main catenary are adjustedatfjust the survey plan in real time. The turbulence sampling
shape the catenary in order to obtain even better distuebampplication requires a device that can move quickly enoogh t
attenuation. search for turbulent “hot spots” while providing real-tirdata

Using a simple metal frame as the tow sh, Dr. Gargeti the scientist.
has demonstrated a two stage towing arrangement whichiThe performance requirements and other concerns suggest
maintained a tilt angle less than two degrees, with RMS tilising a towed sensor platform, or tow sh. Tow sh are often
motion less than one degree. Moum and colleagues obtainagd for ocean science and military applications. Bothlsing
similar passive tilt regulation results using a two stage tostage tows and two stage tows are commonly used, with either
[12]. In neither case did the tow sh have actuators, howevasassive or actively stabilized tow sh. Towed sensor platfe
so it was necessary to iteratively trim, launch, and rectiver are even available commercially, however the VADCP is a
platform in order to minimize pitch and roll biases. For d&&t unique sensor and requires a customized platform.
length of hundreds or even thousands of meters, deploymentn towing systems, the tow cable transmits disturbances
and recovery is a tedious process. With servo-actuated stekperienced by the ship to the tow sh and also generates
planes, the tow sh may actively remove such biases and casw disturbances. For example, a tow cable sheds vortices
even reject time-varying disturbances [17]. which may cause it to strum. This effect can be mitigated by
using faired cable, but at added cost. Different modes ofecab
motion transmit different types of disturbances to the twe
body. In single stage towing arrangements, motion of the
towing vessel is transmitted directly to the tow sh, causih
to heave and pitch [16]. Another effect is “kiting,” or exse®
swaying motion [3]. In a two stage towing arrangement, a
slightly buoyant tether allows for some curvature in thetaig
section of the tether, which can soften the effect of depress
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 thegow

In collaboration with Dr. Gargett, researchers at Virgini#ith little or no attenuation [15]. The same can be said for
Tech have constructed a tow sh to house a VADCP for th&way or surge motion of the tow sh [19]. For the ocean tur-
purpose of measuring ocean turbulence. The tow sh hasbglence problem, such directional disturbances are aaiskept
streamlined body, xed rudders and two independent|y actQIOVided they do not induce p|tCh and roll motion that would
ated stern planes to provide control in pitch and roll. Théolate the tilt speci cation.
tow sh is expected to operate at depths up to 200 meters andViodeling and control design for two stage towing arrange-
must regulate its tilt attitude withirg 1* of zero at speeds ments is discussed in [8]. The paper discusses three control
ranging from 1 to 3 m/s. strategies, including PID control, which is the technique w

Section Il reviews some of the literature concerning twehoose to implement. Although the authors cite problemh wit
stage towing arrangments, as well as some competing tetfiegral windup due to actuator saturation, this problem ca
nologies for measuring ocean turbulence. Section 1l dessr be avoided using LabVIEW's PID control software [2].
the vehicle mechanical design and construction. Section IV
describes the control hardware and the LabVIEW data acqui- I1l. 'V EHICLE DESIGN AND CONSTRUCTION
sition and control software. Section V describes mathesabti  The tow sh is designed to satisfy the following primary
modeling for this two stage towing system, including a fulberformance requirements:
nonlinear model for the tow sh and a simpli ed model for the
tether effects. Section VI presents results of a numericalys
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.

Fig. 3. The tow shHokieStone

= operate at depths to 200 m.

= maintain the VADCP tilt attitude withirg 1* of zero at
towing speeds between 1 and 3 m/s in sea state code 3
conditions.

