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ABSI RACT

A full six-degree-of-freedom computer model of the Naval Postgraduate
School Autcmo:ﬁous Under‘watcr _ Vehicle (Nl:’S AUV 1D} is developed.
Hydrodynamic Coeffidents are determined by geometric similarity with an
existing swimmer deltv.ery vehicle and analysis of initial open loop AUV Ul trials.
Comparisons between si.iulated and experimental results demonstrate the
v;lidity oIf the model and the techniques used. A ﬁduced order observer of lateral
velocity was produced to provide an input'for an enhanced position estimator.
Results are presented which show that the position estimator can be calibrated

using AUV II run data to provide a real-time accurate estimate of position.
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L. INTRODUCTION

A. GENERAL

During the past three decades there has been an increasing interest by the
| US. Navy iﬁ th¢ use ot unmanned underwater vehicles (UUVs) [Ref. 1).-
These vehicles can be either tethered vehicles (TUVs), controlled by a cable; or
ootﬁpletely autonomous (AUV). Beginning in mid 1?60: the US. Navy has used
an AUV mobile submarine simulator (MOSS) as a sub-r*urinc decoy on ballistic
missilevs‘ubmarin'es. ln i988 the U.S. Navy and Charles\ Stark Draper Laboratory
in Cambridge, Massachuse.is, inituted a study to determme how UUVs could be
employed to meet speaﬁc Navy missions. (Ref 2] | '
| Within the Navy, possible xmssions for AUVs include submanne anti-
submarine warfare wherein the AUV could conduct surveillance of or act as a
decoy to enemy vessels. In a mine warfare roll an AUV could be employed to
map an enemy mine field to provide fiienily forces with information they could
use to find a safe transit of the field. AUVs could. be employed to conduct

surveillance of harbor activity using a variety of sensors.
Applications of AUV technology are ot limited to military missions. AUVs
could be programmed to explore areas of the ocean where manned vehicles

cannot travel, or where their endurance is limited by fuel and or food suppiies.




‘AUVs wd' be used in salvage opérations to inspect the area prior to employing
manned submersibles.

Interest in t}\e'applications of AUV technology,!s evidenced by the growing
number of conferences and wc-hshops dedicated to the subject [Ref. 3]
[Ref. 4). The design and operation of AUVs present ‘unique challenges due
to the vessel’s requiréd 2bility to operate without human intervention. The
control, guidance, and mission control software architectures are exceptionally
complex and represent the state-of-the-art in real-time "intelligent” computer

control software design.

. B. OVERVIEW OF NAVAIL POSTGRADUATE SCHOOL AUV PROJECT
The AUV program at the Naval Postgraduate School (NPS) began in 1987
thh the sponsorship of the Naval Surface Weapons System [Ref. 5]. The
project is a joint effort of the Mechanical Engineering, Computer Science, and
Electrical and Computer Engineering Departments. The research involves an
integrated approach to mission planning and execution including navigation,
collision avoidance, obstacle recognition, vehicle dynamics and control, and real-
time onboard control software. Within the Mechanical Engineering Department
efforté have foc,uﬁed in the areas of vehicle configuration and conéfruction, Qéhicle

dyﬁanﬁcs and control',.with experimental and computer simulation [Ref. 6].




1. Vzhicle Configuration and Construction

. The first autonombus underwater vehicle built at NPS, AUV NPS I, was
built and studied by Brunner [Ref. 7]. In addition to designi;1g and vbuilding
a vehicle, the use of sensor devices such as gyros, inertial sensors, and pressure
cells to meaéure vehicle performance were investigated. Brunner déveloped a
’technique to obtain required vehicle performance data from the vehicle, and
- designed a control system that could be employed to test dépth changes of the
vehicle in a testing tank. » :

The AUV 1 “Ir'as a 30-inch long, seven-inch wide, and four-inch high,
self-propelied, remotely controlled vehiélg-. The small size was a constraint
imposed by available testing facilities. Onboard the vei\i;lg were rate gyro sensors
for pitch and yaw, i:ressure ceils to measure speéd and depth, two DC motors to
power the two propellers, aﬁd a data acquisition system. Size restrictions required
the use of a t'ether to transmi. c;ontrol signals and provide power from an external |
power source. The AUV I testing program successfully showed tf\e feasibility of
developing a controller that would woﬁdé accurate depth keeping control pf an
. autonomous vehicle. | |

The second 'ggneraﬁon autonomous underwater vehicle built at NPS
was designed by Good [Ref. 8). ‘The larger AUV NI was de§igned using
Total Ship Systems Engineering techniques. This integrated'approach involved an
iterative (design spiral) approach with the'following subsystems: Huﬁ, Energy

- Storage and Power Plant, Vehicle Motion Contr:il, Sensor Suite, Obstacle '




‘Avoidance, Navigation and Guidance, Mission’ Planning, and Machinery

Monitoring,‘ Figure 1.1 sh“)ws the configuration of the AUV II and internal
oquipmem Arnngemcm |

The AUV II contains its own power supply of redw'geablc batteries,
and an onboard computer that can be programmed prior to test runs. Thc larger
size has elimmated the need for an external tether. ln-water mnng of the AUV
Il in the NPS swimmmg pool began in March 1991. The basic hull performanoe
- characteristics predicted by Good have been validated The 7000 {P, 7% ft deep
swimming pool enables relatively complex test runs to be performed to test

control methods and sensor systems.

2. Vehklg Control |

The AUV guidance system consists of an autopilot and associated
guidance lawn The lauto pilot is responsible for stabilizing vehicle motion
dynarmcs in terms of speed, cnurse, and depth. The guidance law will combine
commands for the path or position for the vehicle to achieve with navigational
estirnates of true position and orientation to gener.te speed, course, and depth
commands for the autopxlot ‘

Boncal [Ref. 9] investigated the use of a model based controller .
for> accurate p;th keeping of an underwater vehicle. The Swimmer Delivery“
Vehicle (SDV Mark 9) [Ref. 101 model hydrodynamic .co’efﬁcients were
. used in this stﬁ@y. Linearized equations. of motion were used as the bases for the

feedforward and feedback elements of a depth controller. Results demonstrated
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that, for depth changing maneuvers, accurate tracking of the planned path could

be achieved {or a vonsiderable range of speeds.
 McDonald [Ref. 11] combined the work of Boncal in controller
design and applied it to the AUV I model. Only vehicle depth was available from
the AUV I data acquisidon sYstem Consequently, both state estimation of pitch
and pitch rate and disturbance esnmatxon/ compensahon techmques were used
| A successtul closed loop controller was developed using these methods. Sur
[Ref. 12], oontinuing research on the AUV I depth control problem
designed a sliding-mode compensator for depth control. Computer simulations
using a full s:x-degree-of—freedom model and non-linear equations proved the .
method was successfully able to.provide accurate depth control for an
autonomous dnderwater vehicle. .
Lienard [Ref. 13] dexﬁdnst‘rated that sliding mode control
provides a robust controller for underwater vehicles. Because the hydrodynamic
forces on a vehicle can not be precisely measured prdblems may occur in
predicting and cox{trolling ‘vehicle modon. Using the SDV Mark 9 as the base
~ vehicle, Liendrd used independent eontrol of linearized motion equations for
~ iongitudinal and vertical planes, and coupled them together. Lienard used a Line-
of-Sight guidance scheme. In this method the onboard navigator generates a
'geographic "way pdint" ahead of the ‘AUV,‘and then aims the AUV at this peint,
and attempts to drive through it. By successiee use of way points the AUV

“proceeds to its destination. Though the navigation control law can’t be verified




to be stable, the tracking system as a whole is very robust. This contrel scheme |

will place the vehicle on the desired way point, but it may not always be going
in the direction desired.

Building on this, Papoulias and Healey [Ref.14] and Chism
[Ref. 15] investigated a guidance scheme in which cross-track efror is
minimized. This method is analogous to driving an autemobile down a roadway;
the goal is to stay in the traffic lane, i.e., minimize deviation from the inten&ed
track. In this method the navigator senses the lateral locatlon of the AUV relative
to the desxred track between two way points.

This method of control is also robust, and generally keeps thc vehicle

closer on track -han the LOS method. The tradeoff to staying close to the ordered

. track at all times is a lot of small maneuvering by control surfaces/thrusters. If

a number of way points are located too close, as might happen if the vehicle has
to maneuver 'in‘t'o a harbor, the vehicle response may' become excessively
oscx]latory

' The control schemes described so_far approached the AUV control
problem as a single input/single output (SISO)  system. HawkinSon
[Ref. 16] approached the AUV control problem by epplying multiple
input/ multiple output (MIMO) sliding mode control theory. Use of a MIMO
control method eombined‘bo‘th a LOS and cross track error steering controller
with a linear quadran‘c regulator for the deptﬁ controller. The speed controller

developed by Lienard was also used.




Using the SDV Mark 9 vehicle characteristics, Hawkinson proved the
superior performance of the MIMO sliding mode controller as compared to SISO
controllers. Thoggh the depth, speed and steex;ing controllers were designed
separately, the effectively simultaneously controlled the vehicle.

Papasotiriou [Ref. 17] investigated ‘the use of al “moving aim
point” or pur;uit autopilot control scheme. This method is la-l'so similar to driving:
down the réad wherein the driver is actually ainiing at a poinﬁ at some finite
distance in front of the .vehicle. Similarly, with this method the AUV Il is always
driviné toward a moving aim point A few ship lengths ahead. The moving aim
point i‘s traveling down the line-of-sight toward the next way point.

This control scheme is almost as robust as the Lin‘edf—Sight mlethod;
Both the guidance and control schemes must be designed together in order to . |

| avoid a loss of stability. This method has an advantage ‘Qver the Line-of-Sight
method in that it keeps the,veﬁicle closer to the track.

Clothier [Ref. 18] investigated the appiication of a;, cubic 'vspiral
guidance. fnethod to-autonomous vehicle guidance. This method minimizes cross
track érrors subject to the rate of change of path curvature. Heading mMm®

- are generated based on the cross. track exl'ror, the path curvature rate, and the
difference bétween desii'ed and actual vehicle heading."This method has the

advantage of placing the vehicle at a given waypoint at a certain heading. -




3. Associated Initiatives

Farren [Ref. 19] and Lohrhammer [Ref. 20] performed
preliminary work on the design of the AUV II sonar system. The AUV II is
capable of detecting obstacles in its path, and determining an appropriite
avoidance course. A high-resolution sonar suite employing four ultrasoni;
transducers lhas been installed and Quccessfully tested on the AUV II by Floyd
[Ref. 21]. | |

To permit precise éositioning the AUV Il will employ four tube
thrusters. Two will be vertically oriented, and two will be installed athwartships.
Research on thrusters for the AUV I was begun by Saunders [Ref. 22] aﬁd
continued' by McLean [Réf. 23]. Thrusters are scheduled to be installed and
tested in the AUV 11 duﬁng the first half on 1992. |

A significant amount of research has beén conducted by the Computer
Science and Computer and Electrical Enginéering Departments in the areas of
mission planning, situation assessment through artificial intelligence, fuzzy logic
controllers, and fault tolerant controllers. Appendix D contains a bibliography of

all theses associated.with the AUV research program.

C. SCOPE OF THIS THESIS
This research makes the transition from motion control research based on
the AUV I and SDV Mark 9 vehicles to a combination of computer simulation and

experimental investigation into the vehicle dynamics of the AUV II. The initial




focus of this project was the development of a lateral motion control law for use
in initial closed loop operation of the AUV II. Chapter I describes how the
hydrodynamic coefficients in the yaw and sway motion equations for the AUV
I ‘were- determined. Chapter III discusses the refinements to the initial
hydrodynamic coefficient estimates, and>presents the development of the control
law used in the early stages of AUV II trials. |

Computer simulations will play a significaﬁt role in furtl.er research on the
AUV 1. To enable new control and guidahce laws to be tested and evaluated
| .without actually using the AUV I, a full six-degree-of-freedom computer model
of the AUV II was developed. Chapter IV describes how this model was
+ developed, and compares the model pe.rfom.lance. to actual results. |

The final phase of this project involved the design of an erihanced po;iﬁon
estimation algoﬁthm. Instrumentation and size restrictions limit the amount of
motion informatidn able to be determined on board the AUV II. Determining a
vehicle’s lateral velocity is a key factor in precise position estimation. Chapter V
discusses the development of the reduced order observer for lateral velocity. The
performance of the enhanced position estimator is compéred against simulated
and experimental AUV II trials. Finally, Chapter VI presents recommendations for
further research and refinexﬁent of the six-degree-of-freedom computer model and |

position estimator for the AUV I

10




II. LATERAL MOTION HYDRODYNAMIC
COEFFICIENT DEVELOPMENT

A. GENERAL LATERAL MOTION EQUATIONS

| The design of the AW II control system begins with identifying the
equations of motien. The generalized equaﬁons of motion for lateral motion end
yaw for a submerged ;'ehicle [Ref. 10] are shown in Equations (2.1) and (22). |
Vanables are referenced to a right-hand orthogonal axis system fixed in the body

center as shown in Flgure 2.1. Table I defines the parameters used; a dot () over

a quantity indicates a derivative with respect to time. Because the AUV Il has two

rudders, the equations of motion separately account for their effect.
m{V +ur - wp +X(pq +1)-y(p 2 +r?) +z4(qr -p)] = |

+ .%] Yp+Yr+ Ympq+Yq,qr]
. ._;.l 3[Yv\-, #Y,up -.Yrur-erqvq#rY l,wp +Y wWT]

. & TYuv+Y, vw+¥, u%, - Y,u%,] @D

-29' -'[ [ Cpyh(xXv+xr)?+ C pD(XX(W-xq)] v :4(}::) .
(W -B)cos8sing

Sway Equation of Motion

n




z

Figure 2.1 AUV II Axis System

Li+I,-Lpqa-L(p*-q* -L,(pr+q) +
L.(qr-p) +mlxq(¥ +ur- wp) ~ycs(u-vr+wq)] =

LIN.p + Nt +N,pq+N ar]
+ .g.l ‘[N,v +N,up +N,ur +N,vq+N,_ wp +N, wr]
+ %1 *INJuv+N, vw+N, u%_ +N, u?,]

, o % Ix"' [ CDyh(X)(V +Xr)? +CDzb(x)(w"XQ)2] ( xr)de

v+
Ulx)

+ (xgW -x5B)cosBsing + (y W - yzB)sing + -%l’ﬁ’Nm«

- Yaw Equation of Motion

12
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TABLE I. EQUATIONS OF MOTION VARIABLES

Variable Description
X,y,Z Distance along the principal axes
uv,w Velocity components of body axis system relative to fluid
along body axes

CPAr Angular velocity components of body relative to mertal

reference system along body axes
XYzZ Hydrodynamic force components.along body axes
KMN | Hydrodynamic moment components along body axes
¥,6,0 Yaw, pitch, and roll angles (Euler angles) ‘
m Mass of the AUV lI (including the fluid in the floodable
sonar dome) ‘
w Weight of the AUV II (=gm)
v Displacement volume of the AUV I
B Buoyancy force acting on the AUV 11 (=gpv) -

X, YorZe Coordinates of the Center of Gravity in the body axis
system. ' These depend on the mass dlsmbutxon of the
vehicle

X3,¥n.Zp Coordinates of the Center of Buoyancy in the body axis

| system. These are independent of the mass distribution of
the vehicle
LL.1, Moments of inertia about the body system axes
Lydady, Products of inertia about the body system axes
P Mass density water
I Reference length used to nondxmensxonahze the
‘ hydrodynamic coefficients
b(x), h{x) Width.and height of the AUV II in the xy and xz planes,
respectively, measured in the body axis system shown in
Figure (2.1)
XnoserXead Coordinates of the vehicle nose and tail as measured i in-
: body axis system :
U x) Tota’ crossflow velocity on AUV I at position x
8.0, Bow and Stern rudder deflection angles in radians
Drag coefficients along the y and 2 axes of the body system

CoyCox

axes.
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B. LINEAR, SIMPLIFIED LATERAL MOTION EQUATIONS
" The general equations of motion are extremely non-linear which makes their

direct use in developing a control law very difficult. By using the following

_assumptions and specific physical characteristics of the AUV II, the equations

were linearized and simplified:

1.  The angular velocities about the x-axis (p) and y-axxs (q) are zero.
The associated accelerations p and ¢ are also zero.

