
AD-764 480

"K DIGITAL COMPUTER SIMULATION FOR SURFACE
SHIP CONTROL

Aporm Ratanaruang

Naval Postgraduate School
Monterey, California

June 19'/3

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMEtT OF COMMERCE

5285 Port Royal Road, Springfield Va. 22151



NAVAL POSTGADUATE SCHOOL
Monterey, California

FF0

: THESIS
DIGITAL COMPUTER SIMULATION

FOR
SURFACE SHIP CONTROL

by

[Thesis Advisor: M. L. Wilcox

June 1973

Appkoved 6o4 pubZc 'wteeu; diJTJtkato1L wiV~nmed.

NAr1--),j:,,1 NI ,HNIC;A!
IN, FOP;',,i - VC



Secunty Classification
DOCUMENT CONTROL DATA. R & D

*Sec-,itY tIS s rstil, of /.. .. .. of I *better and Id.zind &anotation must he entered Wh.n the ot,.. e ofte o elsa ffled
I OIGNATINO ACTIIV (C.,p.,0#4u10) a0. REPORT ,SCurtY CLASSIFICATION

Naval Postgraduate School Unclassified
Monterey, California 93940 2b. .nOu.

3 REPORT ItTLE

Digital Computer Simulation for Surface Ship Control

A. OFCHIPTIVEt NOTES (7ypw efteapart oncLinclusvedates) ....

Master's Thesis; June 1973
5. AV THONIS) (First RAMe. M1m ii at. jami name)

Aporn Ratanaruang

IM RPORT DATE 70. TOTAL NO. OPW PAGES J.
June 1973 1F,* 77 6

a.. CONTRACT OR GRANT NO. 9C, ORIGINATOR-$ REPORT NUMSEI -"S.

6. PROJECT NO.

C. sk. OTHER REPORT NO(9) (Any o~ffoteet fagmlaW be aalered

IS. DIST"IbUTION STATEMENT

Approved f'or public release; distribution unlimited.

IL. SlIPPLENTARV NOTES S2. SPONSORING MILITARY ACTIVITY

Naval Postgraduate School
Monterey, California 93940

The general equations of surface ship motion are
developed and standardized for simulation in digital
computer. Digital simulations of the dynamics of the
surface ship in three degrees of freedom are done
with and without non-linear and cross-coupling terms.

L 14;3 (PAGE 1)

SIN 01 1-007-6611 / ikr -y Cl,,,mc, £-8....



j ~~Security SIastfiratiork________

4 
.WORDS LtK A LINK U LtNI- CKK WO OI. ... _ .... -

S~0 N .I WT ROLtE wT fPOLt WT

ship control

surface ship in six degrees of

freedom

ship maneuvering

simulation

DDI N .1473 (BACK) ~~u. m m

S/4 O101 .*~ 1/security CI,,ssfichtiont A~ O

L



Digital Computer Simulation
for

Surface Ship Control

by

Aporn Ratanaruang
Lieutenant. Commander, Royal Thai Navy

Thai Naval Academy, 1957
B.S.E.E., Naval Postgradua4 School, 1973

Submitted in pirtial fulfillment of the
requirements for the degree of

1'ASTER OF SCIENCE IN ELECTRICAL ENGINEERING

from the

NAVAL POSTGRADUATE SCHOOL
June 1973

Author _ _ _ _0.L _ _ _ _ ,0.

Approved by: 'i. L. Ac
/ Thesis Advisor

hAirman Denartment of Electrical Engineering

Academic Dean

/



ABSTRACT

The general equations of surface ship motion are

developed and standardized for simulation in digital

computer. Digital simulations of the dynamics of the

surface ship in three degrees of freedom are done

with and without non-linear and cross-coupling terms.
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I. EQUATIONS OF SURFACE SHIP MOTION

A moving ship is a body with bix degrees of freedom.