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

Il. TECHNOLOGY REVIEW In addition, the system allows an operator aboard the towing
Autonomous underwater vehicles (AUVs) and remotelyessel to monitor depth, altitude, and tilt angle while the
operated vehicles (ROVs) can be used to obtain ocean scieggstem is deployed. The operator may also alter the control
data, but they are quite costly. Moreover, ROVs move tanode (manual or automatic) and modify the control gains
slowly to perform large-scale sampling missions and AUVs db necessary. The tow sh is designed to carry the VADCP



in either an upward or downward-looking con guration, alroughly 25 degrees per second, although the chain/sprocket

though changing the sensor's orientation requires reamyer assembly speeds the response and reduces the torque by a

the system. Besides the VADCP, the system includes tfactor of three. Limit switches electronically hard-lintie

servo-actuators, a PC-104 computer, and a sensor suite statn plane de ections t& 20*.

includes a vertical gyroscope (VG), a depth sensor, and arThe hull was designed to have predictable hydrodynamics

altimeter. and to provide just enough volume to contain the tow sh
For emergency recovery, the towsh is trimmed to beomponents and otation. A female mold of the half-hull was

5% buoyant and it carries a Xenon strobe/VHF pinger imanufactured commercially. Several layers of berglasswvee

the topside vertical n. Should the tether break between theere laid in place using a two part epoxy resin. Aluminum

depressor weight and the tow sh nose, the tow sh would oabars were embedded in the hull to provide attachment points

to the surface where an integrated Xenon strobe/VHF pinder the frame. The hull was vacuum bagged and cured and was

would provide a recovery signal. 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 Ib/ftwas 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 Ibiftas

used to Il 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 catdThe computer collects
data from the VADCP, the VG, the altimeter, and the depth
gauge via RS-232 serial links. At the operator's discrettbe
system then transmits some subset of these data to the towing

The tow sh frame is constructed of welded 6061 aluminur{eSSel via an RS-422 serial link. Fig. 5 shows a schematic of
members to provide suf cient strength and good resistanl® electronic hardware installed on the tow sh.

to corrosion. The frame is an open structure with a squar-
cross section 11.5 inches on a side and 80 inches in lengt

Fig. 4. The partially assembled tow sh.

220VACT O Rs-422

Two handles are attached to each side of the frame to aid ey Computer and VG Houeing

deployment and recovery. At the forward end of the frame 1= o [ roos |2 e

a galvanically isolated, stainless steel eye-bolt sengs a 2R AC o 144D Block e

mechanical attachment point for the towing cable. T Dép"m"‘m Eh :
The towsh frame houses three large pressure vessel BC1oC Comerter. av-] | 1ane]| Fencoter V] [Rs 252

the VADCP and two cylindrical housings that contain powel = RFETW B ’—D%

converters, the on-board computer, and the VG. The pow 0O0C Comertr - v S

converters are installed in one of the two housings, which i | [ "%

mounted near the tow sh nose; the components convert Al “V e

power supplied by the towing vessel to DC power for the tow AL L

sh computer, sensors, and actuators. The computer and Vo
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 bracket The tow sh tilt attitude is regulated using a LabVIEW

a”P' are held in place by galvanically isolated, stainlesslst implementation of PID control. Consider the generic cdntro
qU|crI:—reI§Iase band clamps. h irfolil | system shown in Fig. 6. The plant is represented as an
The tail ns are based on the NACA 0012 airfoil prole, input/output system denote@(¢9. The goal is to drive the

with the chord length and span determined by static Stﬂbi"&iscrepancy between the plant outpt) and a desired value
requirements. The berglass ns are lled with syntacticaim; ¥d(t) to zero. De ne the output error

the topside vertical n also houses a Xenon strobe/VH
pinger. The two vertical ns are xed in place, and the two e(t) = ya(t) i y(t):
horizontal ns are driven by two independent servo-acttato ,_ o

. Explicit speci cations for these and other hard-
through a chain/sprocket assembly. The actuators are €8P3e components can be found at the project website:
of producing 60 ft-lbs of torque at a maximum speed afitp://mww.aoe.vt.edu/research/groups/nsl/ .

Fig. 5. Diagram of the tow sh electronics.



