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       a  Ship under
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for Course Keep
External Forces
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by ShigeruAsai,Member*

                               Surnmary

   Among  various  aspects  of  manoeuvrability  of  ships,  steerability  in wind,  watie,

and
 
current

 is one  of  the vitally  important problems, because it is directly related
to the safety  of  ship  handling.  Te  this steerability,  rudder'operations  for course
keeping, which  are  usually  called  as  

``check

 helms",  are  closely  related.

   Investigation was  made,  therefore. on  a  calculation  method  of  check  helms  ier
course

 
keeping

 under  steady  external  iorces. This methed  is derived so  as  to fully
utiIize captive  model  test results  for assured  reliability.

   As an  example  ship  form, a  liquified natural  gas carrier  (LNGC) was  examined.
"rith the Te$ults  of  gaptive model  tests, checlc  helms and  drifting angles  were  calcu-

lated for various  design  requirements  which  include estimation  of  the effects  of  rud-

der area  and  drifting forces due te  wind  and  wave,  tegether  with  their iull-scale
prediction, And  it was  shown  that  the  present method  is one  of the practical  and

usetul  calculation  methods.  
'

             1. Introduction

  Under  extreme  enviro]mental  conditions  such

as  high  wind,  rough  wave,  and  strong  current,

steerability  ef ships  becomes  very  important
because it is directly related  to the safety  of

navigation.  Thereiore,  on  the steerability  under

steady  external  forces, basic studies  have  been

made  by several  researchers  so  faT, especially
   .putting

 an  emphasis  on  the safety  of  ship  opera-

tions in strong  windi)"'a),

  When  a  ship  navigates  under  external  dis-
turbances  due  to wind,  wave,  etc., rudder  opera-

tions for course  keeping, which  are  usually  called

as  
"check

 helms", appear  to be  an  important

index  ior practical evaluation.  Further,  it will
unavoidably  invite drifting angles  at  main  ship

hull. These check  helms and  drifting angles  are

basic and  convenient  information  for ship  de-
signers  and  ship  operators  to comprehend  the

s.teerability  intuitively. In this study,  therefore,

check  helms and  drifting angles  are  adopted  as

expressions  of  important  aspect  of  the  steerabili-

ty, for the  sake  of  practical purposes.
  In ship  design procedure,  there are  growing
demands  for assured  reliability  of  calculation  of

checl<  hclms  and  drifting angles  under  driiting

'
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forces due  to wind  and  wave,  and  for confirma-

tion oi  side  thruster  capacities.  These  calcula-

tions are  required  to include  estimation  of  rudder

area  effect  and  prediction fQr iull-scale ships.

  Taking  these situations  into account,  investiga-
tion  is made  on  a  calculation  method  of  check

helms and  drifting angles  for course  keeping.
This method  is based on  the mathematical  model

assured  by  $imulation  of  manoeuvring  motions,

captive  model  test results,  and  the  eMcient  nu-

merical  calculation  technique.  Calculation of

check  helms and  drifting angles  under  the
equilibrium  conditions  of tetal  forces is called

as  
"check

 helm  calculation"  in the present  paper.

        2. Mathematical  Model for

          Manoeuvring Motions

  Check  helm  calculation  is closelv  related  to a

mathematical  model  for manoeuv'ring  motions.

In  reference  to tbe co-ordinate  systems  shown

in Fig, 1, the model  expressed  by  Eq. (1) is
adepted:

     N  r.
    { Z  (M(i k)mFa"(1; fe))n}b
     n=1

               -  N--L.  
-
 

-

      =Fe(];  l)n..iD-l- £  (llitt(v, a))n+FA+Fur
                 n=2

                                    (I)
where

    M{･J', k) : Mass  matrix

'
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                Sh,lo
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of gray:ty

 System  oi  co-ordinates

                         '
  F.l, (i. h> : Added  mass  matnx

   Fs(J; l) : Damping  coeffidient  matrix

   F-M(v"'.' S} : Actuating  iorce vector  of  manipu-

           lator

       FAA: Wind  Eorce vector  (Suffix A  de-

           notes  air.) .,

       F;v,: "Tave Eorce vector  (Wave drifting
           forces in the case  of  check  helm

           calculation)  
'
 ･

        if: Acceleration vector  F=(ab, D, i}
        - --
        v:  Velocity  vector  v=(u,  v.  r)

/
 5: velocity vectof  with  non-1inear

           terms  5:= (u. v,  r, ti2, v2.  r2.  uv,  vr,

           ,'u. ..., uvr>;  l==(l, 2, 3, 4, 5, 6, 7.