These degrees of freedom are generally chosen as follows:

a. Linear displacements along the three axes

through the center of gravity.

a.l Surge -- along X axes

a.2 Sway -- along Y axes

a.3 Heave -- along Z axes

b. Rotations around the three axes through the

center of gravity.

b.l Roll -- around X axes

b.2 Pitch -- around Y axes

pb.3 Yaw around Z axes

f Further reduction in the complex nature of the equa-

tions can be brought about by choosing an orthogonal

axis system parallel to thw principal axes of inertia so

as to eliminate products of inertia in the motion equa-

tions. For practically all ocean vehicles, with extreme-

ly few exceptions, a longtudnal axis axis) in the

centerline plane, a downward (toward keel) axis (Z axis)

perpendicular to the X axis in the centerline plane,

centerline plane satisfies 
this requirement.
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Figure 1. Surface ship in six degrees of freedom.

For the exceptional vehicle which has a very peculiar

and significantly large asymmetrical mass distribution,

it is necessary to include the products of inertia.

The X, Y, Z axes form an orthogonal right hand system

of axes fixed iii thG vehicle. Thc axes and the associated

components of the pertinent physical quantities are

defined below:

The longitudinal X axis (in the plane of symmetry) is

positive in the forware direction, usually parallel to

the keel or calm water line. If the upper and lower halves

of the body are symmetrical, then the axis is the inter-

section of the two planes of symmetry.

The Y axis is the transverse axis perpendicular to the

piane of symmetry and positive to the starboard.

The Z axis or downward axis in the plane of symmetry

(X,Z) is perpendicular to the X axis and positive downward

towards the keel.
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i,j,k unit vectors along the X,Y,Z axis respectively.

Ix,y,z vector distance of a point from the origin 0,

and the corresponding components along the X,Y and Z axes.
& = ixG + + kZG

u,v,w velocity or the origin 0 (on the body) and

the corresponding components along the X,Y and Z axis.

= iu + jv + kw

p,q r angular velocity of the body about the origin

and the corresponding components about the axes.

= ip + jn + kr

The moments of inertia of the body about the X,Y and

Z axes respectively Ix, Iy I

F X,Y,Z, force acting on the body and the correspond-

ing components along the axes.

P iX + jY + kZ

m K,M,N Moments acting about the axes.

m = iK + jM + 'N

Newton's law of motion for a rigid body can be writteni as two equations, one a force equation and the second a

moment equation provided an origin is taken at the center

of gravity and the axis system is fixed in space. The

eauations are
d d )4F a (momentum)- d

m at - (angular momentum) G = (I )

8



where the subscript G refers to an origin at the center

of gravity and m is the mass of the body. For a mass

essentially constant in time

Id
F m 5-(U)£G

For an origin not at the center of gravity of the

body and in a system of axes fixed in and moving with

the vehicle.

%UG =Ua+ X-GU
where Ua is the velocity of the origin in space. However,

* %since the origin ic on the surface of the earth and the

K earth rotates, then

U a=U + Iex Rb

where U is the geographical velocity of the body, is

the angular velocity of the earth, and is the radius

vector from earth's center to the vehicle. The force

equation becomes:

dF(U + x Re b + G)

F =m ! u' + x~ R +M[ftx -R+ - x 4R
dt b e be b~

= m + x RG)+m[e X U +ex ex Rb]

since 0 and Rb = U + w e x RD

the term m~,xU is the coriolis force and A x x R

is the centripetal acceleration due to rotation of the

9



earth. These two terms are negligibly small when com-

pared with the other forces, then

F d
= mTa(U + 5 x RG)

Finding the derivatives of unit vectors (change in

direction)

where di = -kd8 di = jd di = 0
A A A A A

dj = 0 dj = -id* dj =k d
A A AA A

dk= idO dk = 0 dk = -jd

Adding the contributions

di i + d d8
dt t k

A! d A d

dt = dat + 0  d at
A

dk d d A

- ip + jq + kr

ft q de r di
q H - fE'

d 
A

P , = i- iv + kw
^G=iG i kZk

A Ae

6 di d' d = p

i + v + kw

LA A1 %AV I L&t

Ud A ̂ Adi v ^" d

A * d A AA

+ k + w( l- -t)