Then the PID controlleH (9 is de ned by the expression is aligned with the hull's axis of symmetry. The body
M z )l axis (ordirectional axis) points down through the belly of the
H(e(t)) = K¢ e(t)+ T e(¢)de+ Tae(t) ; (1) towsh, and the bodyy g axis (orlateral axis) completes the
! right-handed reference frame. Let another reference fiaene
where the gairK, the integral timeT;, and the derivative xed in inertial space, de ned by the orthonormal trias
time Ty are control parameters. Separate PID controllers afe, z,), wherez, points in the direction of the local gravity
implemented in roll and pitch. The two controller outputsector. The tow sh position is given by the inertial vector =
aileron and elevator commands which are then mixed [® y: z]T which extends from the origin of the inertial frame
provide appropriate individual stern plane commands. to the origin of the body frame. The attitude can be described
. " using the conventional XYZ Euler angl&® = [A; p; A"
Yd%Oﬂy as de ned, for example, in [5]. The body translational and
T angular velocity arev = [u; v; w]" and! =[p; qg; 1",
respectively.

Fig. 6. A feedback control loop.
A. Equations of Motion
Fig. 7 shows the front panel for the LabVIEW program The tow sh kinematic equations are

that runs locally on the tow sh. Although the graphical user " 1 wu L
interface is not available over the RS-422 link, the operato X _ 0 Ju(AAAV @
can make changes to the various parameters while the system Q@ J2(A !

is deployed by writing values to a text le that is read by thghere

LabVIEW program. The key parameters that the operator may quch  sAsicA | cAsA AU + s ASA
SASU | CASIJ

change are ~ e Al o e
. _ J1= @ cusA  cAcA +sAsusA | SACA + cAsusA A
= A control ag which selects either open-loop or closed- ! ; i ! A
i Su SAcu CAclL
loop control.

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

= The pitch channel PID control gainsthe proportional In the expressions above, “s” represents the sine functidn,

. . 1
1 SAtp  cAtp
J,=@0 A [sAA:
0 sA=cu cA=cp

gain, the integral time, and the derivative time. represents the cosine function, and “t” represents theetang
= Theroll channel PID control gainsas above. function.
To de ne the dynamic equations, we rst de ne th&£ 6
N e generalized inertia matrix
= i H v 1
g | = M D
fn | cono | D J
ﬁTWﬁ e Y e o where the3£ 3 mass matrixM includes the tow sh mass
R (multiplied by the3£ 3 identity matrix) and the added inertia
e el I R QY o )”M rnatrjx, the3E 3 inertia matrixJ. includes ri.gid body and added
Koo m C ]  — inertia terms, and the coupling matrix 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” acait

for the effort required to accelerate the uid around the yod
as it moves. The added mass and inertia for the tow sh were
determined according to standard approximation techsique
esented in [5] and [13], as described in [18].

De ne the terms

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

: . r
When the tow sh is deployed, the operator rst adjustg
the n angles manually until the mean roll and pitch angles

are zero. The operator may then switch to feedback mode P(v;!) = Mv +D"!
and implement predetermined PID gains or tune the gains as L (vil) = J! +Dv:
desired.

These terms have units of linear and angular momentum,
V. SYSTEM MODELING respectively. For a rigid body in an in nite volume of ideal
To model the tow sh motion, rst x a reference frame in uid, these expressions are indeed the linear and angular
the body at the CB, assumed to be located at the geometriomentum of the combined body/ uid system. (See [10], for
center of the body. The bodyg axis (orlongitudinal axis) example.)



The rigid body dynamic equations are transforms free vectors from the current frame to the body

Hv_ﬂ:“lu POV )E! +Fog 1 frame.

1 CWI)EL A P(VI)EVEM g O e

where the external forc& ¢ and external momen# ey Za -
include gravitational effects (weight and buoyancy), viss [

ow effects (such as lift and drag and angular rate damping), v \ :

and the effect of the towing force exerted at the nose of
the tow sh. Given explicit expressions fdf ¢« and M e,

equations (2) and (3) completely describe the six degree of W
freedom motion of the tow sh.