© 2. The AUV Il is neutrally buoyant: W=B.

3. The AUV II is symmetrically loaded in the transverse -and
- longitudinal directions: y,, yu, Xg and X, are zero.

4.  Thecounter-rotating propellers produce no yaw moment (N, =0).
5.  Thenon-linear drag force term is small in value compared to other
terms in the equation, and can be eliminated. For hovering analysis
this term will have to be included ir. the simplified equations of
motion. |
Equa'tiohs (2.3) and (2.4) are the simplified, linzar equations of motion used

for the initial development of the lateral motion control law.
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m(Vv +ur *xct)-%i Y I

Pisyyv « P13Yur »
2 2 ‘

Plryuv + P17Y, w25+ LI2Y, u?s @3
D) v. 2 8, e ] 2 &, )
Linear, Simplified Sway Equation of Motion
'I,r"*mxcx'r*mxcurt.g.l N +
P1Nv + LI‘Nur +
2 2 | 2.4).
.g.l Nuv + .F211 3N, u’,, + .2_1 Npu®d,

Linear, Simplified Yaw Equation of Motion

C. DETERMINATION OF HYDRODYNAMIC COEFFICIENTS

The next step in developing the lateral motion control law was ' the
determination of hydrodynamic coefficients (Y,, Y., Y, Y,N,N,N,andN,) .
appearing in Equations (2.3) and (2.4). The coefficients for the SDV were used as".
a starting point. Though similar in geometry to the AUV II, the SDV has a large -
fin on the stern in which a third propellef for surfaced operations is located. The
effect of this fin on the hydrodynamic coefficients was estimated and subtractéd :

from the original SDV hydrodynamic coefficient values.
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Table 11 lists the SDV hydrodynamic coefficients, the calculated fin effects,
and the final “Finless SDV" values. Computations and details of the fin effect on
the hydrodynamic coefficients are contained in Appendix A.

TABLE II. SDV HYDRODYNAMIC COEFFICIENTS

Given SDV Fin Effect . Finless SDV
Y, -0.05550 -0.01965 -0.03585
Y, -0.09310 -0.01660 -0.07650
Y, 0.00124 0.00756 -0.00633
R4 0.02970 0.00639 ~ | 002331
N, 0.00124 0.00756 - | -0.00632
N, -0.00742 | 000639 -0.01381

N, | -0.0034C |-000291 |-000049
‘N, -0.01640 -0.00246 -0.01394

The signs of the hydrodynamic coefficients Y., Y., N, and N, depend upon
 whether the vehicle is bowvor stern domrinant. The SDV, with the large fin at the
rear, is stern dominant. The signs of all thé SDV hydrodynamic coefficients except
for N, and N, égrée with predicted values »[Réf. 24). N, and Y, should.
be small numbers, either positive or negative. N, should ‘be positive, but the
given value of N for the SDV is negative. ‘
The Hydrodynamic coefficients of the bow-donﬁnant Finless SDV all have
signs conSistent Qith theoretical predictions. Y. remains pdsitive, but has a
smaller magnitude. Y, and N, become positivé. N, remains negative, which it

should be for a bow-dominant vehicle.
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The Finless SDV still differs geometrically from the AUV II. Table Il

summarizes the geometric characteristics of the Finless SDV and the AUV II. Due

to the significant differences in geometric characteristics, a better estimate of the

AUV II hydrodynamic co:fficientr was needed.
TABLE IIL. FINLESS SDV AND AUV GEOMETRIC CHARACTERISTICS

Finless SDV AUV .
Length (L) 209.1' 87.625
Draft (T) . 318 10.125
Beam (B) 75.7 16.25
Cy 0.77 083
T/L Ratio 0.1514 0.1155
B/L Ratio 0.3713 0.1854
B/T Ratio 2.4528 1.6049

' Actual SDV length 1s 229.0 inches, but the characteristic length
used an all calculations'is 209.1. Actual and characteristic length for

the ALV Il 1s 87.625 inches.

Clarke, Gedling, and Hine [Ref.25] used a multiple regression

analysis to estimate a marine vehicle’s hydrodynamic coefficients. Thirty-six sets

of data from rotating arm experiments and. 36 sets of data from planar motion

experiments were obtained, and then normalized using (T/L)%. The predictor

variables used were: C,, L/B, L/T B/L, T/L, and T/B. Only the terms which

tended to zero were used in the regression to -assure stabili‘ty. The fesulting

equations for the hydrodynamic coefficients are:
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The hydrodynamic coefficient values obtained for the Finless SDV using the

regrésion equations -are listed in the second column of Table IV as "Regression
SDV." The results obtained for the AUV II are listed under "Regression AUV IL."
All of the hydrodynamic coeffici'er.\ts‘ of the Regression SDV are negative except
for N,, which also §hould be negative for a bow-dominant vehicle. All the |

hydrodynamic coefficients of the Regression AUV II are negative.
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TABLE IV. DETERMINATION OF AUV II
HYDRODYNAMIC COEFFICIENTS

r Finless Regression Reg. SDV/ Regression Regression
SOV SOV Finless SOV AUV I AUV 11/
(Conversion) ' Conversion
Y, -0.03585 0.04551 - 1.269 004383, 0.03430
Y, 007630 0.12624 1,650 -0.06430 0.0389
Y, 0.00633 £0.01632 2578 -0.00486 0.00189
Y, 0.02331 <0.00775 0332' -0.00925 unrelisble
N, 000633 . 002192 3463 0.00579 -0.00167
N, 001381 0.06309 4.568 £0.03260 0.00714
N, -0.00049 000039 0.73469 £0.00188 unreliable
N, | 001394 001020 073171 -0.00875 0.011%

' Due to inconsistencies between expected and actual hydrodynamic coefficient values for Y' and
N , these conversion factors were not used to obtain estimates for the AUV Il values as explained in

the text.

‘The ratios between the hydrodynamic coefficient values of the Finless SDV

and Regression SDV (Table IV, column 3) were used as scaling factors to adjust

the corresponding Regression AUV II values. The resulting AUV I hydrodynamic

coefficients are listed in column 5 of Table IV. Because the values of Y, andN,

for the Finless SDV and the Regression SDV were not consistent, a different

method to determine. the AUV II values was used.

As shown in Appendix A, the effect of a fin on hydrodynamic coefficients

is the same for Y and XV. The ratio between the Finless SDV and AUV 11/

Conversion values of Y , 1.9641, was divided into the Finless SDV value of Y, to

obtain an estimate of Y, for the AUV II. As was observed for the Finless SDV, the
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sign of Y, is positive, though a negative value had been expected based on an

assumed bow dominant vessel gecmetry. Similarly, the effect of a fin is the same
for N, and Yv. The ratio between the Finless SDV and AUV II/Conversion valugs
of Y,, 1.05, was divided into the Finless SDV value of N, to obtain an estimate
of N, for the AUV IL |
An additional modification to the initial estimates of the AUV Il

_hydrodynafnic coefficients was made. The ngen SDV values of Y, and N, were |
the same, 0.00124, as were the élmlated fin effect corrections. It was tl'.\ereforel
_reasonable to assume that the values of Y, and N v for the AUV 1 should be §he
same. The AUV II/Conversion values for ¥, and N were averaged, and the

average was used for the Y, and N, AUV II Estimate 1 values.

D. DETERMINATION OF RUDDER FORCE HYDRODYNAMIC
COEFFICIENT Y, o

The y-direction component of the total rudder force is

Y0 = Y, 440 = £(LcosB, + DsinB,) (2.6)
where B, = rudder drift anglé
‘ = rudder lift
D = rudder drag

This expression assumes there is no interaction between the pressure field around
the rudder and the adjacent ship. In most cases there is a significant interaction
which results in the total y-direction force on the vessel being larger than

predicted by Ecjuation (2.6). By expressing the lift and drag forces in
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nondimensional form, standard figures can be used for a given shape/section of

rudder. The nondimensional forms of lift and drag forces are giQen by Equations

(2.7) and (2.8).

L

Lift Coefficient = Cp= ——l @

: (p/2)Apu? .

- - Drag Coefficient " Cp= D __ (2.8)
, (p/2)Aru?

. where  A; = control surface profile area;
The rudders on the AUV.ﬁ are of a NACA 0015 foil section. Figure 2.2
| shows tﬁe characteristics of a NACA 0015 séction. By using this figure, C; Iwas
determined to be 3.15158, where 8 is the rudder deflection in radians. For small
drift anéles CDsin(B,) is much smaller in magnitude than CL‘cos(B,). Eliminating the
drag term frdm Equation (2.6), approximating cos(B,)=1, and writing the total

rudder force in nondimensional form yiélds '
(%)1 232Y,5 = LcosP, = (%}Afu’3.15158 @9

Solving for Y;, with 1=87.625 inches, and A;=28.57in’, yields Y;=0.01173. Because
there are two identical control surfaces at both forward and aft rudders, the actual

value of Y; for the AUV II is 0.02345.
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Figure 2.2 NACA 0015 Fin Characteristics [Ref. 24]
E. | AUV Il GEOMETRY AND ESTIMATE/COEFFICIENT SUMMARY
| Table V summarizes the.AAUV Il Estimate 1 hydrodynamic @fﬁdent and
gmmetﬁc prdperﬁés used to in the initial dpen andl‘ cfosed loop simulations.
The mass moment .of inertia, I,, was caicuiated dsing the equation

'%(BHL’) | (2.10)

Equation (2.10) assumes that the mass within the vehicle is distributed

homogeneously. To account for the actual non-homogeneous mass distribution,
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I, for the SDV was calculated using Equation (2.10), and the ratio between the

SDV computed and actual I, [Ref. 10] values was applied to the computed AUV

II 1, value to obtain the number'appearing in Table V.

TABLE V. AUV Il GEOMETRIC PROPERTIES AND ESTIMATE 1
4 HYDRODYNAMIC COEFFICIENTS

Y, [-0.03430 m (slugs) | 435/32.17
Y, -0.03896 1 (befts?) | 45

Y, |-0.00178 p (slugs/ff) | 1.94

Y, |oo1187 x () | +0.125/12
N, |-000178 %t |-0377
N, -,0.00714 o) . |0283
N, |-0.00047 erence () | 87.625
N, |-00119 Npe=X. Yo

Ys | 0.02345 Niww=%sb Yoro

Yoo | 0.02345 |

—_

' X, and X,, are expressed in fraction of vehicle length. ..




III. INITIAL AUV II CLOSED LOOP SURFACED OPERATION

A. STATE-SPACE SYSTEM REPRESENTATION
The state of a dynamic sysfern, sﬁ'ch as the AUV II, is defined by a set of
physical quantities that uniquely determine the condition of the system. The state-
space apipioach uses only dynamic variables and their first derivatives with
' respect to time. Thus, the condition of a physical system can be described with
a set of first order differential equations. R

The general form of state-space system representaiion is:

% =Ax + Bu @1

y=Cx

where state vector (nx1) ‘
external input vector (rx1)
output/observation vector (mx1)
open loop dynamic matrix (nxn)
control distribution matrix (nxr)
output/ calibration matrix (mxn)

X
u
y
A
B

C

The state vector chosen for the AUV I lateral motion mode! was:

¥ Yaw angle
x =| v |=| Lateral (crosstrack) velocity.
r Yaw rate

In a closed loop system the system output is fed back to the input. For example, -

the simplest form of feedback is u=-kx, where k is a gafn vector of size (Ixn).
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Substituting u=-kx into Ecjuation (3.1) yields a general closed loop state space

system represeritation
x=[A -Bk]x

Many different forms of feedback can be used, as will be shown later in this

éhapter.

B. STEADY STATE PERFORMANCE
When a system is in steady state, the derivatives of state variables associated
with velocities equal zero. This makes the system analysis simpler. Analysis of the

AUV I lateral motion began by assuming steady state conditions (e.g., and

eciual zero). During initial testing the AUV I rudders operated together, i.e,, they

both moved the sarﬁe amount, though in'opposite direcﬁons_(s,,,='-8,;). '

The linear, simplified equations of motion (Equations (2.3) and (2.4)) can be
solved sirgultaneously to produce an explicit steady-state expression for the yaw
(turning) rate, r, and >appro>‘<i'mate tummg radius, R.

Y, L1%u(N,,-N,,)s
r= 2 : '

Y,mzo - 21N) - NIim - 213Y) 3.2)

R=‘.‘_‘.
r




An exact expression for the turning radius R is R=

‘/ 2 02
v Equation (3.2)
r .

assumes that the lateral velocity, v, is small when compai‘ed with the forward
velocity.

During &e AUV II's "maiden voyage,” the propellers turned at a speed
corres;laonding to a forward vélécity of two féet per second. The rudders were
manually set at the maximum values (23°). ﬂe AUV II was ob;erved to turn at

a rate of approximately 9°/min in a tirning radius of two vehicle lengths. ‘I'hese
., values were used as the baseline for determining the accuracy with which
Equaﬁon (3.2) predicted the AUV I motion.

Table VI shows the Estimellte 1 steady state hydrodynamic c‘oeffic'ients and
the corresponding turning rate and turning radius. The Estimate 1 hydrbdynamic
coefficients did not produce a suffxcxently fast turning rate. The effect- of each
hydrodynamic coefficient on the turning rate was analyzed to determme Wthh
coefficients should be modified, and by what amount. ‘

The sensitivity of the turning rate to a change in alhydrt.)dynamic coefficient
: is given by the slope of a curve of the @ng rate versus the coefficient in

. question. Expressed mathematically, this équals .a?;c’ where HC is thé.

‘ hydrodynamic coefficient in question. Treating turning :rate as a function of Y,

Yr, N,, and N, the turning rate sehsitiyities are:




TABLE VI. STEADY-STATE, SURFACED AUV II PERFORMANCE

[ Estimate 1 Estimate 2

Y,  .0.0389 ©-0.0389 -0.03896
Y, 0.01187 0.01187 | 0.01187
N, ' -0.00714 -0.00769 . -0.00769
N, -0.01196 -0.01022 -0.01022
Yoo Yiu 0.02345 0.02345 0.02345
u (ft/sec) 2.0 2.0 15

8 (degrees) 230 . 23.0 23.0

r (deg/sec) | 639 8.79 6.6

R (vehicle lengths) 245 179 1.79

(213N, -N,)u)DEN - NUM(21 ‘N, -mxg)

ar _
97, (¥, mxg - 21N) - N,1m - 21°Y,)7
\ -NUM21N,
or _ 2
e (¥, (mx, - 21N -N,1m - £1°Y)p
- “NUM(L1°Y,-m)l
o NUM(2 ~m)
IN, (v, (mx, - _g.l *N,) - N,I(m - %l“Y,))"
NUML14y,
o ar _ 2
N,
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| where
NUM = %13(N,,,- ) Y, ud
DEN = Y,(mxg -'_;.1 “N,)-N,I(m - %1 )

" These equations are cumbersome to work with. Directly plotﬁng the predicted
turning rate against diffe;ent values of the hy&rodyna;nic coefficients provided
an easier method by which to determine which coefficients most affected the
tummg rate. Figuré 3.1 shows a plot of turning rate versus the .hydrodynam’ic
coefficients as they were individually varied from 50% to 150% of their Estimate
1. value. |

The hydrbdyﬁainic coefficients aséociated with the moment of the vehicle
due to yaw and lateral velodty, N, and N,, had the largest affect on turmng rate.
For this reason, it was decided to adjust the values of N and N,, to values listed
‘as Estimate 2,in Table VI

The results obtained using the Estimate 2 values were deexﬁed close.enou‘gh
to use for additional modeling for various reasons. Since exact values' of yaw rate
and tuming radius were not known,- it was uhreasbnable to obtain "exact"
rria'tchihg with the observed values. It should be noted that the AUV 1I did slow
down during turns. Simulations using an average forward velocity of 1.5

feet/second also yielded results reasonably close to observed values.
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Figure 3.1 AUV II Turn Radius Sensitivity

C. AUV I LATERAL MOTION REPRESENTATION
. The general form of the state space equations describing the AUV II lateral
mdtion are
y=r
v=a,uv+ajur+b,ud, +b,u?, ‘ 3.3)

t = 8,uv + syur + byu’3, + byuu?s,
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or, in matrix notation

vlfoo 17| [o o

u?d
v = 0 a“ 812 v+ bll b12[ zarb}
u
. [bar by

r] |0 a; ayjlr

The coefficients in Equations (3.3) and (3.4) were determined by simultaneously

solving the linear, simplified equations of motion (Equations (2.3) and (2.4)) for

v and f, and are listed bélow.