            8,9,...,19) 
･

                         ,-

        if: "Ianipulating vector'a7(np,  3, 6,

            n, ns),  '

       JLh: Mode  of  motion  (1t Longi. motion,

        ., gtsg.YaX{:l6X,aW3feiemhts of a

   ,, ship  form  ..

   
'
 N==4;  for the present, case

            n==l:  Main  hull (H), n==2:  Pro-

            peller (P), n==3:  Rudder  (R), n=
            4: Side thruster  (S).

  This model  is derived on  the fellewing assump-

tions: 
'
 ･

{1> Added  masses  of  all  elements  (Hull: II,

    Propel;er: P, Rudder: R, and  Side thruster:

    S) of  a  ship  are  constant,

(2) Damping  terms  are  attributed  to a  main  hull

    and  are  expressed  as  funetional forms  ef

    state  variables.  Damping  effeqts  of  sub-

    elements  like a  prepeller (P) and  a  rudder
                    -  --

    (R) are  included in FMCv, 6)･

(3) Actuating  forces of sub-elements  P, R, and

 
'
 S  can  be correlated  to their openwater

    characteristics  through  loeal state  variables

    such  as  apparent  drifting angle  at  the  rud-

    der position.
  In  the  present study,  irnportant  and  major

pa[rameters,.Cor iunctional forms)  of  the mathe-

matical  model  are  determined  by  captive  model

tests. Variation ef  parametcrs due  to rudder

aTea  inodification  and  scale  effect  is estimated

bv  use  oi  the  methed  previously  reported  by  the
  tauthori).

    3. Calculation Method  of  Check Helms

  In  recent  trend of  ship  design related  to

 check  helm  calculation,  there have  been increas-

 ing demallds ior iull-scale prediction, estimation

 of rudder  area  effect, and  effect  of  dTiiting forces

 due te wind  and  wave  <wind-wave composite

 forces). These  demands  are  usually  followed by
'
 requirement  ior suthcient  reliability  oi  the calcu-

 lation, 
'

   Considering these  situations,  a  calculation

 method  of  check  helms  is contrived,  which  is

 composed  oi the mathematical  model  assured  by

 simulation  of  manoeuvring  motions  and  captive

 model  test results.'

   To  obtain  a  selution  of  equilibrium  equations

 based on  the' mathematical  model,  two  calcula-

 tion methods  are  known  so  iar, which  can  be'

 called  as  
`tCross

 curve  method''  and  
``Lineari.zed

 manoeuvring  indices <LMI) method":  
''
 Ih the

 feTmer,i] advance  speed  U  is fixed to a  certain

 value  and  drifting angle'  II and  rudder  angle  D

 are  varied  stepwise,  From  the cross  curve  dia-

 gram  of  total Eorces, check  helms are  Obtained.

 In the latter,5)-7) check  helrns are  obtained  by

 use  of  lineatized 
'manoeuvring

 indices through

 iterative procedure, fiow  of  which  is schematical-

 ly explained  in App'endix l. . /

  ' Besides the above  methods,  
'tMultiTvariable

 Newtori (MVN)' method'',  which  ifi known as  a

 numerical  calculatien  method  fof a  solution  of

 multi-variable  non-linear  equations,  can  be

 applied.  
'
 An  outline  oi  MVN  

rnethad
 
is

 
sum-

 maried  in' Appendix  II. The  correspon.dence  of

 variables  and  functioiiar iorms is as'follows:  

'
            '                        '

     xi=v,  x2=np,  x3=  6
                          1
     ft=XH+Xp+Xft+XE                          k

     f2=YiT-YYp+Y.+y. i 
(2)

     f,=NH+Np+NR+NE                          1

 where  suffi>c E  denotes  arbitral  external  forces.

   By  use  of MVN  method,  all sub-prggrams  for
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hydrodynamic  characteristics  of  H,  P,  etc.,  which

were  prepared in computing  
･programs

 for ma-

noeuvring  motiQns,  can  be u,sed  as  they  are,  be-
cause  Iinearized derivatives atre  not  reqp.  ired.
And  this method  was  checked.to  give solutions

more  rapidly  than  LMI  method,  
''

  Stability at  the  equilibrium  points oi  total

forces can  be evaluated  by  indices composed  of

hydrodynamic  coeflicients.  ExpresSions of  these

indiees are  shown  in Appendix  III. In addition

to this statical  stabMty,  dynamical  staJbility is
evaluated  by  calculation  of  ceurse  keeping mo-
tions under  external  forces as  mentioned  later.