B. Gravitational Force and Moment
The weight and buoyant forces are

W =wJi'z, and B =jBJi'z;

\Y%
Fig. 8. Hydrodynamic angles.

whereW andB are the scalar weight and buoyancy, respec- Making use of axial symmetry, a model for the viscous force
tively. When the tow sh is being towed, a net buoyant force ddcting on the hull is

roughly 5% of the vehicle's dry weightv must be countered 0 Co 40 @+ 2 1
by the towing cable tension and vehicle hydrodynamic farces o e Doy D®b(_ ) A
Let the vector ¢4 denote the position of the CG in the body Fhur =i Rec(®;) Cio, Payn S
frame, that is, the position of the CG relative to the CB. Then Cie,®
the gravitational moment due to an offset CG is where
1
Mga = TcegfW Payn = -¥kvk?
- Wi £l ¢ 2
- = 14l is the dynamic pressure atlis a reference area. The viscous
This moment vanishes whenevey is aligned with the gravity moment is
vector. For static tilt stability (at rest), the CG should be 0 0 1
some distance below the CB. The greater the distance, the M = @ Crno, ® A Pgyn SL

greater the restoring moment in response to tilt disturbanc

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 gealgr whereL is a characteristic length.

be nonzero. Moreover, a buoyant tow sh will oat above the Ideally, the force and moment coefcientSp, , Cp,,

depressor weight and experience a nose-down moment fram, , andCr,, would be obtained from a series of wind or

the towing cable. Thus, the proper “trim” location for the CGvater tunnel experiments on a geometrically and dynanyicall

will depend on the tow sh buoyancy and towing speed, botkimilar vehicle model. We pursued the less costly approdch o

of which are subject to change. The discrepancy between #stimating these coef cients using semi-empirical tegheis,

true CG location and its proper trim location may be vieweds described in [4] and [9]. See [18] and [11] for details.

as a disturbance to be countered through feedback control. The forces and moments due to the vertical stabilizers and

C. Viscous Force and Moment s_tern_planes can be dev_elope_d using standard aerodynamic es

timation theory as described in [4]. These forces and mosnent

Standard practice in hydrodynamic property estimation is {i|| have components due to the hydrodynamic angesnd

decompose the viscous force and moment into terms arisingys well as the stern plane de ection angles, which we treat

from the hull and terms arising from the tail ns. In both case 54 inputs. The nondimensional lift generated by a n is

the forces and moments will depend on the hydrodynamic

angles Cio, °

i Cma,

® = arctan w and ~ =arcsin L; whereC_, is the slope of the lift curve for the n and is
u kvk the total h;f/drodynamic angle experienced by the n (inchgli
which are illustrated in Fig. 8. Because lift and drag arerd®l  the control de ection, if applicable). The nondimensiodahg
relative to the velocity vector, the viscous force and momeis

are most conveniently expressed in the “current” frameg, ( CLe, °2
Yc, Zc). The rotation matrix Vi2/R
1
cBc jc® W where/R is the n aspect ratio and is the “span ef ciency
Rec(® )= @ s c 0o A factor” [1]. See [18] for the complete viscous force and

SRc i B  ® moment expressions.



D. Towing Force and Moment the depressor weight and the tow sh. As a simplistic model,

The tether dynamics in a two stage (or even a one stad@§ Pigtail may be treated as a linear spring-damper whose
towing system are quite complicated to model. The Systetfﬁffness is determmeq from varla}tlons in the hydrostaable_
is in nite-dimensional and depends on parameters that apE° Ie and cable tension at varying speeds [11]. The towing
dif cult to estimate with precision. Although effective ite force is assumed to act along a line from the tow sh nose
element approaches exist, they are time-consuming which(§8€ towing point) to the depressor weight, although this
inconsistent with the goal of assessing tow sh performan@Sumption becomes less accurate at low towing speedsy In an
over a range of parameter values. Rather than develogF@se; the model provides a simple, physics-inspired cogpli
high- delity model of the tether dynamics, we develop 4gnechanism between the depressor weight and the tow sh.