- 9
AB, -A,B,
LAsz - A2B1_
- 1
AB, -AB,
|AB, - A,B, |
- -
A,B, - A,B, ‘
‘ LAsz - AzBl_
[a.B, - 4B,
LA'ZBI = Ang_

K2
0

- where, expressihg the hydrodynamic coefficients in non-dimensional form,

bAle - AzBl_

™

:
AB, - AB,
AB,-AB,

3 .
AB, -AB,
| AB, - AB;

rAsBz -AB,

-
AsB,-A,B,

B,=mx;-N,

| A,B, -AB, |




In this form, the open loop dynamic matrix is singular, and one pole will always
be located at zero. An alternative form of defining the system would only include
the rows asscciated with lateral velocity and yaw rate. In addition, the system as

defined contains two inpﬁts, the bow and stern rudder angles. During mmal

| operation of the AUV 11, the rudders were not operated independently. Thus,

Equation (3.4) simplifies to

R

where 3, = &
8rb = .'5
b = +b,-b,
by = +by-by

D. CLOSED LOOP SYSTEM CONTROL DEVELOPMENT

.1.  Transfer Function Formulation
A marine vessel is steered to a required hééding (y) by using the |
rudders. For this reason, the relationship, or transfer fimction, between y and &

is of primary concern when developing a control law. The solid lines in Figure 3.2 -

* show the block diagram representing the AUVI steéring plant as expressed by

Equation (3.5). |




" Figure 3.2 ~ Simple Proportional/Derivative Controller

Simultaneously solving the above equations yields the transfer function

between y and §

¥ -(a; + az25UW +(a, 8, - a'xzazx)“ ty
=b,u?d +(a,b, ~a,b,)us

Expressed in the “s,” or Laplace domain, the transfer function becomes '

b,u’s + (az1b) - aan)u’ ) » | (3.8)

V.
& s[s’ -(a,, +a,)us + (a8, - 8,,8,)u’]

Up to this point only the open loop situation has been addreséed, ie.

provide a given rudder angle, 5, and observe the change in heading, y. In

32




practice, the AUV II must maintain an ordered headmg, V.- This requires the use

of a closed loop controller.

A simple proportional/derivative controller of the form
5=K,v, +K;y, where y, =y, -y @7

was chosen for the initial form of the AUV II lateral motion controller. This form
of controller is easy to implement in a situation such as this where the rate of
change of heading (and thus rate of change of heading anor) is able to be
determmed explicitly from the output of the "plant.” It also has the added
advantage of provxdmg a more rapxd and better damped system response than
a controller that uses only the actual value of the heading error.

| Since y=r, Equation (3.6) can be integrated to olatain a transfer funcﬁpn
strictly between r and 8 |

r ns“n

-— (38)
3 s? *ds+d '

where n, = (a; b, -a,b)uv
n, = b,u? :
d = (a,ay- al‘.’ ay ) v
d = -a,+ayu

By cémibining Equation (3.8) with the control law of Equation (3.7), an expressidn ‘

for the transfer function between y, and y can be determined

v _ ' . K, (ns+n)

—_— 3.9
V. (K +K;ss)(ns+n)-s(s?+d,s+d)
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The denominator of Equation (3.9) is the characteristic equation of the AUV II

lateral motion performance model subjected to a step input (y,). Through analysis

techniques such as an s-plane pole and zero plot, the desired response of the

AUV II can be established.

2. Second Order System Response
The AUV II lateral motion system as represented by Equation (3.8) is
# second order system. In general, a second order syétem can be represented is

the s-domain by

. 2 [
Cs) = % R(s) | (3.10)
(8% +200, + ) -

where  C(s) output(y)

R(s) = input(y,)
o, =  system natural frequency
g = damping ratio

When the input, R(s), is a unit step input, such as a normalized ordeigd heading

(y,), Equation (3.10) becomes

W 2 ! .
C(s) = - ' - (3.11)
s(s?+2Lw, + o) o

for which the transient output is

ety =y(t)=1- %e “Sotgin(a, Bt +6)

where B=y1 -8 and 6 =tan™(B /0.




The transient output of the system is‘defined by the swiftness of

response as measured by rige time (T,) and time to peak value (T,), and the
closeness of response to the desired peak value (M,) and settling time (T,). When
analyzing the response of systeﬁ to a step input, the most common parameters‘
used are settling time and percent ovefshoot (P.O.) which is related to rise time
and time to peak value. The settling time is the length of time reqﬁired for the .
system résponse to stabilize within a certain percentage, usually 2%, of the final
system value. For a second order system with a damping constant of sw,, the

response will remain within 2% after four time constants:

Percent overshoot, using the ordered course, V¥, as the input, is defined by‘
P.0. = e " Yo 100%
: Y,
The response of a second order éystem depends strongly upon the value of the
aamping ratio (0). If { is low, the system will respond more rapidly (decréasing
T, and T)), but oscillate more afound the final value, increasing peak value of the
oﬁtput as well as the settling time. A system with a large valué of { will respond

slower (longer T, and TP), but it won’t_oscillate as mﬁch.

3. Gain Determination
Figure 3.2 can be simplified into the "reduced” form of Figure 3.3 in

which the entire AUV II "plant” is represented as one block.
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Figuré 33 "Reduced” Representation of Proportional/berivative
' Controller

The transfer function between the ordered course (y,) and the actual
heading (y) is given by Equation (3.9). The denominator of Equation (3.9) forms

the characteristic equation
8%+ (d,-Kny)s? +(d, 'Kzno -Kin)s-Kmng=0 3.12)
~ wlich can be analyzed using root locus te‘chniques‘. First, Equation (3.12) is

rearranged to separate K,

(o8 +n;) =0 (3.13) .
"s%+(d,-K,n)s? + (d,-K;np)s ‘

Equation (3.13) has zeros at n,/n,=0.2183. One pole is loqated at s=0. The other

1+K

two poles are obtained by solving the denominator of Equation (3.13)

82 +(d,-K,n)s + (d,-K,n;) = 0 (3.14)




Note that Equation (3.14) is strictly a funlctionlof K, An iterative method was
;.1$ed to determine optimum values of K, and K,, in which values for K, were first
chosen, and corresponding valt;es of K, were then obtained graphically using an
s-domain plot. |
A damping ratio ({) of 0.707 'w'as chosen as an acceptable goal. For a
step input (e.g. applied rudder angle) a damping ratio of 0.707 provides a rise
time of four time constants with approximately 5% overshoot. On the s-domain
plot, a line that bisec'ts the angle between the real and imaginary axes (45° from
the vertical) reéresents a damping ratio of 0.707.
Figures 3.4 and 3.5 show the ;-domain plots for‘choices of K;=05and
2.5 respectively. The "Xs" on t};e real axes on both ﬁgu_res represent the locations
of the system poles for K,=0. By increasing K, from zero, the location of the two
. system poles of Equation (3.14) was chénged. For K,=0.5, a damping ratio of 0.707
was obtained for values of K,=0.5 and 2.5. For K,=25, a valug of K,=6.5 produced
a damping ratio of 0.707, and K,=2.95 produced a damping ratio close to 0.707.
The simulated p’erforrﬁance of the AUV II'to a course cﬁange of 10° was analyzed
for each of the four combination of gains obtained thréugh s-domain analysis.
Figure 3.6 is a f)lot of rudder angle (8) versus time, and Figure 3.7 shows heéding
angle (ﬁ/) versus time. Timé oﬁ both these plots is' normalized; one unit is tﬁe time
for tﬁe simulatea AUV 1I to travel one shiplength. Figure 38 is an X-Y
(geographic position) plot of the simulated AUV 1I through the turn. Table VII

summarizes the performance of the four different gain combinations.
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Figure 3.8 Simulated AUV II Position During 10° Turn

"TABLE VII. SIMULATED AUV I PERFORMANCE
FOR VARIOUS GAIN COMBINATIONS

Option Value of K, & K, '| = Normalized - Course

Number : Rise Time % overshoot
' ‘ K | K (Vehicle Lengths)
1 25 | 05 28 1
2 05 | 05 10 NA.
3 60 | 25 25 , 8
4 295 | 25 41 4 |

Analysis of the Figure 3.6 shows that the best rudder perfomiance was
obtained using gain options 1 and 4. The full capability of the rudder was not
used in gain option 2, and an excessive amount of reverse rudder was used in |

gain Optioh 3. Figure 3.7 shows the least amcunt of course overshoot was
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obtained with gain option 3, with gain option 1 providing the next best result.
Gain option 4 had almost no overshoot, but the tire tc achieve final course (rise
time) was much longer than for either gain option 1 or 3. Gain options 1 and 3
provided the tightest track, though the. track obtained with gain option 4 is
acceptable.: .Yie.lding from the g_a'in‘ option 1 resulted m the best overall
performance of the simulated AUV 1L | |

The best overall performance was obtained with gain options 1 and 4.

Gain optionll was chosen as the one to use in the actual AUV Il for initial testing

because the actual values of K, and K, were less than for gain option 4. This
translates to less rudder activity and power consumption on the AUV 1], an

important consideration due to the limited battery life.

E. COMPARISON WITﬁ ACTUAL AUV II PERi’-’ORMANCE

Initial closed loop control, in-water testing of the' AUV 1I was perforxhéd in
_ the Naval Postgraduate Scﬁool' swimming pool. This environment was free of
outside disturbances,' such as éunents and high winds. A racetrack pattern was
+ used for initial closed loop testing. Table VIIl summarizes the hgading commands

to the AUV II control system. using a racetrack pattern.
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TABLE VIII INITIAL AUV 11 TESTIN G COURSE COMMANDS

Tune (seconds) Course ’degrees)

0 000
30 180

90 360

Figure 3.9 shows a plot of the AUV Il heading versus time using data
obtained from the onboard heading gyro. Superimposed is the simulated AUV II
heading for the same racetrack pattern. The constant offset in heading is caused -

by model inaccuracies and the speed difference between the simulated AUV 11,

-which was assumed to be a constant 1.6 feet per second, and the actual AUV II,

whicn mcreased ir speed from 0 to approximately 1.6 feet per second dunng the

. first 30 seconds If th.: first 30 seconds of data are dxscarded the heading match

between the simuls* d and uctual AUV II's is extremely close (Figure 3.10).

Figure 3.11 is ¢ plot of simulated and actual AUV II turning rate versus
time. There is close azreement between both results, though the actual AUV I
turrii_ng rate increased faster than the computer model. Figure 3.12\shpws the
rudder performance.

The jnitial performance of the AUV Il was very encouraging.' Hydrqdynami‘c

--coefficients predicted uéing primarily éteady state turning arialysis and linearizéd

equations of motion produced good results, noteworthy considering that when

turning radii as small as the AUV II's occur (<4 ship lengths) significant non-

42




Figure 3.9

Figure 3.10

HEADING (Degrees)

HEADING (Degroes)

-100.0 0.0 100. 0200. 0300. 0400. 0

™Y It e 2n mane aam sy 4 T r—r —r—r
¥ L) T 1 1

0.0 20.0 40.0 60.0 80.0 100.0 120.0
TIME (Seconds)

AUV II Heading vs. Time

=]
=
[=)
T
© ]
o 4
e |
m -
© ]
o 4
g .

, Experimental
° -
81
ﬂ"

1

-

°‘ T ry o rTTTyTyYrT T T T YT
0.0 20.0 40.0 60.0 80.0 100.0 120.0
- TIME (Seconds)

AUV II Heading (Actual and Simulated) Start Time @ 30

43




10.0

TURNING RATE (Doomslnc)
5.0

o
o‘ .
Simulation
° '
?"YT""'I"V"I"YIYYY'IVY. .
0.0 20.0 40.0 60.0 80.0 100.0 120.9
' TIM: (Seconds)

 Figure 311  Actual and Simulated AUV II Turning Rate vs. Time

30.0

15.0
2

0.0
b,

RUDDER ANGLE (Degrees)

(-]

n

[ ]

]

°'1

e I B e B e

'0.0 20.0 40.0 60.0 80.0 100.0 120.0
TIME (Secunds)

Figure 3.12 = AUV Ordered Rudder Angle vs. Time




linearities are encountered in ship moucling. The correlation between actual and
simulated results was sufficiently close ﬁot to require additional modifications
prior to submerged testing of the AUV IL

Information still lacking at this point in tie .esting program was the accurate
measurement of the AUV I épeed. Additional analysis and refinement of the
AUV II computer model had to wait until the onboard speed sensor was
calibrated. - Chapter IV will describe submergeci AUV U testing, final
determination of the laterai motion hydrodynamic coefficients, and the
determination of other impor;ant hydrodynamic coefficients for the six-degree-of-

freedom computer model.
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IV. AUV 11 SIX-DEGREE-OF-FREEDOM COMPUTER MODEL

A. EQUATIONS OF MOTION

Further deve!apment of the AUV II model reqmred the use of a complete -
tf\ree dimensidnal, six-degree-of-freedom computer simulation. The six equations
of ;nc;ﬁon for a submerged vehicle [Ref. 10] (surge, sway, heave, y‘aw, pitch and
roll) were incorporated into the computer oode mthout using any simplifying
assumptions. This. perrmtted the maximum ﬂexxbxhty in determining the level of
~ model sophistication. By setting various hydrodynamic coefficients to zero,
| simpler models could be analyzed. Integrations used to cal@ate the drag f&roes ,
in the late-ral', heave, pitch, and yaw equations are performed numerically using
the trapezoxdal rule. |

The computer program has the capability to simulate a submerged vehicle
using all hydrodynamic coefficients. In developing the AUV II model, a number
of simplifying assum.ption"s were vrr‘xa.de. These assumptions and known physical

characteristics of the AUV II are summarized below:

1. The AUV Il is neutrally buoyant: W=B
2. The AUV II is symmetrically loaded in the transverse direction
(yc=0 and yg=0), and the vertical certer of buoyancy is rrudway
between the top and bottom of AUV I (2,=0).

3.  Thecounter-rotating propellers produ_ce no yaw moment (N_,,,=0).




The products of inertia about the body system zero because the
AUV II possesses two axes of symmetry.

The AUV 11 acceleration and decelerations rates are small enough
so that propeller slip can be neglected.

The effect of cross—coupled hydrodynamic coefficients can be
neglected in most cases, again because of the AUV II geometric

symmetry.

The resulting equations of motion are presented below.

mw -mxgq -Z,4 -Z,w =
mugq - mvp - mxgpr + mz.(p? +q?

+2uq +Z uw +u*Z.5,+Z,8,) 4.1 .

- [= ©Copewey ~Coblx)w -5 “64’“)‘)

Heave Equation of Motion

| mu + mzc§ -Xau=
mvr - mwq + ﬁxqu’ +mxcr? -mzgpr + X r? +va42 |
+ 0Ky 8.2 + XpuBi2 + Xy 5 8,2+ Xy 5 8,8 +u K,y
Surge Equation of Mdﬁon' ’I
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mv + mxgf -mzgp - Y -Yv=

mwp - mur ~mx;pq

- mz.qr + Y,ur . Youv +u*Y, §,+Y,8,.)