              4. ModelTest
  4.1 TestedMedel  .

  A  scale  mode!  ef  LNGC  .was adopted  because
its steerabilitv  in wind  and  wave  becomes  often           .

discussed. It was  tested in, Seakeeping and

Manoeuvring  Basin of  Nagasaki  Experimental
Tank  and  Multi-purzpose Wind  Tunnel,  M.ll.I.

  Principal particulars are  shown.  in Table 1.
Taking operation  condition  inte account,  speed

of  the  model  was  adjgsted  to  Froude's  number

Fn=::O,e51; with  propeller revolution  np  kept at

the  model  propulsion  point.

  4.2 SystemefMeasurement  .

  In-c.aptive model  tests, total forces (X, Y,
N)E+?+R+s acting  on  a  hull (H) with  a  propeller

(P), a  rudder  (R), and  a' side  thruster  (S) gF.re
obtained  by  cantilever  gagges connected  to  the

planar metion  mechanism.,  Prepeller forces

(X, Y,N>i  are  obtained  by  a  selPpropulsion

dynamometer  and  a  

'propeller
 lateral force

dynamorneter. Rudder･ iorces (X, Y,  IV)R.are

obtained  by  a  3-component  rudder  force dyna-

                        
...

 t. 
..
 
.
 ..ttl 

..t..
 
ttt

        '
Table  1 Priribipal..particulars gf tested.          t t t
        ship  form

;tee; UodetShip

t:Sccle vs3.2eo.t
Lpp:dercthbet'rmpetp?ndkutqetulseoo16soo

6teFeocithrneetried[m)O.SOSO43.04

dH:etu"pttmou"eda{tuldsfip[in)'ctpmo6lo.es

r:Trim{m) oo

LpplS
'6nse

efdM L.e3L

..
Prep""er .

b:D;omet"tmj o.lsel'e,4os

PtPitth[m) a19.?7S.S38

'Rtdd"rType
'HarE"ei

b:ereaesthtm) O,TLS47,stS

h:H-lght[m} e.LgLes"2o

A'Nf:EtfectiveT"ddetu"ra:c:ie tilSOO

lmpe[tetets/detbrustt[,

pt:bLart ±erCm) O.OSOco2.660
tt.

t/ tt

L tt ttt

o,s

  
et
 

  timatlen)

.., 
,,

  
-e.s"v

Fig. 2 Comparisqn. .of wind  force coefficients

mometer  arid  side  thruster  iorces (Y, N)s  are

ebtained  by  side  thruster dynamometer.  Hull
forces (X, Y, N)E  are  obtained  by  subtraction

oi  P, R, S component  forces from  total ones.

  4.3 Results  ofModel  Tests

  Kinds oi  capt･ive  model  te'sts are  as  follows:

  (i) Obliquetowingtest

  (2) Circular  motion  test

  (3) Rudderangletest

  (4} Sidethrustertest

  I4 addition  to  the captive  model.  tests. the

iollowing tests were  canied  out.

  (5) Test for wave  drifting force measurement

  C6) ･Wind  tunliel teSt .

  In  the' wind  tunnal  tetst. a  waterrline  model

(scale ratio  s===1/IOe,  Lpp==2.66Th)-  -was used.

Relative wind  speed  VL4 was  adjusted  to IO.5
mfsec  after  assuring･  that  no  substantial  effect

oi Reynolds'  nuniber  iS fouhd  on  ,th,e range  of

VA).7.0Mlsec. Wind  forces &,  YA, and  IVLt,
are  non-dimensionalized  by  (pA/2)AATVAa, (pAf2}
AnLVA2, and  (pAf2)LoAAAxVA2 respectively,  where

pA denotes density ol  air,  LoA  length  over  all1

AAT  transverse  projected area  above  water-Iin6

ana  AAz  lateral ptojected area  above  water-1ine.

Rdsults of  the  test are  shown  in 
'Fig.

 2. where

.estimated results  by  Ishe'rwOed's methodS)  are

shown.  ''
             '                 '            tt

        5. Cheg,k Helms  under  Steady

           
''
 W..ind a'nd  Waye  

"'

  Malcing  use  Qi the  matherpatlcal  ipodel  togeth-

er  with'  thus  obtdin.ed  captive  model  test results,
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check  helms  are  calculated  oi the  tested ship

form under  steady  wind  and  wave.