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 assume The system model developed in Section V was implemented
to perform well in actual sea trials. in a Matlab/Simulink simulation. The model includes actwat
As described in Section |, the towing cable for a two stag#osition and rate limits and shaft encoder quantizatioeost
tow comprises two elements: the main catenary and the pigtiero-order holds in the two control channels model the dig-
The main catenary, and the towing vessel itself, will gelieraital controller implementation. In addition, early simiitas
act as a low-pass lIter for wave disturbances, even thougfowed that implementing a smafl (:5*) dead zone around
the cable may generate new disturbances in the form of catile zero tilt condition would improve controller perfornzan
strum. Regardless, we essentially treat the main catematy aear the desired orientation by reducing chatter induced by
depressor weight as a translating spherical pendulum whesegoder quantization. The simulation is described in Hetai
pivot point is excited directly by the surface waves. The slodAppendix B of [11].
is conservative in the sense that the surface wave motion isMeasured and estimated values for tow sh parameters are
transmitted unattenuated. used in the simulation. For example, as measured in trim
The Joint North Sea Wave Project (JONSWAP) spectruexperiments, the 220 kg vehicle's CG is locatedrg =
provides an energy density spectrum of wave amplitudes[@t; | 0:5; 1:2]" cm, that is, below the CB and slightly
speci c sea states. A sea state can be de ned in terms fotward and to port. For sea trials, the CG will be shifted
the signi cant wave heighHs and the average wave periodby moving otation and ballastr .4 given above represents a
T. The JONSWAP spectrum represents wind-generated wavesrst-case estimate. The pigtail length is assumed to 50 m,
under the assumptions that there is a nite water depth atite smallest length that is likely to be used.
limited fetch. The spectral density function is [6]

VI. NUMERICAL VALIDATION

u 1 ; ‘ ‘ ‘ ‘
H2 . | 944 . Towing Speed 1 m/s
S(! ):155T—j! i 5 exp 7! 4 33 (4) ]
where " # -
H 0:191 WT i 1ﬂ2 ) 20 20 %0 %0 100
Y =exp i = s 0 ‘
2% % Towing Speed 2 m/s
and Z"; Wl
%=0:07for! - 5:24=T I ‘ ‘ ‘ ‘
¥%=0:09for | > 5:24=T. s ” * i ” o
wawng Speed 3 m/s
The portion of the spectrum with signi cant energy density Erys
may be divided into a discrete number of bins, each witl »l
random width. A random wave signal is generated by summin ‘ ‘ ‘ ‘
sinusoids, with random phase shifts, at the center freqesnc > 20 40 60 80 100
Of each b|n. Time (seconds)

Although the towing cable will be heavy in water forFig. 9. Roll histories at three towing speeds. (Sea state édvith no
the towing system described here, the pigtail section willedback control.)
include cable oats when the system is deployed. In the
nominal case, the pigtail section will be neutrally buoy@mt Fig. 9 shows three roll histories for the tow sh in mild
average). Assuming steady motion of the depressor weigttwing conditions (sea state code 2) with the stern planes x
the hydrostatic cable prole and cable tension in the plgtaat zero. The passive system fails to meet the tilt performanc
can be determined by solving a coupled set of boundary valsggeci cation, because of a roll bias due to the offset CG .a\ot
problems [11]. As one would expect, the cable curvature ahdwever, that the roll uctuations are too small to be resadlv
tension vary with towing speed. When deployed, the cabd the scale of the plot; this suggests that simply zeroirg ou
curvature would generally act as a low-pass lIter betweethe roll bias, either through repeated trimming of the tow s