- _[:- [Coph(xXvexr) + Cpb(xXw-xq¥] ‘;’J:(’;)dx

Sway Equation of Motion

Lp - mzev - Kyp =
(I, -I)qr + mz;ur - mz;wp + K up - (z;W -z3B)cos6sin¢
Roll Equation of Motion |

L4 - mxcw + mz;u -Mg - M w =
(I,~L)pr - mxguq + mxoVp + mzvr - mzowq +
*Muq + M,uw + u (M3, + My8,) - (z;W -2zB)sin®

- I:" [CID,h(x)(v«»xr)z+CDz‘b(x)(w-xq)2] (;;:)l)xdx

Pitch Equation of Motion

Lt + mxgv - N - N,v =
(I, -I)pq - meur +mxgwp + N ur + N uv
+u*(N, 8, +N, 8,) + (xcW -x;B)cosBsing +u?N__ -

- [ Cohvexr? + Cobixxw-2q)] %:;:;*dx

Yaw Equation of Motion
where U x) = [(v+xr)? + (w - xq)*]'/?
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In addition to these equations, the six-degree-of-freedom computer model .

includes equations for the euler angle rates (y, ¢, 8) and inertial position rates
(X, ¥, 2). These equanons are contained in [Ref. 10] and can be easily interpreted

from the six-degree-of-freedom computer model in Appendlx B.

B. ESTIMATION OF HYDRODYNAMIC COEEFICIENTS

The determination of the hydrodynamic coefficients in the yaw and sway
equations (4.3 and 4.6) wésl discussed in Chapters II and III. This section will
discuss the determination of the hydrodynamic coefficients in the remaining
equations of motion.

1. Heave and Pitch Ecaations

. The hydrcdynamxc ﬂoefﬁcxents in the heave equatxon @1 Z,, Z, Z

and Z,, and pitch equatxon 4. 5) M, M, M, M, were determmed by
geometrically scahng the given SDV hydrodynamic coefﬁcxents The
hydrodynamic coefficients related to the accelerations are a funcnon of the added
mass of the vehicle. Due to the similar, and fau'ly rectangular shapes of the AUV

II and SDV, the coefficients can be considered proportional to the enclosed

volume, or mass since bqth vehicles are neutrally buoyént. For examjple‘l

| (.Zw)sb%/ = %La(z\: )spv «Kmgpy
where Z’_ is the dimensionless hydrodynamic cbefficient. (For convenience the
pﬁme has been left off in other discﬁss‘ions regarding hydrodynamic coefficients,
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and will again be left off after this section). Wﬁﬁng a similar expression for

(Z,) av and taking the ratio between the two coefficients yields

. 3 \
commoufi=[22]
. : Lauv Mgpv

By substituting in the appropriate vehicle dimensions and masses

(Zo )awy = 0.3718(Z, )gpy
This same ratio applies to the geometric scaling for the otﬁer acceleration-related
terms.. o o
The velocity-related hydrodynamic coefficients are related to drag forces
on the vehicle. For the ;;itch and heave equations the areas of interest are the

vehicle top and bottom. For example
(Z,)spy = %L‘z(z‘; Jspv = K Lepy Bspv

Again taking a ratio between AUV II and SDV hydrodynamic coefficients yields

(Zo)auy =(Z., sov [ Lsov ][ g“’" ]= 0.5195(Z, ),y

Lawv )\ Bsov

* - Table IX summarizes the results of geometrically scaling the hydrodynamic -

coefficients for the pitch and heave equations. |
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7/
wl/
TABLE IX. PITCH AND HEAVE EQUATION
" HYDRODYNAMIC COEFFICIENTS |
Coefficient SDV Value Scaling Factor AUV II Value I
. Z -0.30200 05195 -0.15687 I
Z -0.13500 0.5195 . -0.07013 l
- q .
M, 0.09860 | 0.5195 0.05122 I
M, -0.06860 0.5195 -0.03563. I
'z, -0.24300 10.3718 -0.09340 I
z, -0.00681 ' 0.3718 -0.00253
M, -0.00681 0.3718 ~ 0.00253
‘Mq | -0.01680 0.3718 -0.00625

2. Roll Equation
The primary hydrodynamic coefficients, KP and K o in the roll equation
(4.4) were also determined by scaling the given SDV hydrodynamic coefficients.

When a vehicle enters a turn the amount and direction of roll is a function of the

location of Cg and C; and the lateral force caused by lateral motion (Y,). Prior to
scaling, the effect of the fin on the SDV had to be "removed” from the given
values of K_ and K o This was dore by multiplying the given values of K . andi(?

by the ratio of the given SDV and Finless SDV values of Y, :
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r \ -
&K'y =(K’). | Fssen | _0.01100(-0:03585 ). _o 00711
(K, Jtutens = K5 D given | o (Y Vo ) | ~0.05550
, (o ),;,,, | (-0.03585
= . e |- ~0.00101] 299999 | _g 00065
(Kp )ﬁnlc'u (Kp )pm (Yv)’m J \_0.05550

As in the case of the heave and pitch equations, the acceleration coefficient is a
function of the added mass term, and is proportional to the masses of the-

vehicles. Thus

(K, Javv = 0.3718(K, dapy = (0. 3718)(-0 0065) = -0.00024

The velocity-related coefficient, K pr 15 2 functxon of the area of the veh1cle side,

normal to the lateral velocity vector,

(Kp)SDV BLZ(K;. Jspv = K Tspy I-‘sn\r

and taking the ratio between AUV II and SDV terms yields

(K agy = (K, dspy Leov || Tawv =(-0.00711)(0.7598) = -0.00540
LAUV_ 45DV
3. Surge Equation
The acceleration-related hydrodynamic coefficient, X, in the surge
equatxon (4.2), was estlmated by geometric similarity in the same way as

described for other accelerauon-related hydrodynamic coefficients.
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KDaov = 0.3718(X/ sy = -0.00282

In order to account for nonlinearities in the equations of motion that
become significant when turning radii as tight as the AUV Il has are encountered,
two cross-correlation coefficients were ‘included in the AUV II model. X"; the
hydrodynamic force in the x direction as a function of yaw rate, and X, the
hydrodynamic force in the x direction as a function of lateral velocity were
estimated for the given SDV values by geometric similarity. ’I'hg area on the
vehicle of concern for thesle coefficients is the side, thus both X, and X _ are

| proportional to the product of vehicle length and draft.

XWspy = -g—L (X )spy = KLsny Tspv

X)spv = % L« x'r,r )spv = KLgpy Tspv

Taking ratios of expressions for X,, and X, for the AUV II and SDV yields

)
- (Xv’v)m=(xv’v)snv[i's"“ Tawv |- (0.05290)(0.7598) = 0.0401

AUV yi sDhv

(X = (X dspy [ i‘s"" } (T‘“’V ]= (-0.00401)(4.327) = 0.01735

AUV \ TSDV '

Neglecting propeller slip, X,,, is proportional to the overall vehicle drag

“coefficient, Cp,. The pfocess begins with the general equation of propulsion force
. u ! ) ! .
where 1 =..n_°, u, = speed (ft/sec), and n, = rpm. Rearranging terms, and

collecting coefficients results in the following non-linear differential equation:
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(m-_g.l“x.,')ﬁs.g.l’u’x,'m

(m-X,)u+au?=an’n?  where a----.g_I’CDo | 4.7)

This equation can be solved by isolating time and speed-related terms on opposite
sides of the equation sign, and then integrating from an initial condition of u=0

at t=0 to u=u, at t=t. The resulting expression for speed, u, is

. A - : , .
u=nnt t‘l,r where A=_230D (4.8)
eAt+1 m‘x‘, .

To find a value for Cpo, an expression for a in Equation (4.7) in terms of the other
coefficients is reqﬁired. By assuming u to be a linear fraction () of u,, when t=T,

and n=n,, then L , .

eAT-1

au_ =nn
. ] OeAT+1

- Inserting the expression for A from Equation (4.8), and after some algebra, an

equation for a is obtained

a=2 %, (1a © 49) :
2u,T l-a) .

Placing Equation (4.9) into the definition of a in Equation (4.7), and rearranging

terms yields an explicit expression for Cpo




Py,
2gth e (4.10)
u, Tpl? l1-a

Observations of the AUV II during its maiden voyage indicated the vehicle
achieved full speed after a bit more than 20 seconds. By assuming that the AUV
I had achieved 90 percent of maximum speed at 20 seconds, usihg Equation

(4.10), an estimated value for Cp, of 0.015 was obtained.

C. ACTUAL AUV Il PERFORMANCE COMPARISON WITH MODEL

vl. Speed

| A computef program was written to compute the AUV II speed versus
time for various values of Cpo. Figure 4.1 shows a plot of speed versus time for
three different values of Cpo. Included on the figure is a plot of actual AUV II
speed durmg initial acceleration. The two second offset from zero is due to adata
recording problem in the AUV II; shlftmg the curve to the left shows that it
coincides very close to the Cp,=0.015 curve. Figure 4.2 is a plot of ﬁme to reachi‘
a certain percentage of tdp speed versus Cp,. Curves are plotted for 90%, 95%,
| ~and 99% of maxim‘ﬁm speed. The AUV II reaches 90% of top speed in

approximately 12 seconds.

2. Run Profile_
The following figures show how close the AUV 1 model matches the

actual AUV 1I performance. A "Figure 8" run vprofille‘ was used for this
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compari@n. Ordered AUV II speed 'was two feet/second, and the ordered depth
wés two feet.

Figure 4.3 shows the rudder commands used to drive the AiJV 1
through the rur. After an initial straight run, the ordered rear rudder apgles were
+15°; ordered bow rudder angles were the opposite of the stern rudder angles.
Figure 4.4 compares measured AUV II turning rate with the Comp;ztér model. The
actual AUV 11 propeller speeds. are shown in Figure 4.5. Note tl;a; the rpms are
different; the ri‘ght motor saturates at a lower rpm than the left motor. Fifteen
seconds int'd the run, the speed contro}lelj on board the AUV II ordered lower
rpms to maintain a speed of two feet per second. Shqrtly thereafter the first turn
began which caused speed to drop, and full speed was ordered on the propellers
for tﬁe remainder of the run. The gradual drop in rpm duringbthe rerﬁainder of
the run was due to a drop in battery voltage.

Figure 4.6 compares the computer model and actual AUV I speeds.
There is close agreement between the modgl' and actual speeds. -

The AUVII model depth pefformance is shown in Figure 4.7. Figure 4.8
is a plot of the actual stern plane deflection versus time. The actﬁal AUV planes
moved quite a bit to maintain the vehicle on depth through the turns.
Comparisons between actual and simulated ;rehicle pitch rate were not quite as
satisfactory as for lateral motion. This is due to a lack of calibration of tﬁe ~
hydrodynamic coefficients in the vertical plane | as was done for thé lateral

equations of motion. Nevertheless, the developed computei' model provided an
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excellent basis for designing an accurate depth controller, as evidenced by the

results of Figure 4.7.
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V. POSITION ESTIMATION AND LATERAL VELOCITY
OBSERVER DESIGN AND CALIBRATION

A. BACKGROUND

' The safe operation of a ship and its ability to'pe.rforx'n assigned missions
requires a continuou.s knowledge of position. Navigation equipment required in
ships has been established by international com}eﬁtion [Ref. 26] and

includes a marine radar system, radio direction finder, gyroscopes, and echo

sounders. Additional equipments used to fix a ship’s position include doppler

sonar, satellite positioning receiver, LORAN and Omega.

| During the period between fixes a ship’s position is estimated using a
procedure known as "déad reckoning,‘" in which the ship’s position is érojected
ahead based on ordered coﬁrse and speed. Ocean currents and errors in

estimating or maintaining the ship’s course and speed result in the generation of

. circle of position uncertainty around the "dead reckoned" position estimate.

Naval vessels commonly have 'ap inertial havigator system to accurately estimate
position between fixes. The inertial navigator c'énsists of acceléromefers mounted
such that accelerations in sway, heave and surge are accurately sensed. The
accelerations are integrated to determine thé vessel’s velocify along the three
pfinciple axes. i'he velocities are _integrated again to obtain the distance the ship

has traveled since the last fix.
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Precise knowledge of the AUV T position is just as critical a problem as with

any vessel. In fact, the absencé of human intervention during a mission requires
that navigation ancll motion control systems provide an extremely accurate
estimate of position at all times. The current configuration of the AUV II does not -
include a system for determining a navigational fix.

The size of the AUV II limits the size and complexity of onboard navigation
systems. Within the confines of the NPS swimming pool it is feasible to use the
sonar sys'tem for position fixing provided accurate sonar raﬁges to tie Qalls of the
swi@ing pool are available, that information can be used to determine the AUV
'II position. However, the quality of sonar returﬁs from the walls of the swimming
pool are frequen}tly not accurate and consistent endugh, especially during' turns,
to prowde contmuous and reliable fix information.

The accelerometers on board the AUV I could also be employed as an
inertial navigation system to provide a continuous and accurate estimate of the
AUV I position. However, the sensitivity of the accelerometers, which must be
capable of mthstandmg gravxtatxona] accelerahon is insufficient to accurately
measure typlcal AUV II accelerations wh1ch are in the range of .05g.

Data avaxlable from instrumentation on board the AUV II mcludes forward -
velocty (u), headmg (y), and turmng rate (). Equatlon (5 1) shows the state space -

method to determine AUV 1I velocities in the x and y directions.
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X = ucosy - vsiny . G.1)

y = usiny + vcosy

Position is then determined by integrating X and y. Note that lateral velocity (v),
is not available from instrumentation on board the AUV II. The “dead reckoner”
on board the AUV II uses only velocity and heading information to determine
ébsition, ie. v is always assumed to be 0. This results in significant position
inaccuracies being built up during the AUV II operation.
With these limitations'in mind, three different methods were ix_westigatgd ;
¥o brovide the AUV II with an accurate position estimator. The first method
investigated uséd the six-degre&qf-freedom computer model developed in the
previous chapter. A second method used a reduced order observer to estimate
lateral velocity. The third methoci investigated was an explicit détermination of

lateral velocity based on the tufning’ rate.

B. SIMULATION POSITION ESTIMATE

.The six-degree-of-freedom simulation prograﬁ was used to provide an
estimate of lateral veloaty to use in Equahon (5.1). The program sunulates the
rates of change of lateral velocity (v) and turmng rate (t) using Equatxon (3 5).

After perforrmng a first order mtegranon to determme v

v=v+(At)V (5.2)




x and y are calculated 1I15ing Equation (5.1). The present AUV II position is then
determined by a first order integration of the form of Equation (5.2).

The shortcoming of this method of éstimating the AUV II position is that the
actual turning rate, r,,, is not equal to the sim;xlated turning rate, r,,,. Figurg 51
shows é comparison of rm and r,;m for ﬁ1e first IlOO 'seconqlsrof the "Figure 8" run

_profile analyzed m the previoﬁs chapter. The difference 'in the simulated r
between Figures 4.4 and‘ 5.1 is due to the'fa& that Figure 5.1 was obtained by
using a, 'simulation of the horizontal plane equations only. Since no pifch motions
and dive plane activity is present in this case, the model is, as expected, more
responsive. Even if the AUV I hydro&ynémiq coefficiel"xts were exactly knc;wh, |
r,andr,., 'woul& not always be equal. Over time this difference would result in

an ever-increasing error in actual versus estimated positions.

C. REDUCED ORDER OBSERVER

The development of a closed loop lateral motion-con&ol systérh for the AUV
Mas deScriﬁed in Chapter III did not require a knowledge of latefal velodty. An
accurate estimate of ti\e AUV II poéition doeé require knowledge of lateral
. velocity. Beca:use lateral velocity is not a state variable that can be measured, it
must be estimated. | |

A dynamic system in which sfate v,ariables are estimated from known
(measured) varizbles is called an observer. It can be shown [Ref.27] that

- for an observable system, an observer can be designed ,such that the difference
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Figure 5.1. Comparison of r,, versus r,,,

between the state of the actual system and the state of the observer can be made
~ toreach zero as fast as desired through pole placement techniques. If some of the
dynamic system state variables can be measured, then‘a reduced order observer .
caﬁ be developed to estimate the rex'naining state variables.