  The  environmental  conditions  ior harbour

entrance  of the ship  are  prescribed as  iollows:

  Absolute wind  velocity  VAol10  mlsec

  Wave  height  hvil.Om

  Wave  length  Ai:; 66 m  (A!L ij O.25).
  As  for the mede  of  ship  operations,  advance

speed  U  is regarded  to be  kept  constant  by  engine

cQntrol  according  to the operation  manuals  of

harbour manoeuvring.  Keeping of  constant  ship

speed  is realized  through  iterative procedure
including  propeller revolution  np  based on  Eq,

<2), and  U  is adjusted  to relatively  slow  speed;

i.e. U=5  kn  (Fn=O.051).
  5.1 EfrtictofWind
  Check  helm  calculation  for the full-scale ship

is made  by  use  of  wake  correlation  factorg) ei=i

(1-wm)f(1-ws), The  results  are  shown  in Fig.

S, where  peak value  oi  rudder  angle  6 ior the full-
scale  ship  is 1.2 times  larger than  that  fer the

modiel,  As  shown  in Fig. 3, scale  effect  on  the

check  he]ms  is not  large; therefore, hydrodyna-

'

10  

-m"q

Fig.3 Check  helms

      under  steady

      diction)

andwind

  9A  (deg)

drifting angles

(Full-scale pre-

mic  characteri.stiQs  oflthe  model  itself are  used

in the following calculation.
  Calculated resalts  of  the check  helms  under

steady  wind'ierces  arel  shown  in Fig. 4. Peak
values  of  m]dder  angle  8 and  drifting angle  fi are

found  at  relative,Xvind  directibll eA==l30 and  70
degrees, respectively.
  Results oi the calculation  on  rudder  area  effect

are  shcrwn  in Fig. 5, where  rudder  area  are  varied

from  
-300f'.

 ,to +20%  of  original  one.  Cem-

paring  with  variation  of.rudder  area,  small  varia-

tion et  the  check  helms is found  in Fig. 5. It

can  be  said  that･ rudder  area  effect  on  check

helms  is small  in such  aease  of  varied  rudder

area  with  constant  iudder  height  as  the present
one.

  5.2 Effect of  Wave  Drifting Forces

  Calculated results  oi  the check  helms under

steady  wave  driiting forces are  shown  in Figs. 6
and  7. Variation of the checl{  helms  with  wave

direction pa is shbwn  in Fig. 6, where  peal{ value

of  6 is found  in the range  oi  ps= 50 through  60

-1.0-mb.tWe･-s

o

Fnto.oslvA

 =lotnISeCcsh+p}

o

Fig, 5

30.
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90
 

120
 eA [d.g 

T)'Se

Check  helms  under  steady

(.Rudder area  effect)
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y

wind

1･SttlsF10

s

oo

Fig

   t-"SN

p)

"ytibn

 
30
 

fiO,
 

90
 

120
 eAc;S.Og) 
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. 4 Check  helms and  drifting angles

   under  steady  wind

-4e

A-eeeoeL".20-leo'o20

Fig. 6

  Fn  =aosl

Check  helms under  steadv  wave

drifting forces
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.7  Check  helms  under  steady  wave

   drifting forces

degrees, Variation of  the  check  helrns with

wave  length te ship  length  ratio  A/L is shown  in
Fig. 7, where  S markedly  increases in the range

of  AXL less than  O.5.

  5.3 Effbct of  WindLWave  Composite Forces
      and  Side Thruster

  Frorn Figs, 4, 6 and  7, it is known  that  wind

forces and  wave  driiting forces exert  infiuences
oi  the same  order,  under  the design conditions  of

the cnvironment,  If wave  drifting forces are

superposed  over  wind  forces, it is supposed  that
S and  fi etc. becQme  considerably  large, To
verify  this, the  severest  condition;  i,e. wave

height  h"r==!.Om,  AILt==O.25, pa===50 degrees,
is adopted.  For  this condition,  check  helm
calculation  is made.  The  results  of  the calcula-
tion are  shown  in Fig. 8, where  marked  increase

is noted  in 6 and  fi due  to wave  drifting forces.
In Fig. 8, the check  helms  

-under
 side  thruster

(SIT) operation  is also  shown.  Since  the  side

thruster is operated  to resist  external  yawing mo-

ment;  i.e,, Cns is negative,  where  Cns=: Vbs/g ns,
a decrease  with  increase of fi. In tlie case  where

the side  thruster  is operated  to resist  external

lateral force, increase of  6 and  decrease of  6 are

confirmed  by  the similar  calculatien.