= iu+ u(jr- kq)+ jv+ v(-ir+ kp)+k" wfiq - jp)

10



A A

i jk

RG R p q r = i(qZG - rYG)- j(pZG - rXG)+ k(pYG-qXG)
X G Y G z G

dA 2 A 2-( sxRG) =i(ZGq-YGr)+ j(ZGqr-Yr2)+ k (YGqr-ZGq
2 2

A j Zxp)- k(Xrp- p) i(ZGrP-X 2r
+ j( G)+k(XGP G zGP)+ G p- 2

+ k(Y,,p - Aq i(Ycpr - )+ j(X~pq- Yp

4ro dU dfrom = iX + jY + kZ and F = H[ + a /.' G
A

Rewriting and grouping all i terms equal to X, all j

terms equal to Y and all k terms equal to Z yield

0 02 2X = m(u-vr+wg+ZGq + rpZG-r XG+ PqYG - q XG)

= m(u+wg-vr-xG(r2 +q2) + YG(pq-r) + ZG(rp+q)

Y = m(v+ur-wp+XG(pq+r) - )G(p2+r2  + Zs(pq-i) (1)

m(w*+vp-uqiX(rP-) YG(qr+p) - ZG(p+

4 From -(angular momentum)G

d A A A

(GIxGP + JYGq + kIzGr)

G indicates an origin at the center of gravity

IG I -m (YG2 + ZG2

IYG= Iy - m (ZG2 + XG 2)

I~~~ _ V 2 .4 v 2

ZG z All G -G

= + RG x F or = M -R G x F

G G GiG



After manipulating and using the results for the

derivatives of unit vectors (same as above) expressions

for K, H and N are obtained.

K Ixp +(I Iy)qr+m[YG(W+ pv - qu)- ZG(V+ru-pw)]

M = Iyq +(IX IZ)rp+m[ZG(u+ qw - rv)- X (w+pv-qu)] (2)

N I Zr +(IY- I pq+m[XG (V+ ru - pw)- Ys(u+qw-rv)]

The terms (qw-rv), (ru-pw) and (pv-qu) are gyroscopic

effects.

The relationship for forces and moments can be ex-

pressed

Force)
) = f(properties of body, properties of

Moment) motion, properties of fluid)

For a particular ship, in a given fluid with no

excitation force - so

= f(properties ot motion)

=f(Xo, yo, Zo,,,, 0 ~pqrnv

The Taylor series which has the following form may

now be applied to linearize the equations about an

operating point KO

'r- d,. % -: 2d 
2

A. o I f( X)+(X-xo ) 20 o dxAX 2 .. . .

Appli this to f(X,Y,Z)%.......

L12



For the case of f(properties of motion) let (X-%o )

AX0 o (Y-Yo) = AYo and (Z-ZO ) = AZO

terms second order and higher are neglected for small

perturbations.

From X e quation the linear terms are obtained:

tA )+ AY ( )+ AZ - 6f .
0 Y 0 oY 0 TZ7o+

0 0 -X Z o

Th. defining relations are:

(6f) 6x~)-

~X

( ) o = (TU) u=uo 0 u

6)W=W0  Xw
W -WO w

Aw = (w-w0 )=w, w0  0

Au = (u-u )

The force equations then become

X = Xo + XXoX0 + Xy YO +....Xe8 + ....XuAu
o o

Y = Y + Y XX + Y Y0Y +....Yee + ....Y uAu (3)

Z Zo + ZXoXo + ZY Yo + ....Z e + ....Z u\u

A similar derivation can be done for the K,M and N equa-

tions. The preceding X,Y and Z equations may now be

equated to the linearized X,Y and Z (equations (1)), e.g.,

for the Y equation without roli, pitch, and the center

of gravity at XG= 0, YG= 0 and ZG= 0 gives the linearized

equation.

Y m(v + ur)

13



then

Yxo+ YyYo+ Y Y YuU Y v+ Y r+Yu+ Yrm(v+ru)X0 yoU V r Ur

Expressions for X,'Z and K,M and N c,. be determined in

a similar procedure.