The development of a reduced order observer for lateral velocity begins with

the equations for t and v presented in Equation (3.3), and reproduced below.

s 2 2
v =ajuv +a,ur +b,u’, +b,u’, E5)

I =a,uv + ayur + b, u?s +byu?d,




In Equation (5.3) r is known, but v must be estimated by
§ = a,u¢ +a,,uC;y +b,u?s,, +b,,u’,
By defining
| ¢ =Ly vz S (5.4)
where
z2=Fz+ Gy~ Hu | (5.5

the estimation error can be defined as
t . A 2 2 . . N
'é=v -V =ajur+a,uv+b,u? +b,u’d -Ly-2

After a few algebraic steps, and grouping terms associated with r, v, 8, and §,, the

estimation error can be expressed as
© & =Fe-[au- LC,a,u +FLC, - GC,]r
+[a,u +LC,a,,u -Flv | ,
1 182 | (5.6)
+[b,u? -LC,byu? - H,13, ‘
+[b,u? - LCbyu® - H,l8,

For the error to be independent of 1, v, 8, and §, the métrices multiplying them

must vanish (i.e. equal 0). Theréfore, matrices F, G and H can be defined as
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F = a,u -LC,a,,u
G = [a,u-LC,au]C!+F
H = [b,,u?-LCb,u? b,u?-LCbu?l"
- and,
¢ = Fe
For the system to be stable, the eigenvalues of F must lie in the left half of the s-
plane. Since F in this problem is a scalar, appropriate eigenvalues, equivalent to
the observer time constants, can be directly determined without computing the .

determinant of a matrix.

The observer gain rﬁatﬁx, L, also a scalar in this problém, is found by

.solving
-u
F =au-Lau = T - _(5.7)
where -_;‘T represents the eigenvalue of F. The AUV II vehicle length is ], and T,
. ° ‘ ,

.' is expressed in time to travel a certain number of vehicle lengths. Different values |
of the observer time constar;t, T,, result in different values of fhe observer gain
matrix. Once a value for L ha_ls been found, Equations (5.4) and (5.5) are used to
caldil‘ate an estimated value for v which is then used in Equations (5.1) and (5.2)
to calculate the AUV 11 Velocities and fhe present AUV II pdsition‘.

Figure 5.2 is a plo£ of lateral velocity versus time for the first 100 seconds of

the Figure 8 run profile. Note the variation of estimated lateral velocity versus
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time constant. Varying the time constant of a linear observer should only affect
the speed with which the estimate converges to the exact value. However, in this |

> | instance varying the time constant also affected the steady state value of lateral

velocity. The reasons for this will be discussed after the next section which
describes the development of the "explicit" lateral velocity curve shown in Figure

5.2.
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Figure 5.2 ' AUV IT Lateral Velocity versus Time for leferent Observer
Time Constants

D. EXPLICIT DETERMINATION OF LATERAL VELOCITY
. The expressions for v and t with the bow and stern rudders not 6peraﬁng
independently are contained in Equation (3.5), and printed below in equation vice

matrix form.
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Vv = a,,uv +a,ur + b.u?y '
_‘ ) 12 180 (5.8)

T = auv +azur +bu?

The rudder angle, §, can be eliminated by rearranging the equations, yleldmg an

- equation that is a function of v, ¥, r and only, .
b,V + (b,ay ~bya)uv = byt +(ayb, -b,ay,)ur
~ or, in the s domain - .

KT,sv+Kv = K;r +K,T,sr

where K = (b,a, -b,a,)u
T, =b/K | (5.9)
K, = (a,b, 'bxézz)u |

T, = b/K,.

K and ‘Kv are constﬁnts and T; and T, can be treﬁted as time constants of v .and
r respectively. |
Equation (5.9) can be rearranged to cieafly ghow the éxplicit' transfer
function that exists between v and T
L )
r ‘K(l +T,y8) , .

from which an explicit solution for v can be derived

LALLLEL L ean

r+ r

T, KT, XT,

v=-
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 The "explicit" lateral velocity curve of Figure 5.2 was obtained by using Equa'\ﬁon

- (5.10) to - 'termine V.

A possible problem exists with Equation (5.11) in that the derivative of r is
used to calculate v. Any noise in the value of r is ami)liﬁed by taking its

derivative, and this amplified noise has the potential to degrade the computed

value of v. Therefore, it is desirable to eliminate the zero associated with ¢. This

is accomplished by writing the reciprocal of Equation (5.10) and performing a

~ Taylor series expansion of the right hand side. The resulting "first order” transfer

function between v and r is

v . K,
Y K+K(T,-T,)s

in which, in the time domain, Equation'(5.12), Vv is a function of only v énd r

ve-_1 .. K | (5.12)
T, K(T,-T,). .

Figure 5.3 shows the explicitly determined lateral velocity as computed by the
exact expression (Equation (5.11)) and the first order approximation (Equation
(5.12)). Also shown, for comparisoh, is the 0-th order approximation obtained
from Equation (5.10) by substituting s=0. In the case of the AUV I the effect of
noise in the vlalue of t is minimal. Though th= amplitude of all the terms in

Equation (5.11) are within the same order of mag ri*ude, it appears that any noise

introduced into the estimation of v is minimized by the subsequent integration

to obtain v.
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Figure 5.3 Exphatly Determmed AUV II Lateral Velocity, Exact and First

Order Approximations

The explicitly determined lateral velocity behaves as an obsen.re'r with atime
constant between 1 and 2. This "natural time constant” can be computed directly
from Equation (5.75. This t‘ime constant is a function of the AUV II hydrodynamic
coefficients which make up the vanous coefficients of the a and b matrices.
Substxtutmg numbers into the equdtlon yields a value of T, of approximately 1.8.

This is consistent with the location of the explicit curve on Figure 52.

E. OBS_ER'VER CHARACTERISTICS AND CALIBRATION
The analysis so far has only compared different methods of estimating the
" AUV I lateral velocity. Still MOW is the actual AUV 1I lateral velocify,, which

is the benchmark against which the different estimation methods must be judged.
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I. Since there is no way to determine the actual AUV II lateral velouj*y, the six-
degree-of-freedom computer simulation was used to determine . - appropriéte

lateral velocity observer time constant.

1. bix-Degree-of-Fréedom Calibration of Lateral Velocity Observer

Gelneran‘ng' a track using the six-degfee-of—freedoni computer model of
the AﬁV involved no estimates of sensor ezrors. Recognizing'that the model is not
- yet a perfect representation of the AUV 11, it could still be used io generaté a
* track againsi which the performance of the enhanced position estimator could be
levalluated. ‘The.inpvuts to the simuiation were actual AUV II rpm and rudder
angles as recorded during an oval run prcfilé performed by the AUV II. Actual
rpm. and rudder commands Weré fed into the simulation. The results of the
simulation welx"e treated as the truth ag:i.iinst which the different lateral velocity -
‘observers were compared. Figure 5.4 is a plof of lateral velocity versus time. In
addition to the real lateral velocity as determined by the six-degree-of-freedom
computér model, results for observers with time constants of 1, 15, 2, and 2.5
vehicle lengths are plotied. |

Analysis of Figure 5.4 reveals that the best time ‘cdnstant for the lateral
véiocity observer is approximately 2.0. The reason for the difference in ﬂle resuits
for different ‘observer time constants can be attributed to the non-linearities of the
equations of motion used in the six-degree-of-freedom‘ compt;ter simﬁlation. The -
. lateral motion observers were developed based on linear, sirhpliﬁéd Vequatior.ts of

motion. Any non-linearities not accounted for in the observer design would result
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Figure 5.4 Comparison of ‘Simulated AUV I Lateral Velocity with
Estimated Lateral Velocities

in the error in estimating lateral veloc:ty not being mdependent ofr,t,vand v.
'I'hus, the observer would "believe" the estimation error was zero, when it in fact
was not. These ”hidden" non-linearities are responsible for the variation in steady

state lateral velocities seen in Figures 5.2 and 5.4.

In order to verify the variation in steady state lateral velocities during

the turns was in fact caused by non-linearities and that the observer was working

properly, the same speed and rudder commands from the oval run of the AUV

Il were used in a simulation program based solely on the simplified, linear

equations of motion. Figure 5.5 is a plot of the difference between the mmulated

lateral velocity and the explicit and estimated lateral velocities. The differences are
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almost insignificant, thus verifying the proper performance of the lateral velocity .

observer.

| Figure 5.5 = Difference Between Simulated and Estimated AUV II Lateral
Velocities Using Linear, Simplified Equations of Motion

Figure 5.6 shows the results of using the six-degree-of-freedom |
computer n;oldel using a version of program OBSERVE (Appendix C). The solid
line is the actual simulated track, the "truth” which the enhanced position |
. estimator had to match. The dashed line shovIvs the pbsiﬁon estimate that would

. have been calcﬁlated by ;he AUV 1I without lateral velocity infoﬁnation. The
dotted liﬁe shows the estimated position of the AUV II using time constants of

15,20, and 2.5. It ‘appears that the best time constant lies between 2.0 and 2.5.
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Figure 56  Geographic Plot of Simulated AUV II Run

The improvement in position estimation using the reduced order
observer for lateral véloéity is deafly seen. Figure 5.7 shows the difference
between the sin‘uﬂated and estimated x and y positions for a time constant of 2.3.
Nowheré is the error more than two feet. More imioortantly, since the position

~ estimator is being driven by the lateral velocity obser§er, the cross track error is
never greater than one foot.

As pointed out before, the six-degree-of-freedom computer model of the
AUV Il is not yet pzr.oci. 'C:msequen_tly, there will be some differenoes‘between
an actual and simulated track. In particular, any error in lateral‘velocity will be '
integrated into the estimate of position. As time _progresses, this error will

continually increase.
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Figure 5.7 Position Estimate Range Error

2. "Consiant Pool Width" Verification

It has been shown that the reduced order lateral velocity‘observer and
the enhanced position estimator can accurately estimate the AUV 11 geographic
‘positiobr) when using the six-degree-of-freedom computer model. The ability of the
lateral velocity observer and enhanced pdsiﬁo_n estimator to estixﬁate actual AUV
II position from an actual AUV 1I run provided a second, independent means of |
proving the validity of this téchnique to obtain a real-time position estimﬁte of the
AUV L. |

'The actual track of the AUV II woul& have to be detefmined froml sonar
range data to the sides of the swimming pool. Fairly good sonar range data to the
edges of the swimming pool were available in theﬂatal file from the oval run

used in the previous section. In particular, this run contained two straight legs
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over 25 seconds long which provided a good lateral position of the AUV II in the
pool. Tﬂe range data from the forward-looking sonar was also very good. Both
of these ranges could be combined to provide track data on the long legs of the
6val.
Figure 5.8 shows the geometry and terms associated with the "constant
pool width" method. Because the sWimming pool is a constant width of 60 feet,
the sum of the initial distance the AUV II was from the left edge of the swimming
pool, the lateral distance traveled, and the range to thle right sideof the pool-

should be 60 feet, as described in Equation (5.13).

initial Range to Left Side of Pool

¢ Cav_|

Renge to Right
Side of Pool

Figure 58 . "Constant Pool Width" Geometry

Initial rangefrom - Lateral distan to ' ‘ '
l‘ﬁ% + led 08 #n‘xl"lﬁfhtswf“t . (5.13)




Figure 5.9 shows the raw r.ange dat; from the AUV II data file corrected
for the actual vehicle heading angle. During the time period shown, the range
shown is the range to the right wall of 'thé swimming pool. The erroneous range
spikes had to be deleted, or smoothed, prior to using the dat; file fc;r MQ
analysis. A routine was written to smooth the data that useq a threshold of .3 feet

~of difference betwleen successive sonar returns. If the range changed Ey more than
the threshold value the range was kept at the previous value until the actual
range returned to a value within the threshold. The dotted line in Figurel 59

shows the areas in which the range information was smoothed.
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The initial distance from the left wall was obtained by analyzing Figure

5.10, which is a graph of the first six seconds of the oval trial run. The average
range appeared to be 6.1 feet. Even if the choice of averagé range was in error by

0.1 feef, the effect on the overall constant w1dtn calculation was very small.

o
' 8.3 . - - ’ 1
8.25} ’ o . e e

8.2}

Wi W*\ il

5.05¢

corrected port sonar range (ft)

[ —-——A—;—-—-'-———— ——
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(4] 1 3
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Figure 5.10 Range to Left Side of Pool, 0-6 Seconds.

Figure 5.11 shows che initial resullts of the constant pool width
calibration using a horizontal plane dead reckoning program with a time constant
of 2.0. Trough the horizc;ntai dead reckomng program ,uses only the lateral
motion, its “esconse is very close tb the six-degree-of-freedom computer model.
The curves in Figure 5.11 represent the width of the poolv as calculated by
Equatior: {5.13). Both range terms in Equation (5.13) are known, hence any errors

are due to an incorrect estimation of lateral distance traveled.
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Figure 5.11 "Constant Pool Width" Verification

Figure 5.12 is a .geographic plot of the AUV II oval track and range
data. The solid line represents the position of the AUV II as dead-reckoned by the
 AUVILThe AUV éomputés down and cross t;ack velocity usihg Equation (5.1),
with v=0.0. The dashed line is the enhanced position estizl'nate of the AW IT using
a time coﬁstant'of 2.0. The straight lines along each side of the oval tracks are the
ranges to the side of the pool obtained by the AUV II during the run |

A quick analysis of Figure 5.12 indicates that the enha\nced position
estimate did a much better job of determining the actiai position of the AUV IL
Closer obsefvation of Figure 5.12 reveals some problems with the onboard sensors

which affect the validity of the results presented.
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Figure 5.12 Geographic plot of AUV 11 Oval Run |

_ Both édges of the’oval were supposed t0 be pgrallel to the pool sides.
It can be seen that neithér Jeg of the AUV Ilis parallel to the pool sides. This was
caused by a drifting problem witﬁ the heading gyTo: Initial pool side tests of the
heading gyro drift indicated an approximate drift rate of 0.014 radians/sec.’
Subsequent tes;ting indicated that drift rate varied 2s the sﬁpply voltage varied.
The supply yoltage varied depending upon the rpm of the shafts. To a lessex;
degree, the turning rate gyro also drifted during this ruﬁ.l Both of these drift rates
| had to be apprbximated to produce Figure 5.12. |
o It can also be seen that the AUV 11 track tumns prior to the end of the
straight range ﬁne. This is dﬁe to an inaccuracy in the calibration of the speed

sensor on the AUV 1L The solid line in Figure 513 shows the range t© the far
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end of the pool during the initial leg of the oval. The dotted line during the first
nine seconds is a smoothed range comp;uted by integrating the recorded AUV I
speed. The constantly decreasing range from 10-33 séconds indicates the AUV II ‘
speed was approximately 2.3 feet/sec, though the onboard data file reported

speed approximately 1.6 feet/sec.
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Figure 5.13 Range to Far End of Pool, 0-40 Séconds

Nevertheless, lcom.pensation for the combination of sensor errc;rs is
difficult. The sensor errors notwithstanding, Figure 5.12 does show that the
enhanced position estimator can be used to produce a better estimate of the AUV
II position.

| It is noteworthy that the best lateral velocity observer time constant for

both the six-degree-of—freedorﬁ computer model and horizonal dead reckoning

83




methods was approximately 2.0. These independent methods of determining the

performance of the lateral velocity observer and enhanced position estimator

prov .+ ‘he method is sound. Improvements to the estimation of position in the six-

deg: »>or - ‘mulation computer model will 6ccur when the AUV 1T hydrodynamic

coefficien:s are more accurately known. When the problems of sensor errors in the -

AUV I itself are solved, the accuracy of the estimated pbsition* will be much

better. This research has demonstrated that the reduced order lateral velocity
observer and enhanced position estimator can be used to obtain a more accurate

estimate of the AUV II position.