0.5

or through PID feedback, should easily meet the performanc ‘

speci cation. Fig. 10 shows pitch histories for the sameitayv M m

conditions. Again, the system fails to meet the performanc I WW N |
speci cations because of a static pitch biases, but it eésib ‘

only small uctuations in pitch angle.
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Fig. 11. Roll histories at three towing speeds. (Sea state @with PID
feedback control.)
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Fig. 10. Pitch histories at three towing speeds. (Sea stade 2 with no 05, -
feedback control.) 100

05 Towing Speed: 2 m/s

For simulations, the PID control gains were chosen usin I
the Ziegler-Nichols procedure described in [2]. Also sed].[1 NMWMWWMWWWWWWMWM&MWWJW\

In this method, pure proportional feedback is applied, \&ith

Pitch angle (degrees)
o

-0.5

increasing gain until the system exhibits sustained egmlhs. 0 50 100

The proportional gain, integral time, and derivative tinte a 05 ‘ Towing Speed: 3 s

then chosen based on the critical gain vatug and the period w ﬂ | W m ﬂ ﬂ ﬂ ﬂ i [A 'P

of oscillation P, as follows: ° L MMW“ W m %WW NW“}UWMN WWUM
Ke=0:25K¢; T =0:50Py; and Ty =0:12P: s ‘ J

In practice, one would next tune the control gains to obtai Time (seconds)

optimum performance. For the purpose of comparison, how- S , ,
ever, we use the control parameter values suggested ab(i' R .gazu':k Ec'fnct'r‘o?')sm”es at three towing speeds. (Sea stde 2 with PID
Control gains were generated for three towing speeds: 1, 2,

and 3 m/s.

The performance speci cations require that the body pitghyohibit immediate recovery.) Fig. 13 shows pitch histsrie
and roll angles be maintained with&1*. Because the VG for sea state code 5 conditions, which illustrate that thehpi
precision is only 0:5%, however, the PID controller mustspeci cation is no longer met. (Note theaxis scale in these
actually regulate til& 0:5* to guarantee that the speci cationsp|ots.)
are met. Fig. 11 shows a roll history for the tow sh in mild Fig. 14 shows a histogram illustrating the number of pitch
towing conditions (sea state code 2) with feedback enabl%g|e excursions beyond tm):si speci cation during a 100
The controller clearly meets the performance speci catiorsecond interval for a range of sea states and towing speéds. A
throughout the range of towing speeds, with no roll excursiosea state code 3, the highest anticipated sea state, tleensyst
beyond § 0:5*. Fig. 12 shows a pitch history for the samgarely violates the pitch speci cation. At higher sea sate
towing conditions with feedback enabled. Again, the systefRe system regularly exceeds the tilt regulation requirgme
meets the performance speci cations at all towing speeds. The tilt regulation requirements can be met, in sea state 3

In stronger seas, the system performance predictably denditions, by using a longer pigtail length and/or by tgnin
grades. While the roll performance speci cation is still metthe control parameters.

even in sea state code 5 conditions, the pitch speci catson i

not. (In practice, the system would not be deployed in sea VII. CONCLUDING REMARKS

state code 5 conditions, although it is possible that aradire A two stage towing system can effectively isolate a towed
deployed system could encounter worsening conditions tisginsor platform from attitude disturbances induced by the
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towing vessels motion in waves. This paper a two stage
towing system designed to carry a ve-beam acoustic Dopplgeg;
current pro ler for measuring small-scale ocean turbu&nc
The tow sh is a streamlined body with cruciform ns — two [19]
xed vertical stabilizers and two independently actuatéstrs
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 quarntinat
and digital control implementation effects. Simulatiorsing
parameter values for the actual tow sh suggest that it will
satisfy the primary performance speci cation of maintami
sensor the tilt angle within one degree of zero. Fabricabibn
the tow sh is now complete and sea trials are scheduled for
July 2005.
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