I In order to obtain the equation:; ip a non-dimensional

form some definitions will be given, and applied to the Y

force equatioins as an example of the process.

Froude number U

U' .V'W' - U _V,W

t' = t__gT

X ,' = x-~
pg23

Cx,,Cy,,C , XY'Z

After replacing and adding the ejleect of waves, the

Y equation becomes:

v&'+ r'a.' = 1 U2,y v' y p' + CYrir' CYr~r

~+ (Y,',' + Y*" V" + Y.'4' .. Yw )p V r w

/ -

t, t W9 14



II. DIGITAL COMPUTER SIMULATION

The six equations of motion after rearranging by plac-

ing the second order terms to the left and the rest on the

right side become:
aA-.. .. A+a2a2A blaB+b2a2B

aaA+baB+caC+daD+,.E+faF =b-(aa a
+ C alC+C 2a2C+dlalD+d2a2D

+ e 1a1 E+e2 a2E+f1a1F+f 2a2F)

+ IF1

I; abA+bbB+cbC+dbD+ebE+fb = -(a bA + a 2b 2A+b b 1B+b 2b2 B
6 a

+ cIb1 C+c2b2C+d1b D+d2b 2 D

+ e1b1E+e2b2 E+f b1 F+ f2b2F)

+ IF2

acA+bc+cc--dc6+eci+fcF = -(a C A+a 2c 2A+b C B+b 2c2 B

+ CIC 1 C+C 2c2C+d C D+d 2c2 D

+ e 1 c 1 E+f I r+f C)

+ IF3

adA+bdB+cdC+ddD+e'dE+fdF =-(aldlA+a d2A+bldlB+bd2B

I ldl1C+Cd 2 C+ dld1D+tS 2 d2 D

+ eldlE+e2 d2 Erf idlF4f 2d2 F)

+ IF4

aeA+beB+ceC+deD+eeE+feF = - (a e 1A +a2e 2A+b e1 +b2 e 2 B
c + elC+C 2e2C+d1e D+d2 e 2D

+ elelE+e2 e2 F.+flelF+f 2 e2 F)

+ IFs

: 15



afA+bfB+cfC+dfD+efE+ff" = -(a1 f1A+a2 f 2A+b f iB+b2f2B

+ c1 f1C +C 2 2C+d 1 f1D+d2 f2D

+ e1f1E+e2 f2E+f 1 f1F+f2f2F)

4 IF6

where A=u, A=u, B=v, B=v, C=w, C=w, D=p, D=p

E=q, E=q, F=r, F=r, terms IF include all non-linear

terms such as wave force, wind, rudder deflection----etc.

In the six equations, the right can be set equal to

Ill 12 ------- 16 respectively, thus:

I1 = -(allA+a2a2AblaB ---------- f2 2F) + IF1

12 = -(a1b1A+a2b2A+b1 b1 B+ ----------- f2b2F) + IF2

S13 = -(a1clA+a2c2A+b1c1B+ ----------- f2c2F) + IF3

14 = -(a1d1A+a2d2A+b1d1B+ ----------- f2d2F) + IF4

15 = -(a1e 1 +a 2 e2 A+beB+ ----------- f2e2F) + IFS

16 = -(a1 f1A+a2f2A+b1 f1B+ - ---------- f2f2F ) + IF

the equations thcn have the torm that tollows,

aaA + baB t caC + daD + eaE + faF = 1

abA + bbB + cbC + dbD + ebE + fbF = 12

acA + bcB + ccC + dcD + ecE + fcF = 13

adR + bdB + cdC + ddD + edE + fdF = 14

aeA + beB + ceC + deD + eeE +, feF = 15

aAR + bfB + cfC + dfl + efE + ffF = 1 6

16



expressing in matrix form:

aa ba ca da ea fa A

ab bb cb db eb fb B 12

ac bc cc dc ec fc C 13

ad bd cd dd ed fd I 414

ae be ce de ee fe E 15

af bf cf i ef ff F 16

Apply Cramer's rule to solve fr A, B-----------F in

terms of 1  16

II ba ca da ea fa

12 bb cb db eb fb

13 bc cc dc ec fc

14 bd cd dd ed fd

I b- ce de ee fe5

16 bf cf df ef ff
A--

aa h; ca da ea fa

ab bb cb db eb fb

ac bc" cc dc ec fc

ad bd cd dd ed fd

ae be ce de ee fe

Iaf bf cf df ef ff

define the denominator determinant 6 6 and for the

nominator let cofactor of iI CO. aa
A

cofactor of I cof. ab, ---------- and coefactor of 16

cof. af equations becomes:

(cof'aaIl+cof'abI2+'zof.acI 3+cof.adI4+cof.aeIs+cuf.afl6)

171 ~~ 2 3



I

In the same way solve for B, C, -----------

(cof baI cof bbI2 cof bcI3 cof bdl4 cof bel5 cof bfI6)
A

(cof caI 1 cof cbI2 cof cc 3 cof cdI4 cof cel5 cof cfl

(cof daI1 cof dbI 2 cof dcI3 cof ddI4 cof del5 cof dfI6)
A

(cof eaII cof ebI2 cof ec 3 cof edI4 cof eel5 cof efI6)
A

(cof fa I1 cof fbI 2 cof fcI 3 cof fdI4 cof fel 5 cof ffI 6)
F A

Then the value of A, A, B, B --------- F, F by integration

such that

dA d 2 A AdA
dt dt

A block diagram to compute all of tha variables in the

set of equations is presented in Fig. 2.

In the computer program tl.at is used for simulation

a..l six equations for six degrees of freedom are used, but

are interested in less than six degrees of freedom. The

same program can be used by setting the coupling terms of

non-used equations equal to zero and one in terms of princi-

-ae A4^n.z1 ., of i-nOV t-re.p. dare.s of freedom are used

in this study, surge, sway and yaw, then all coupling terms

i1
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are set equal to zero and unused terms on the principal

diagonal equal to one, for example:

aa ba 0 0 0 fa A

ab bb 0 0 0 fb B 12

0 0 1 0 o 0 C 13

0 0 0 1 0 0 D 14

0 0 0 0 1 0 .I I 1

at bf 0 0 0 ff I 6

and the left side of the unused equations are set equal

to zero.

With this program non-linear terms can be added such

as, rudder deflection of waves and wind, etc., which will

iR be done by adding all of these whose sum is IFN e.g.

1F1 = KA1 x Dr+KA2 x Ds+KA3x Db+NA

where Dr, Ds and Db are rudder deflection, canard de-

flection .......... etc. NA is the sum of all non-linear

terms that effect the surge equation (X equation).

The program that will be used for solving these equa-

tions is the "Continuous Systems Modeling Program" (CSMP)

[Ref. 3] in which all constants are declared in the first

section and then set the value of matrix for aa, ab, ac

....... and so on (in pro-ram AAA is used for aa, AAB for

ab ....... AiF for U ). o f ....... ......... . .

the COFACTORS aa, ba .... are determined. All of the CO-

FACTORS and the subprogram VALUE is used to compute. This

subprogram finds the value of the determinant of the

25



matrix. For all of the COFACTOR terms the element is set

equal to one and the rest of the elements in that row and

column are set equal to zero. For example, to find the

value of COr.aa the following array is obtained:

1 0 0 0 0 0

0 bb cb db eb fb

COF aa= 0 bc cc dc ec fc

0 bd cd dd ed fd

0 be ce de ee fe

0 bf It df ef ff

(In the computer program BAA is used for alal, GAA for

a aa After the value of A and all cofactors are

determined, the dynamic section is used to determine BAA,

ITZAT GAB (T~~f t h o Ee --r ms c cn +- a In -va r i 1le S.

In the dynamic section all variables that are functions

of time are determined. The defining relations of the

variables are also included in the dynamics section, i.e.

UDOT = ADDOT (U=A), U=ADOT ....... etc. XH,YH,ZH are deter-

mined and are the vector terms, X,Y,Z whose origin is fixed

on the earth (relative to the earth).