V1. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

This thesis describes various aspects of research directly related to
supporting the initial phaées of in-water testing of the NPS AUV II. For the first
time in this project the hydrodynamic coefficients of the AUV II vehicle were
estimated. Table X summarizes the hydrodynamic coefficients aﬁd significant
geometric properties of tfxe AUV II as determined by this research.

A proporﬁonal-deﬁvaﬁve controller was designed for initial closed loop
.testingl of the AUV 1l in the NPS swimming pool. The perfo;'mance of the vehicle
.was' as predicted by computer simulations. Initial turning résponée of the vehicle
proved to be very satlisfactory.

Labor, equipment, and time constraints limit the amount of in-Qater tésting
that can be performed with the AUV II. A number of components within the
AUV II have limited lifetimes,'e.g., the gyfos have a service life of only 200 hours.
For these reasons, it is important to conduct corhputer sﬁﬁulations Qf the AUV I
to test various vgujdan‘ce and cortrol schemes..Td_this end, a six-deg‘ree—of—fregdom ‘
computer model of the AUV @I was developed.

Space limitations on board the‘AUV‘H restrict the amount of navigational
equipment tﬂat can be insté.lled. To prbvide the AUV II with an accurate means

by which to estimate current position, a reduced order observer for lateral
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velocity was developed and validated. By using the estimated lateral velocity with
+actual AUV II speed and heading it was demonstrated that the AUV II position
can be accurately estimated. The enhanced position estimator was tested using

both simulated and actual AUV 10 trial runs.

B. RECOMMENDATIONS FOR FUTURE RESEARCH

The hydrodynamic cc.)efﬁ;:ients' for the AUV II must be reﬁned; Research
being conducted by Bahrke [Ref.28] in the estimation of hydrodynamic
coefficients usiné parameter identification techniques should yield al more
accurate set of hydrodynarmc coefficients. The coefficients will then result in
improved accuracy of the sm-degree—of—freedom computer model and enhanced
position estimator.

Thé controllers and guidance schemes invesﬁgafed for the AUV I and SDV
Mark 9 vehicles should be tested with the AUV II. The su-degree—of-freedom‘ |

| computer model is 1deally suited to perform thxs testing.

The enhanced position estimator should be incorporated into the guidance
methods, and research conducted as to the best method by which to geﬁerate
heading commands based on the current estimated portion and next waypoint

' generﬁted by the mission planning software. | | -

.The speed measu_rementl of the AUV II should be improvéd. As a minimum,

the paddle wheel speed sensor should again be calibratedb.‘ Thé performance of the

pacdle wheel during a turn, where the actual vehicle velocity is not normal to the




paddles, needs to be evaluated. Perhaps an improved speed sensor, such as a
pitot tube siould be installed.

The effect of improvements to the AUV II should be studied using the six-
degree-of-freedom computer model. Topics of immediate concern include: |

1. - The installation of thrusters. Thrusiers will add additional terms to the
equations of motion; the reduced order observer and enhanced position
estimator can be easily modified to account for the thruster effects.

2. Separate control of bow and stern rudders. Analy-is of the NACA 0015
plane characteristics would indicate that the by - rudder might stall
during the sharp turns conducted by the AUV II. Separzte control of the

. rudders would prevent stalhng, and mlght even improve the
performance of the AUV I ir. a turn.

3.  Separate control of the shafts. Independent operation of the shafts will
enhance maneuvering and position keeping at slow speeds ‘

With the incorporation of any of the above improvements to the motion
control systems of the AUV II, the governing equatiohs of motion become more
. complex. Fortunately with the design of the reduced order observer, the enhanced
position estimator is quickly adaptable to an increased number of parameters.
With an accurate set of hydrodynamic coefficients, the six-degree-of-freedom

computer model and enhanced position estimator will significantly improve

future AUV II' performance.
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TABLE X. SUMMARY OF HYDRODYNAMIC COEFFICIENTS

AND SIGNIFICANT GEOMETRIC PROPERTIES

Coefficient Value 1 Coefficient Value
Ix 2001735 M, -0.03565

X, 0.00282 M, 0.05122
X -0.04019 M, | -0.337*L*Y,,,
) A 0.02345 A Mg 0.283*L*Y,,
> 0.02345 N, -0.00047
Xyese 0.02345 N, -0.00178
Xorop (Cpo) 0.015° N, -0.01022

Y, -0.00178 N, -0.00769

Y, -0.03430 N -0.337°L*Y,,
Y, 0.01187 Niss 0.283*L*Y,,,
Y, -0.03896 L (£t 27

Y, 0.02345 L@y 420

Y 0.02345 L (ft*) 45.0

z, -0.00253 - X, (ft) -0.377*L
z, -0.09340 Xy, (£8) 0.283°L

z, -0.07013 ‘Weight (1bs) 435

z, -0.15687 Length ‘ft) 7.3

VA -0.02345 p (slugs/ft’) 1.94

Zy --0.02345 X (ft) 0.0104

K, -0.00024 Z (ft) .05

K, -0.00540 Xp () 0.0104

M, | -0.00625 Coy 0.5

M, -0.00253 Coz 0.6




APPENDIX A: SDV FIN HYDRODYNAMIC COEFFICIENTS

A fixed fin attached to a vessel contributes to the overall vessel

. hydrodynamic coefficients. The Y force and N-moment produced by the fin are’

Y, = +(Lcosf, + DsinB) AD
N¢=Yx,
where B, = fin angle of attack (v;/u)
Ly = finlift -
Dy = findrag ' -
%X = distance to the fin centrcid from the body center axis origin

The derivative of Y, with respect to v, taken at v = 0 is the fin velocity-dependent

hydrodynamic coefficient:

(Y, = ‘bn)f(-g—gl! . ' (A2)

By using the definition of P, algebraic manipulation of equations 1 and 2, and

expressing Ly and D; in terms of non-dimensional drag coefficients

L= (%)A,u ’Cy
Prg e

, '"Equations presented in this appendix are taken from section 10.2 of [Ref. 24].

89




the final expression for Yr; is obtained:

ac,| . A9
(Yv),=-(%}a,u(a;1+(cn>, .

‘For small angles of attack (Cp); is small in relation to E;C_BL d can be ignored.

By expressing (Yv); in normalized, nondimensional form equation A3 becomes .

ap

Note that the prime in equation A4 indicates that the fin area has been

om0
normalized by dividing the actual area (a;) by .. For the rest of this appendix
only normalized dimensions will be used in equations, and, for simplification, the
prime will be left Qeleted. . .‘ |

. The; total area and centroid of the SDV fin was‘detennined bly graphicai
integration. Figure A1 shows tl%é SDV rear fin, and the eight areas m to which
" it' was divided tb Heterrhiﬁe the area and centroid. Table Al summarizes
calculations performed.

X Ax_ 1139775in°

A E— S Pl 81in
‘ ZA 1406.1in2

Figure A2 shows the e.quivalént rectangular fin for the SDV together with the

. actual and normalized dimensions.
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- Figure Al SDV Fin

TABLE AL SDV FIN GRAPHICAL INTECRATION VALUES

Section Area! (i) | x(in) | Ax(@n®)
1 39.6 96.8 3883.3
2 363.1 96.8 35148.1
3 2535 | 100.0 25350.0
4 116.2 91.3 10609.1
5 84.5 80.5 6802.3
6 47.5 64.3 3054.3
7 491.1 57.8 28385.6
8 10.6 75.0 795.0

TOTAL 1406.1 113977.5

! Dimensions based on 3.25 in./side of a square on

~the graph paper
? Measured from origin of SDV body-centered axes.
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| length |, = 65°
- s — spanb=218"
' L 218
b'=210.1 =103
R 21.8° npoaraﬁoa-ﬂ'%‘s‘-.aa
: geometric aspect ratio
x | - b -
— T

Figure A2 SDV Equivalent Fin Dimensions

The value of %C;E was estimated using Jones’ form_hla

xx_‘ R 3.14
—_—=—a __0 3 058
%3 ( 3) i

Using the values derived above, the values for (Y,)y (N, (Y,), and (N); were

calculated as follows:

(Y) = A.aCL
R )

(N, = (Y,),x, = (~0.0166)(-0.385) = 0.00639

= 1(0.032)(0.518) = -0.01660

(Y, = x,(Y,), = (~0.385)(-0.0166) = 0.00639

(N, =x™(Y,), = (-0. 3852(~0.0166) = ~0.00246
The contribution of the fixed fin to the acceleration-related hydrodynamic

coefficients can be approximated by

(Y= e (A9
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Substituting the normalized geometric properties of the SDV equivalent fin into
Equation (AS5), the values for (Y,), (N,), (y,), and (N,); were calculated as

follows:

-2nbA, - (-2)(3.14)(0.103)(0.032)

(Y,), =
’ Jaé +1 03322 +1

(N,), =x,(Y,), = (~0.385)(-0.01965) = 0.00756

= -0.01965

(Y,), =x,(Y,), = (-0.385)(~0.01965) = 0.00756

(N, =x2(Y,), = (-0.385)%(~0.01965) = -0.00291
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APPENDIX B: SIMULATION MODEL

PROGRAM SIMAUV

Fotis A. Papoulias/David C. Warner
NAVAL POSTGRADUATE SCHOOL ‘
November 1991

NPS AUV 11 Six-Degree-of-Freedom Simulation Model

As written, this program uses data files produced by the AUV II
during experimental runs. With slight modification the program
can use input rudder and speed commands supplied by the
programmer to predict AUV II performance for different run

profiles

DECLARATIONS

NPS

REAL L,MASS,IX,1Y,I2,IX2Z,IYZ,IXY,NU,LRPM,KPDOT,KRDOT,KPQ, KQR
REAL KVDOT, KP, KR, KVQ, KWP, KWR, KV, KVW,KPN,KDB

REAL MQDOT,MPP,MPR, MRR, MWDOT, MQ, MVP, MVR, MW, MVV, MDS, MDB, NDRB
REAL NFDOT,NRDOT, NPQ, NQR, NVDOT, NP, NR, NVQ, NWP, NWR, NV NVW, NDRS
REAL MM(6,6),INDX(100)

DIMENSION X(15),BR(15),HH(1S%), VECHl(lS) VECH2(13), XMMINV(G 6)
DIMENSION VECV1(15),VECV2(15),F(12),FP(6)

AUV II GEOMETRIC §ROPERTIES (Basic Length Dimension is Feet)

WEIGHT= 435.0

IX - 2.7 .
1Y = 42.0

12 = 45,0

IXY = 0.0

1Yz = 0.0

IXZ = 0.0

L = 87.625/12.0
RHO = 1.94

G = 32,2

XG = 0.125/12. o
YG = 0.0

2G = 0,05

XB = 0,125/12.0
YB = 0.0

ZB = 0.0

ZARM = 2,287

MASS =WEIGHT/G




. C

BOY =NEIGHT

XRS ==0.377*L

XRB =+0.283*L
c .
C DRAG COEFFICIENTS AND SPEED CALIBRATION DATA
o}

CD0 =  0.015
CDY = 0.5
CDz = 0.6
RPMO = 500.0
uo - 2.3
c
C SURGE HYDRODYNAMIC COEFFICIENTS
c k ’ v
L XPP = 0.00000%0.5*RHO*L**4
X0Q =.0.00000%0,5*RHO*L**4
"XRR  ==0.01735*0.5%RHO*L**4
XPR = 0.00003%0,5*RHO*L**4
XUDOT ==0.00282*0,5*RHO*L**3
XWQ = 0.00000%0,5*RHO*L**3
XVP = 0.00000%0.5*RHO*L**3
XVR = 0.00000%0,5*RHO*L**3
XQDS = 0.00000%0.5*RHO*L**3
XQDB = 0.00000%*0,5*RHO*L**3
XRDRS = 0.00000%*0.5*RHO*L**3
XRDRB = 0.00000%0,S5*RHO*L**3
XVV  ==0.04019%0.5%RHO*L**2
XWW = 0.00000%0,5*RHO*L*+2
" XVDRS = 0.00000%0.5%RHO*L**2
XVDRB = 0.00000*0,5*RHOYL**2
XWDS = 0.00000%0 . 5*RHO*L**2
XWDB = 0.00000%0,5*RHO*L**2
XDSDS =~0.02345%0,417%0 .5 RHO*L**2
XDBDB =-0.02345%0.417*%0.5*RHO*L**2
XDRDR =~0.02345%0.417%0.5*RHO*L**2
XRES = CDO*Q.S5*RHO*L**2
XPROP = XRES* (UO/RPMO) **2
C ' '

C LATERAL HYDRODYNAMIC COEFFICIENTS

"YPDOT = 0.00000%0,5*RHO*L**4
YRDOT =-0.00178*0.5*RHO*L**4
YPQ = 0.00000%0,5*RHO*L**4
YQR = 0.00000%0.5*RHO*L**4
YVDOT =-0.03430*0.5*RHO*L**3
YP = 0.00000%0.5*RHO*L**3
YR =+0.01187*0.5*RHO*L**3
YVQ = (.00000%0.5*RHO*L**3
YWP = 0.00000*0.S5*RHO*L**3
YWR = 0.00000*0.5*RHO*L*+3
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c

=~0.03896%*0.5*RHO*L**2
= 0.00000%0.5*RHO*L**2
=4+0.02345*0.5*RHO*L**2
=+0,02345*C . S5*KHO*L**2

C HEAVE HYDRODYNAMIC COEFFICIENTS.

c
2QDOT
zpp
2PR
ZRR
* ZWDOT
2Q
ZVP
ZVR
2ZwW
2V
zDS
2DB
c

c
KPDOT
' KRDOT
KPQ
KQR
KVDOT
' KE
KR
KVQ
" KWP
KWR
KV
KVW
c

=~0.
= 0.
= 0.
= 0.
==0.
==0.
= 0.
= 0.
=-0.
= 0.
==0.
=-0.

==0.
=0,
=0,
= 0.
= 0.
=0,
0.

LI I B |
coo0oo0o

00253*0.
00000*0.
00000*0.
.5*RHO*L**4
09340*0.
07013*0.
.S*RHO*L**3
00000%0.
15687*0.
00000*0.
02345+0.
02345*0.

00000*0

00000*0

00024*0

00000*0.

oocoe+0

S5*RHO*L**4

S*RHO*L**4
S*RHO*L**4

S*RHO*L**3
5*RHO*L**3

S*RHO*L**3
S*RHO*L**2

SRRHO*L**2

S*RHO*L**2
S*RHO*L**2

C ROLL HYDROCDYNAMIC COEFFICIENTS

.5*RHO*L**5
5*RHO*L**5

.S5*RHO*L**5
00000*0.
00000*0.
0054C*0.
00000*0,
.00000*0.
.00000*0.
.00000*0.
.00000+0.
.0000G*0

S*RHO*L**5
S*RHO*L**4
S*RHO*L**4
S*RHO*L**3
S*RHO*L**4
S*RHO*L**4
5*RHO*L**4
S*RHO*L**3

.S*RHO*L**3

C PITCH HYDRCDYNAMIC COEFFICIENTS

c
MQDOT
MPP
MPR
MRR
MWDOT
MQ
MVP
MVR:
MW
MYV
MDS
MDB

==0 .

= 0.

=0.

= 0.
==0.
==0.
= 0.
= 0.
=+0.

.= 0.

=-0.

, =+0.