. 26



III. STUDY OF SHIP "D" PERFORMANCE

Ik In this section the computer will be used to solve

the equation of motion describing ship "D". The hydro-

dynamic coefficients and constants that were obtained

from NSRDC (NAVAL SHIP RESEARCH AND DEVELOPMENT CENTER)

(Ref. 61 for this study will concern only three degrees

of freedom such that SURGE, SWAY, and YAW.

E uations of motion of the ship (nondimensional)

Axial Force

m(u-vr+wg) = X 2(Xgg 2 + Yrr + Xrprp)

+7 (Xu + Xvvrr + X wg)

0 2

P 22 22(X 6rr+X +X bb 6b)

6r6r 6sts b~
-1 (A 1 U + A U2)

Lateral Force

m(v+ur-wp) Q ' 9(Y.p + Yir + Ypqpq)

+ P (YwpWp+YvIrlVlrI+uYrr+Y4;v+uYp )

+ (UY V + Ywv + Y l IvIv)

+ u2 (Y r6r)

I r + (I-I )pq = (N~r + N p + Nppq)

+ R£-(Nj+uN p+uNrr+N wp+N Ivir)

2t p WP lv2r

27



+ -TU uNvV+NWV+N IvIv)

+ p u (N6 6r)
2k~

P, the density of fluid is t,,ken as 2 and the terms

including w, p. q (heave, roll and pitch) are set equal

to zero.

The nonlinear terms such as the squared terms and

product terms of v and r are omitted initially. This is

in agreement with the small perturbation theory.

After rearranging, the equations become

- .," ,2 u 2
- (Xu - m) u = -X6r6r 2ru

N -X-

u uu

V + (N-IZ) - 2 Nvv-. 2 Nrr - - Nrr

Set the left side of the equations equal to 16---16 P

then the matrix equation becomes

(Xi-m) 0 0. 0 0 0 A I

0 (Yv-m) 0 0 0 Y B 12

0 0 1 0 0 0 C 13

0 0 0 1 0 0 D 14

0 0 0 0 1 0 15
0 N / 0 0 0 (N-I z ) F 16

whereu=A,v=B, r=F

CIL

28



Also set the right side of the equations equal to I1

16

0 0 0 0 0 A

12 0 0 0 0 uY10 v r

1 3 _ 0 0 0 0 0 0

1I 0 0 0 0 0 0 D

1 5 0 0 0 0 0 0E

1 6 0 2 N v 0 0 0 jNr F

1 IF

+ c F3+
All Zero D IF4

E IF5

A IF6

2u2
where u = A, v = B, r = F, and IF1 = -X6r6rtr- Pu

u2
IF2 = -Y6r u

IF3 = 0

IF4 = 0

IF5 = 0

IF6 = -N6rr u _

29
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A. NONLINEAR TERMS NOT INCLUDED

TABLE I

Hydrodynamic Coefficients End Constants ot Ship "D"
for Linear Terms (Non-dimensional)

m = 0.0045

Iz = 0.0003

Nr = 0.0012

Nr = -0.0002

Nv = -0.0012

Nv = -C-0001

Xu = -0.00036

Yv = -0.0025

Yv = -0.0063

Yr = 0.004

X6r~r = -0.0011

Y6r = 0.0019

N 6r =-0.00084

6s ant' 6b equal zero

In the computer program, set all coefficients in

secticn 1 and set AAA = Xu-m ,AAB = 0 ---- AFF = Nr-Iz.

After this, use subprogram value to find the determinant

and coefficient of AA, BB ---- and then set BBB = U v

BFB =uYr ------- BFF = uNr
1< 2

IFI - KAI6r where KA1 = -X-rr r1--

IF2 = KBI6r wh(=zi. XB2 = -Y 6r u 2/A

IF3 = KF16r where KF = -N6r u2/Z 2
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Following is the program that used CSMP to determine

the turning circles for rudder angles of 150(-0.2619 rad.),

25-(-0.4365 rad.) and 35 (-0.6111 rad). Result of this

study is presented in Fig. 3. The turning rate as a func-

tion of time is interested and the resul's of this analysis

are presented in Fig. 4. The ships turning performance

expressed in transfer ship lengths as time is shown inL Fig. 5 and the heading angle as a function of time is

given in Fig. 6. Fig. 7 shows the results of the zig-zag

maneuver, curve shown the yaw angle and rudder angla in

degree as a function of time, for this study the same pro-

gram was used, but set DR in dynamic section:

DR= -0.06984(P AP(0.0)-RAMP(5.0))+0.04C%6(RAMP(40.0)...

-RAMP(65.0)-RAMP(145.0)+RAMP(170.0)+RAM f250. ') ....

-RAMP(265.0)-RAMP(345.0)+RAMP(425.0)+RAMP(440.0))

and use prepare statement prepare X, YAWD and prepare X,

DOO (YAWD = YAW* 57.273, D O DR* 57.273).
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B. INCLUDED NONLINEAR TERMS

The computer program 2 is the same as the computer

program 1, but nonlinear terms are added by setting:

NA = NA + NA2 +NA3 +NA4

where NAl =-1(X q2 + X + x rp)qqrr rp
NA2 =-(mvr +X vr +X wq +rwq)

yr wqw

NA3 =-kX v )/l

2 2
NA4 = -(lu + A2uu c+ A3u c )/I

NB = NB]. + NB2 + NB3

where NB]. - lY pqq

NB2 =-(Y ~Wp + YvrvI+xu+ mwp)

NB3 -(Y ,wv + Y jlviv)/l

NF NP1+ NF2 + NF3

where NF1 -N pq + (Iy-Ix) pq
pg

NF2 -- (N WPwp + N ivr vir)!).

NF3 =-(Nwvv+ Ni iIVIV)/l 2

Again setting terms that include w, p, and q (heave, roll

and pitch) equal to zero, and set number of known terms

from Table II into section 1 of CSMP program (unknown co-

efficients set equal to zero).
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TABLE II

Hydrodynamic Coefficients of Ship "D" for Nonlinear
Terms (non-dimensional,

Xrr = 0.00005

Xvr = 0.00241

X =-0.00341

Yvl= -0.0416

N vI= -0.01002

PROPULSION RATIO

n > 0.45 -1.0 < < 0.45 < 1.0

Al -0.00004 -0.00032 -0.00117

A2 -0.00035 0.00070 -0.00100

A3 0.00099 0 -0.00085

Fig. 8 - Fig. 12 are the same results as Fig. 3 - Fig. 7.

The results of computer program 2 are more accurate than

the computer program 1, when compared with free running

model test of NSRDC [Ref. 6. Fig. 13 and Fig. 14 when

studying the stability of the ship by applying a force

moment to the ship in computer program, set

NFl 0.0001*(STEP(10.0)-STEP(10.01)) (can use NFl be-

I ause NFl in this program equal zero)

Study direction stability of the ship by plotting

direction of the ship (used advance VS. transfer ship

length)and check heading angle of the ship by plotting

YAW VS. TIME.
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IV. CONCLUSIONS

The equation of motion of surface ship and computer

program developed here including all of six degrees of

freedoni, but the study in III concerns only three degrees

of freedom (surge, sway, yaw) because hydrodynamic coeffi-

cients are not available; when the state of the art

reaches Lhe stage in which hydrodynamics coefficients are

available, this computer program can be used in all six

degrees of freedom.

Some results from III are not too perfect because the

lack of some constants and coefficients such as the value

of mass (m), initial velocity (ADOTO), command speed (UC),

etc. But for study can adjust from curve for the model

test [Ref. 6].

This computer program did not include some external

effects such as effects of wave and wind, but these effects

could be included in the program by adding terms to the IF

equation.

The following implementations are suggested for the

future work.

A. Study all six degrees of freedom.

B. Study for the effects of waves and wind.

C. Study for control of the velocity and direction

of the ship (by use of "MACROS', "PROCEDURE" or

subprogram in CSMP).
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