00625%0.
06000*0.
00000*C.
00000*0.
00253#*0,
03565*0.
.5*RHO*L**4
00000%0.
.S*RHO*L**3
.S*RHU*L**3

00000*0

05122%0
00000%0

S*RHO*L**5
S*RHO*L**S
S*RHO*L**5
S*RHO*L**5
S*RHO*L**4
S*RHO*L**4

S*RHO*L**4

377*L*YDRS
283*L*YDRB

—n R Y,
e |




C YAW HYDRODYNAMIC COEFFICIENTS

c

e NeNeNe!

c

Cc

10

NPDOT = 0.00000*%0.5*RHO*L**5
NRDOT ==0.00047*%0.5*RHO*L**5
NPQ = 0.00000%0.5*RHO*L**S
NQR = 0.00000*0,5*RHO*L**5
NVDOT ==0.00178%0.5*RHO*L**4
NP = 0.0.000%0.5*RHO*L**4
NR ==0.,01022*%0,5*RHO*L**4
NVQ = 0.00000%*0.5*RHO*L**4
NWP = 0.00000*0.5*RHO*L**4
NWR = (.00000%0.5*RHO*L**4
NV =~0.00769*%0 . 5*RHO*L**3
NVW = 0.00000%0.5*RHO*L**3
NDRS =-0.377*L*YDRS

NDRB =+0.283*L*YDRB

PEN DATA AND RESULTS FILES. THE INPUT FILE (5) IS CHANGED BY
HE RESEARCHER DEPENDING UFON THE AUV RUN BEING SIMULATED

OPEN ( S5,FILE=’MODOVAL.DAT’,STATUS=’QOLD’)
OPEN (11,FILE='U.RES’,STATUS='NEW') o
OPEN (1c,FILE=~'V.RES’,STATUS=’NEW’)
OPEN (13,FILE=’W.RES’;STATUS=’NEW’)
OPEN (14,FILE~'P.RES’,STATUS='NEW’)

,» OPEN (15,FILE=’Q.RES’, STATUS='NEW’)
'"OPEN (16,FILE=’R.RES’,STATUS='NEW’)

OPEN (17,FILE='DRB.RES’, STATUS='NEW')
OPEN (18,FILE=’SSAS.RES’, STATUS='NEW’)

'OPEN (19,FILE=’SSAB.RES', STATUS='NEW’)

OPEN (20,FIL:='PHI.RES’,STATUS='NEW’)

. OPEN (21,FILE=’THETA.RES’,STATUS='NEW’)

OPEN (22,FILE=’PSI.RES’,STATUS='NEW’)
OPEN (23,FILE='DRS.RE3’,STATUS='NEW')
OPEN (24,FILE=’DS,RES’,STATUS='NEW')
OPEN (25,FILE='XY.RES’,STATUS='NEW’)
OPEN (26,FILE='X2.RES’,STATUS='NEW’)
OPEN (27,FILE=’YZ.RES', STATUS=’NEW’)

OPEN (28,FILE=’ZCELL.RES’,STATUS='’NEW’)

OPEN (31,FILE=’DRSS.RES’,STATUS='NEW’) '
OPEN (32,FILE='DRBS.RES’, STATUS='NEW’)
OPEN (33,SILE-’SIMT0DR1RES',STATUS='NEW')

C MASS MATRIX INITIALIZATION AND DEFINITION

BoO 15 J=1,6

DO 10 K=1,6
XMMINV(J,K)=0.0
MM(J,K)=0.0
CONTINUE
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15 CONTINUE

MM(1,1)= MASS-XUDOT
MM(1,5)= MASS*ZG
MM (1, 6) =-MASS*YG

MM(2,2)= MASS-YVDOT
MM (2, 4) ==MASS*ZG-YPDNT
MM (2, 6)= MASS*XG-YRDOT

MM (3,3)= MASS-ZWDOT
MM (3,4)= MASS*YG
MM (3, 5) =~MASS*XG-2QDOT

, MM (4, 2) =-MASS*2G~KVDOT
MM(4,3)= MASS*YG
MM(4,4)= IX-KPDOT
MM(4,5)==IXY
MM (4, 6) =-IXZ-KRDOT

MM (5,1)= MASS*2G

MM (5, 3) ==MASS*XG-MWDOT
MM (5, 4) =~IXY

MM(5,5)= IY-MQDOT

MM (5, 6)=-1Y2

MM (6,1)=-MASS*YG

MM (6,2)= MASS*XG-NVDOT
MM(6,4)=~IXZ-NPDOT
MM(6,5)=-1Y2Z

MM(6, 6)= IZ-NRDOT

MASS MATRIX INVERSION

000

DO 12 I=1,6
DO 11 J‘1,6
XMMINV(I,J)=0.0
11 CONTINUE
XMMINV(I,I)=1.0
12 CONTINUE
CALL INVTA (MM, 6, INDX,D)
DO 13 J=1,6 :
CALL INVTB (MM, 6, INDX, XMMINV(1,J))
13 CONTINUE -
c
C VARIABLE INITIALIZATION
c

TWOPI =8.0*ATAN(1.0)
PI =0 .5*TWOPI
IECHO =10
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c

C DEFTNE THE LENGTH (X), BREADTH (BR), AND HEIGHT (HH) TERMS

c

IPRNT
JPRNT
g

JE
DELTA
ISIM

X(1)
%(2)
X(3)
X (4)
X(5)
X(6)
X(7)
X(8)
X{9)
X(10)

X(11)

xX(12)
X(13)
X(14)

X(15)

HE(1)
HE(2)

“ HE(3)

HH (4)
HH(5)
HH (6)
HH(7)
HH (8)
HH (9)

-1
=0
=0
=0
=0

R ¥ P K BN N AR

HH(10)=
HH(1l)=
HH(12)=
HHE(13)=
HH(14) =
HH(15)=

BR(1)
BR{2)

.BR(3)

BR(4)
BR(9)
BR(€)
BR(7)

*BR(8)

BR(9)

.1
=10000

~-43,
-39,
-35.
-31.
=27,
~10.
0.
10.
| 26.
32.
37.
40.
42,
43
43,

wvNO

1C.

10.
10.
10.

oS U

-
L

16
16,
16
16
16.
16.
16

9/12.
2/12.
2/12.
2/12.
2/12.
0/12.
0/12.
0/12.
8/12.
0/12.
8/12.
8/12.
3/12.
.3/12.
7/12.

.0/12.
.7/12.
.2/12.
.6/12.
1/12.
.1/12.
1/12.
1 12.
1/12.
.6/12.
.6/12.
.6/12.
.2/12.
.3/712.
.0/12.

.5/12.
.5/12.
.5/12.
.5/12.
.5/12.
.5/12.
5/12.
5/12.
.5/12.

COO0OO0DOAODOOODO0OO0O0OQO

OO OO0 OO0 COOO0O00O0O0

O OO0 OO0 OOO0O




aO0n0n

BR(10)= 15.5/12.0
BR(11)= 12.4/12.0 '

BR(12)= 9.5/12.0

BR(13)= - 7.0/12.0 ,

BR(14)=  4.0/12.0 -

BR(15)= 0.0/12.0

RUDDER STALL ANGLES

o000

STL1=25.0*PI/180.0
STL2=30.0*PI1/180.0
STL3=45.0*P1/180.0

SIMULATION BEGINS

(e o Ne]

DO 100 I=1,ISIM

v

Some early AUV II files had an .ERR1 field after RANGE1l, and
an ERR2 field after RANGE2. If the file being used has these
fields, the following statement must be modified.

O0O00O0n

READ '(5, *,END=500) TIME,XPOSE, YPOSE, ZPOSE,PHIE, THETAE, PSIE,
& PE,QE,RE,DRE,DSE, RANGE1l, RANGEZ2,

& ‘ SPEEDE, RPMORD, RRPN,, LRPM
IF (I.NE.1) GO TO 111 ‘

XPOS XPOSE
YPCS = YPOSE : ,
ZPCS ZPOSE

PHI PHIE

THETA = THETAE

P PE

Q QE

R RE

LI I I I |

111 DRS = DRE

DRB =-DRE ‘
DS = DSE .
DB =~DSE

RPM= (LRPM+RRPM) /2.

‘CALCULATE THE DRAG FORCE, INTEGRATE THE DRAG OVER THE VEHICLE

DO 600 K=1,15

UCF=(V+X(K)’R)*'2+(W—X(K)*Q)**2

UCF=$QR% (UCF)

IF (UCF.LT.1.E-6) GO TO 601

CELOW =CDY*HH(K)*(V+X(K)*R)**2+CDZ*BR(K)*(W-X(K)*Q)*'Z
VECH1 (K) =CFLOW* (V+X (K) *R) /UCF

VECHZ (K) =CFLOW=* (V+X (K) *R) *X (K) /UCF
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600

VECV] (K) =CFLOW* (W-X (K) *Q) /UCF
VECVZ(K)-CFLow*(w-x(K)*Q)*X(K)/UCF
CONTINUE

CALL TRAP(15,VECV1, X, HEAVE)

CALL TRAP(15,VECV2,X,PITCH)

CALL TRAP (15, VECH1,X, SWAY )

CALL TRAP(15,VECH2,X,YAW )
HEAVE=~0 . 5*RHO*HEAVE
PITCH=+0.5*RHO*PITCH

SWAY =-0.5*RHO*SWAY

YAW ==0.S5*RHG*YAW

BETA =ATAN(ABS (V) /U) ,

IF (R.NE.0.0) RADIUS=SQRT (U**2+V**2) /R
IF (R.EQ.0.0) RADIUS=200.0*L

ARS -ABQ(XRS)*COS(BETA)/’1ADIUS+ABS(XRS)*SIN(BETA))
ARR. =ABS (XRB) *COS (BETA) / (RADIUS+ABS (XRB) *SIN (BETA) )
ARS =ATAN(ABS (ARS)).

ARB =ATAN (ABS (ARB))

ARS/ =0.0
ARE =0.0 .

SSAS =ATAN(V/U)+ARS ' -
SSAB =ATAN(V/U)=-ARB '
UV =y

- SSAS=0.0

601

602
c

SSAB=C.0

HEAVE=0.0
PITCH=0.0
SWAY =0.0
YAW =0.0
SSAS =0.0
SSAB =0.0
UV =U

CONTINUE : _ ’

C FORCE EQUATIONS

c

C SURGE FORCE ’

c

T R

FP(l) = MASS*V*R~-MASS*W*Q+MASS*XG*Q**2+MASS*XG*R**2-

MASS*YG*F*Q-MASS*2G*P*R+XPP*P* *24+X00*Q**2+XRR*R**2+
XPR*P*R+XWQ*W*Q+XVP*V*P+XVR*V*R+U*Q* (XQDS*DS+XQUB*DB) +

U*R* (XRDRS* (DRS-SSAS) +XRDRB* (DRB-SSAB) ) +XVV*V**24
XWW*W**2+U*V* (XVDRS* (DRS-SSAS) +XDRB* (DRB-~SSAB) ) +
U*W* (XWDS*DS+XWDB*DB) + {XDSDS*DS**2+XDBDB*DB**2+
XDRDR*((DRS—SSAS)**2+(pRB—SSAB)**2))*UV**Z—
(WEIGHT-BQY) *SIN(THETA) +XPROP *RPM*RPM~-XRES*U*U
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C SWAY FORCE , '

[e e ]

c
SFDRS=YDRS*UV**2*DRSS
SFDRB=YDRB*UV* *2*DRBS '
FP(2) = =MASS*U*R~MASS*XG*P*Q+MASS*YG*R**2-MASS*ZG*Q*R+
& YPQ*P*Q+YQR*Q*R+YP *U*P+YR*U*R+YVQ*V*Q+YWP *W*P+YWR*W*R+
& YV*U*V+YVW*V*W+SFDRS+SFDRB+ (WEIGHT-BOY) *
& COS (THETA) *SIN (PHI) +MASS*W*P+MASS*YG*P**24+SWAY
HEAVE FORCE .
FP(3) = MASS*U*Q-MASS*V*P-MASS*XG*P*R~MASS*YG*Q*R+
& MASS*ZG*P**2+MASS*ZG*Q**2+ZPP*P**24+ZPR*P *R+ZRR*R**2+
& ZQ*U*Q+ZVP *V*P+ZVR*V*R+ZW*UXW+ZVVAV**2+HEAVE + ‘
& U**2* (ZDS*DS+2DB*DB) + (WEIGHT~BOY) *COS (THETA) *COS (PHI) -
c |
C 'ROLL MOMENT
c : .
FP(4) = ~IZ*Q*R+IY*Q*R~IXY*P*R+IYZ*Q**2-IYZ*R**2+IXZ*P*Q+
& MASS*YG*U*Q-MASS*YG*V*P-MASS*2G*W*P+KPQ*P *Q+KQR*Q*R+
& KP *U*P+KRAU*R+KVQ*V*Q+KWP *W*P +KWR*W*R+KV*U*V+KVW*V* W+
& (YG*WEIGHT-YB*BOY) *COS (THETA) *COS (PHI) = (2G*WEIGHT~
& 2B*BOY) *COS (THETA) *SIN (PHI) +MASS*2G*U*R ‘
c
C PITCH MOMENT ‘ .
c e .

FP(5) = -IX*P*R+IZ*P*R+IXY*Q*R-IYZ*P*Q-IXZ*P**2+IXZ*R**2~
MASS*XG*U*Q+MASS*XG*XV*P +MASS*2G*V*R~MASS*2G*W*Q+ i
MPP *P**2+MPR*P *R+MRR*R* *2+MQ* [/ *Q+MVP *V*P+MVR*V*R+MW*U*W+
MVV*V*’2+U**2*(MDS*DS+MDB*DB)-(XG*WEIGHT- '
XB*BOY) *COS (THETA) *COS (PHI) -
(ZG*WEIGHT-ZB*BOY) *SIN (THETA) +PITCH

o o B B o)

YAW MOMENT

D00

YMDRS=NDRS *UV**2*DRSS

YMDRB=NDRB*UV**2*DRBS

FP(6) = ~IY*P*Q+IX*P*Q+IXY*P**2-IXY*Q**2+IYZ*P*R-IXZ*Q*R~
MASS*XG*U*R+MASS*XG*W*P-MASS*YG*V*R+MASS *YG*W*Q+NPQ*P*Q+
NQR*Q*R+NP *U*P+NR*U*R+NVQ*V*Q+NWP *W*P+NWR*W*R+NV*U*V+
NVW*V*W+YMDRS+YMDRB+ (XG*WEIGHT~XB*BOY) *
COS (THETA) *SIN (PHI) + (YG*WEIGHT- YB*BOY) *SIN (THETA) +YAW

o

COMPUTE THE RIGHT HAND SIDE OF'XDOT=F(X)

OO0

DO 610 J = 1,6.
CF() = 0.0
'DO 611 K = 1,6
F(J) = XMMINV(J, K)*FP(K) + F(J)
611 CONTINUE
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610  CONTINUE

c
C COMPUTE INERTIAL POSITION RATES
c - * '
F{7) = U*COS(PSI)*COS (THETA) +V* (COS(PSI) ‘SIN(THETA) *
& ‘SIN(PHI)-SIN(PSI)*COS (PHI))+W* (COS (PSI)*SIN(THETA) *
& COS (PHI)+SIN(PSI) *SIN(PHI))
F(8) = U*SIN(PSI)*COS(THETA)+V* (SIN(PSI)*SIN(THETA)*
& SIN(PHI)+COS (PSI) *COS (PHI) ) +W* (SIN(PSI) *SIN(THET2.) *
& ., COS (PHI)~COS(PSI)*SIN(PHI))
c .
F(9) = -U*SIN(THETA)+V*COS (THETA) *SIN(PHI) +W*COS (THETA) *
& COS (PHI) ‘
c
C COMPUTE EULER ANGLE RATES .
C ' |
F(10)= P+Q*SIN(PHI)*TAN(THETA)+R*COS (PHI) *TAN (THETA)
c C '
F(11)= Q*COS(PHI)~R*SIN(PHI)
c
F(12)= Q*SIN(PHI)/COS (THETA) +R*COS (PHI) /CCS (THETA) '
c ,
C ASSIGN VALUES TO THE "XDOT" VECTOR
c _ ‘
UDCT = F{1)
SVDST = F(2)
WDCT = F(3)
" PDOT | = F(4)
QDOT = F(5)
RDOT = F(6)
XDOT = F(7)
YDOT = F(8)
; ZDOT = F(9)
*  PHIDOT.= F(10) ‘
THEDOT = F(11)
PSIDOT = F{12)
C .
C FIRST ORDER INTEGRATION
c
U = U + DELTA*UDOT
v =V + DELTA*VDOT
w =W + DELTA*WDOT
P = p + DELTA*PDOT
Q =Q + DELTA*QDOT
" R = R + DELTA*RDOT
XPOS = XPOS + DELTA*XDOT
YPOS = YPOS + DELTA*YDOT
ZPOS = ZPOS + DELTA*ZDOT
PHI = PHI  + DELTA*PHIDOT

103




THETA = THETA + DELTA*THEDOT

c
C DEPTH CELL READING
o
ZCELL = ZPOS + ZARM*SIN(THETA)
C
C PRINT AND ECHO RESULTS

c
JF=JE+1
IF (JE.NE.IECHO) GO TO 99
WRITE (*,*) TIME,PSI
JE=0 '
99 JPRNT=JPRNT+1
IF (JPRNT.NE.IPRNT) GO TO 100
WRITE (11,*) TIME,U
WRITE (12,*) TIME,ATAN(V/U)*180.0/PI
WRITE (13,*) TIME,ATAN(W/U)*180.0/PI
WRITE (14,*) TIME,P*180.0/PI
WRITE (15,*) TIME,Q*180.0/PI
WRITE (16,*) TIME,R*180.0/PI
" WRITE (17,*) TIME,DRB*180.0/PI
WRITE (18,*) TIME, (DRS-SSAS)*180.0/PI
WRITE (19,*) TIME, (DRB-SSAB)*180.0/PI
WRITE (20,*) TIME,PHI*180.0/PI
WRITE (21,*) TIME,THETA*180.0/PI
WRITE (22,*) TIME,PSI*180.0/PI,PSI1*180. 0/PI
WRITE (23,*) TIME,DRS*180.0/P1
WRITE (24,*) TIME,DS*180.0/PI
WRITE (25,*) XPOS,YPOS
WRITE (26,*) XPOS,2POS
WRITE (27,*) YPOS,2POS
WRITE (28,*) TIME,ZCELL
WRITE (31,*) TIME,DRSS*180.0/PI
WRITE (32,*) TiME,DRBS*180.0/PI
WRITE (33,900),TIME,XPOS, YPOS,PSI,U, DR,
900 FORMAT (7F106.5)

JPRNT=0
100 CONTINUE
500 STOP
END'
C
SUBROUTINE TRAP (N, A, B,OUT)
c

C NUMERICAL INTEGRATION ROUTINE USING THE TRAPEZOIDAL RULE
c : ‘
DIMENSION A(1),B(1)
N1=N-1 '
OUT=0.0
DO 1 I=1,N1
OUT1=0. 5*(A(I)+A(I+1))*(B(I+1)-B(I))
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OUT =0UT+OUT1

1 CONTINUE

RETURN

END '
c

SUBROUTINE INVTA(MM,N, INDX,D)
¢ ‘ o ,
C MATRIX INVERSTION ROUTINE FOR MATRIX A
C :
PARAMETER (NMAX=100, TINY=1.0E-20)
DIMENSION INDX(6),VV(NMAX)
"REAL MM(6, 6)
D=1
DO 12 I=i,N
AAMAX=0,
DO 11 J=1,N .
. IF (ABS (MM(I,J)) .GT.AAMAX) AAMAX=ABS(MM(I,J))
11 CONTINUE :
IF (AAMAX.EQ.0.) PAUSE ’SINGULAR MATRIX'
VV(I)=1./ABMAX '
12 - CONTINUE
Do 19 J=1,N
DO 14 I=1,J3-1
SUM=MM (I, J)
.DO 13 K=1,1~-1
SUM=SUM-MM (I, K) *MM (K, J)
13 CONTINUE '
MM(I,J)=SUM
14 CONTINUE
AAMAX=0,
DO 16 I=J,N
. SUM=MM (I, J)
DO 13 K=1,J-1
, SUM=SUM-MM (I, K) *MM (K, J)
15 CONTINUE
MM (I,J)=SUM
'DUM=VV (1) *ABS (SUM)
IF (DUM.GE.AAMAX) THEN
IMAX=1 :
AAMAX=DUM
ENDIF
16, CONTINUE
IF (J.NE.IMAX)THEN
DO 17 K=1,N
DUM=MM ( IMAX, K)
MM (IMAX, K) =MM (J,K) .
: ‘MM (J, K)=DUM
17 CONTINUE
‘ D=-~D
VV (IMAX) =VV (J)
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ENDIF
INDX (J) =IMAX
IF (MM(J,J) .EQ.0.)MM(J,J)=TINY
IF (J.NE.N) THEN
DUM=1./MM(J, J}
DO 18 I=J+1,N
MM(I,J)=MM(I,J)*DUM
18 CONTINUE
ENDIF
19 CONTINUE
RETURN
END

¢ .
SUBROUTINE INVTB (MM, N, INDX, B)
c B
ot MATRIX:INVERSION ROUTINE FOR MATRIX B
c

DIMENSION INDX(N),B(N)
REAL MM (6, §)
11=0.
DO 12 I=1,N
LL=INDX(I)
v ‘ SUM=B (LL)
B(LL)=B(I)
IF (II.NE.Q)THEN
DO 11 J=II,I-1
SUM=SUM-MM (I, J) *B(J)

11 CONTINUE ‘

ELSE IF (SUM.NE.0) THEN
II=I

ENDIF

B(I)=5UM

12 CONTINUE
DO 14 I=N,1,-1

SUM=B (I)

IF (I.LT.N)THEN

'DO 13 J=I+1,N,
SUM=SUM-MM (I, J) *B(J)

13 CONTINUE ‘
ENDIF
B(I)=SUM/MM(I, I)

14 CONTINUE

RETURN
END
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APPENDIX C: PROGRAM OBSERVE

PROGRAM DOBSERVE

Fotis A Papoulias/David Warner
NAVAL PCSTGRADUATE SCHOOL
28 October 1991

This program uses the results of SIMCH6 for the AUV simulation of
the September MODOVAL computer run. The only inputs are TIME,
XPOSE, YPOSE, PSIE, UE, DRE, RE. Qutputs are a simulated track
("Truth") plotted from the given XPOS and YPOS, a track that the
AUV II would use as its DR (without V), and the Enhanced
Position obtained by using a reduced order observer to estimate
value of lateral motion, V.

' REAL L,MASS,NRDOT,NVDOT,NR,NV, NDRS,NDRB, 12
REAL KK, KV S '
DIMENSION X(15),HH(15),BR(15),VEC1(15),VEC2(15)

' GEOMETRIC PROPERTIES

WEIGHT=435.0
Iz =45.0

L =87.625/12.0
RHO =1.94 '
G =32.2

XG . =0.0/12.0
CDO =(.015

Cby ™ =0.5
cp2 =0.6 i '
RPMO =550
uUo =2.5

MASS =WEIGHT/G
XRS  ==0.377*L . . '
XRB  =+0.238*L.

‘SURGE HYDRODYNAMIC COEFFICIENTS

XRR =-0.01735*0.5*RHO*L**4
XUDCT=-0.00282*0.5*RHO*L**3

XVVv =-0.04019*0.5*RHO*L**2
 XDSD&=-0.02345*0.417*0.5*RHO*L**2
XDRDB=-0.02345*0.417*0.5*RHO*L**2
XDRDR=-0.02345*0.417%0.5*RHO*L**2
XRES =CDO*0.5*RHO*L**2
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c .

C THE INITIAL AUV II POSITION IN THE POOL MUST BE ENTERED BASED
C ON KNOWN FANGE INFORMATION,K FROM THE DATA FILE OR OTHER SOURCE.
C DWELL TIME AT THE BEGINNING OF THE RUN MUST ALSO BE ENTERED TO

XPROP=XRES* (UO/RPMO) **2

LATERAL HYDRODY&AMIC COEFFICIENTS

YRDOT=~-0.00178*0.5*RHO*L**4
YVDOT=~0.03430*0.5*RHO*L**3
=+0.01187*0.5*RHO*L**3
==-0.03896*0,5*RHO*L**2
YDRS =+0.02345*0.5*RHO*L**2
YDRB =+0.02345*0.5*RHO*L**2

YR
v

YAW HYDRODYNAMIC COEFFICIENTS

NRDOT=-( .
NVDOT=-0.

NR
NV

" NDRS
NDRB

THE FILE
THE RUN

OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
CPEN

00047*0.5*RHO*L**5
00178*0.5*RHO*L**4

=—0.01022*0.5*RHO*L**4
=~0.00769%0.5*RHO*L**3
==0.377*YDRS*L
=+(0.283*YDRB*L

USED IN THE FIRST STATEMENT WILL VARY DEPENDING UPON

BEING ANALYZED AND THE SOURCE OF DATA

(10,FILE='SIMTODR.RES’, STATUS='0OLD’)
(11,FILE='XY1.RES’,STATUS='NEW’)
(12, FILE='XY2.RES’,STATUS='NEW')
(13,FILE=’XY3.RES’, STATUS='NEW')
(14, FILE='LAT.RES’, STATUS='NEW’)
(20, FILE=’ TRUAUV1.RES’, STATUS='NEW’)
(21,FILE=' TRUAUV2.RES’, STATUS='NEV')

VARIABLE INITIALIZATION

ISIM=1000C
TWOPI =8.0*ATAN(1.0)

PI
IECHO
IPRNT
JPRNT
13
+ JE
DELTA
v=0.0

=0.5*TWOPI

=10
=1
=0

. =0

=0

=0.1

C PROPERLY CORRECT PSI FOR GYRO DRIFT.

C ONCE TEE INITIAL RANGES ARE ENTERED THE INITIAL AUV II POSITION

R
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C

o

C

IN THE POOL IS COMPUTED BASED ON THE LENGTH (LPOOL) AND WIDTH
(WPOOL) OF THE POCL.

WRITE (*,*) ‘ENTER INITIAL RANGE FROM LEFT SONAR SENSOR
READ (*,*) RLRNG -

WRITE (*,*) ‘ENTER INITIAL RANGE FROM FORWARD SONAR SENSOR
READ (*,*) RFRNG »

WRITE (*,*) ‘ENTER DWELL TIME

READ (*,*) TDWELL

WPOOL=60

LPOOL=117 ,

XSTART=LPOOL-RFRNG

YSTART=WPOOL-RLRNG

C COMPUTE THE COEFFICIENTS OF THE A AND B MATRICIES

Al=MASS-YVDOT ' S
A2=MASS*XG-YRDOT
A3=YR-MASS
A4=YV
AS=YDRS
. A6=YDRB ‘ ,
B1=MASS*XG~NVDOT ,
B2=I2-NRDOT
B3=NR-MASS*XG
B4=NV
B5=NDRS
B6=NDRB

DEN=A1*B2-A2*Bl

AAll=(A4*B2-A2*B4) /DEN
AA12=(A3*B2-A2*RB3) /DEN
AA21=(A4*B1-Al*B4)/ (-DEN)
AA22= (A3*Bi-Al1*B3)/ (~DEN)
BBl1l=(A5*B2~A2*B5S) /DEN
BB12={A6*B2-A2*B6) /DEN
BB21= (A5*B1-A1*B5) / (-DEN)
BB22= (A6*B1~-A1*B6)/ (~-DEN)
BB1=BB11-BB12
BB2=BB21-BB22

C ENTER THE TIME CONSTANT OF THE LATERAL MOTION OBSERVER

c

WRITE (*,*) ’ ENTER V-OBSERVER TIME CONSTANT’
READ (*,*) TVO8S
GAIN=(AA11+1.0/(TVOBS*L))/AA21

WRITE (*,*) GAIN

1J=0
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OO0 000000

JE=(
c o . .
C SIMULATION BEGINS
c
) DO 100 I=1,ISIM
of : s
C THIS PROGRAM BE USED TO EITHER USE DATA FILES WRITTEN DURING
C AUV II TRIAL RUNS, OR A SEPARATELY GENERATED DATA FIILE. .
C Some early AUV II files had an ERR1 field after RANGE1l, and '
C an ERR2 field after RANGE2. If the file beingg used has these
C fields, the following statement must be modified.
c .
c READ (10,*,END-500) TIME,XPOSE,YPOSE,ZPOSE,PHIE,THETAE,PSIE,
c & , PE,QE,RE,DRE,DSE, RANGE1, RANGE2,
Cc & *  SPEEDE, RPMORD, RRPM, LRFM
c . N
C THIS STATEMEN? IS USED TO READ A SEPARATELY GENERATED FILE COF
C DATA FROM SIMAUV
od
READ (10, *,END=500) TIME,XPOSE,YPOSE,PSIE, SPEEDE,DRE,RE
The following statements transfer the actual AUV II data to
variables used in the computation of various positions. The 111
Jump statement is used to establish initial poszt;ons for only
the first time step. ,
X1iPOS, Y1POS,PSIMX,PSIMY: Track position for simulated AUV II
X2POS, Y2POS,PNOVX, PNOVY: Track position for track without Vv v
X3PCOS, Y3POS, POSDRX, POSDRY: Track position as determined using
Reduced order observer
IF (I.NE.1) GO TO 111
X1P0OS = XPOSE
Y1POS = YPOSE
X2P0OS = XPOSE
Y2POS = YPOSE
X3P0OS = XPOSE
Y3POS = YPOSE
111 PSI = PSIE
u = SPEEDE
R = RE . A
c .
C These statements apply actual rudder positions to tke DR proram
C : ,
DRS = DRE
DRB =-DRE
c .
.C These statements calculate the reduced order observer "constants"
o ’ :
IF (U .EQ. 0.0) GO TO 1008 ) ' e
KK '

= (BB1*AA21-BB2*AAl1) *U

3
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T3 = BB2/KK
KV .= (BB2*AA12-BB1*AR22)*U
T4 = BB1l/KV .
C .
C The Simulated AUV II position is provided from the input dat
(o .
X1POS=XPOSE !
. Y1POS=YPOSE
(o
C REDUCED ORDER OBSERVER FOR V
o]
OVDOT-(AAll'U-GAIN*AAZl*U)*OV+(A512#U-GAIN*AA22*U+
& (AA11*U-GAIN*AA21*U) *GAIN) *R+ (BB11-GAIN*BB21) *
& U*U*DRS+ (BB12-GAIN*BB22) *U*U*DRB
ov =QV+DELTA*QVDOT |
VHAT =GAIN*R+0V
Vi =VHAT
X3DOT=U*COS (PSIE)~V1*SIN(PSIE)
Y3DOT¥U*SIN(PSIE)+V1*COS(PSIE)
X3P0S=X3POS+DELTA*X3DQT
Y3POS=Y3POS+DELTA*Y3DOT ‘
C . .
C Calculate the Simulated AUV II postion without V information
e . .
X2DOT =U*COS (PSIE)
Y2DOT =U*SIN(PSIE) , K
X2P0S=X2POS+DELTA*X2DOT '
' Y2POS=Y2POS+DELTA*Y2DOT
009 CONTINUE

NOW THAT ALL THE X & Y POSITIONS HAVE BEEN CALCULATED, TRANSFORM
THE POSITIONS INTO POOL COORDINATES )

"TRUE" SIMULATED POSITION

OO0000F

PSIMX=XSTART+X1P0OS
PSIMY=~YSTART-Y1POS

OO0

SIMULATED AUV II POSITION, WITHOUT V INFORMATION

PNOVX=XSTART+X2P0S
PNOVY=YSTART-Y2POS

ENHANCED POSITION ESTIMATE

0O00

POSDRX=XSTART+X3PCS
'POSDRY=YSTART-Y3POS
JE=JE+1

IF (JE.NE.IECHO) GO TO 99
WRITE (*,*) TIME
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99

100
500

JE=0
J=J+l
IF (J.NE.IPRN
II=IJ+1
TIME=I*DELTA
WRITE (11,%)
WRITE (12,*)
WRITE (13, *)
WRITE (14, *)
WRITE (20, *)
WRITE (21, %)

'J=0

CONTINUE
STOP
END

[

T) GO TO 100

X1POS, Y1POS
X2P0OS, Y2POS
XXPOS, Y3POS
v,V1

TIME, PSIMX, PSIMY, PNOVX, PNOVY
POSDRX, POSDRY,PSI,PSIE
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