  Although  the effect  of wind-wave  composite

ferces on  the check  helms  is cosiderably  lar.cre,
the ship  ferm is iound  te have  suthcient  steera-

bility because maximum  check  helm  lies within

the  range  of  medium  rudder  angle.

  Stability at  the  eguilibrium  points  of  total
forces is calculated,  and  it is found that  the

equilibrium  points in the  range  oi  0A)140
degrees  aTe  unstable  in the case  of  

"Wind''

 when

rudder  angle  is fixed. In the  case  o ± 
`[Wind+

Wave"  and  
``Wind+WaveiSide

 thruster", every

equilibrium  point is statically  unstable,  How-

ever,  a  heading angle  can  be l{ept at  the aimed

course  by  the  modified  zig-zag  manoeuvre  with

shiited  mean  value  ef  rudder  angle.  Namely,  the

LNGC  under  study  is dynamica!ly stable  even

in wind-wave  composite  forces.

  5.4 Effect ofWater  Depth

  Shallow  water  effect  becomes  important under
sihip operations  in harbeurs. In this study.  shal-

low water  effect  on  hull forces is calculated  by

Newman's methodiO)  and  that  on  rudder  forces

by  Kan's  methodti).

  Results of  check  helm  caleulation  for the  case

of  wind-wave  composite  ferces are  shown  in
Fig. 9, where  a and  6 decrease  with  water  depth.
From  Fig. 9, it can  be said  that  shallow  ivater

effect  exerts  more  infiuence on  P than 6.

 . Judging from  these Tesults  summarized  above,

the LNGC  ship  form  under  study  is considered

to have satisfactory  steering  ability  under  the

given  environmenta!  conditions.  And  it can  be
said  that  the  present  method  of  checl[  helm

calculation  is practical  and  usefut  in ship  design

procedure.

  Assuming  that  hydrodynamic  forces due to

10-a{(s

o

        
Fn=OnSl

 wind;va.lorrVSeC
                    -lave:hljv=T.oM
                       Alt.=als

  

  

f.o
g 

ca  
  
-10

  
  
  

o

Fig. 8Check  helms  and  drifting angles  under

wind--wave  composite  forces amd  side'

thruster (SfT) operation
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D

Fn=O.e51
      HXd
      pm
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O
 

3e
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90
 

120
 ek{d.lgS}O 

180

Fig. 9 Check  helms and  drifting angles  under

      wind-wave  composite  forces (Effect
      of water  depth)
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currents  can  be superposed  as

Qheck  helms under  steady

calculated  by  the  same  method

one.

                '

             6.. Conclqsibns

  Starting from  the

author  investigatedi the

dheck helms and  drifting angles
ing to cope  with  demands  ins
i The  Tesults  of  the study  can

as  follows: 
'

(1) A  calculation  method
'
 captive  model  test results  are

    ier a$sured  reliability.

(2) A  pTactical example  is
    tion of  check  helnis and

    convenient  expre'ssiolls  fer s

    navigation.

    method  is one  of  the  useful

    check  helm  calculation.

  Not  only  for safety,  but. also

ahea

one  is considered  to be

Further study  will  be  necessary

oi  steerability  ot  varibus  s
                     '                     '
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              Appendix  I

  
-Outline

 of  ,Linearized Manoeuvring  Indices

Method-  ,･  
'

             
･/

  
`tLineariFed

 rpanoeuvring  indices <LMI) meth-

od"  is simpl>r. summarized  b.y, the iteration fiow
shown  in Eig. A-I;
       ttt                    ttt       tt                        tt      tt

      
'

 

''...''Appeddix
 II

         tttt tt ttt ttt

  -Outline  .of Mylti-variab'le Newton Method-

  Multi-variable  non-linear--eqnations  are  ex-

pressed as  follows: -

    Yl=ft(Xl,  X2, t･･,

   . Y21f2(Xi;X2,  -'',
   1-t

    ynlfn(xi,x2,.'",

where  the gnknowns
and  xn.

Xn)'

Xn.)Xn)

 are

(A-II-l>

                lt ..
             denoted by. xi, x2,  .-･,

To solve  th'e equation,
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Tl{k)T2Ck)v{k,l)+CTI(k}+T2Ck)}v(k,2)+v<k,3)tK[k){6c(k}+6+T3Ck)S+TiCk)S)

blhere

   Hode of  motion

  k=1 ; tongi. ffrotion

  k=2 ; Sway
  k=3 ; Ynw

v(1  ,l}  =  li'
v{2,l)  ;  V'
v{3,1)  

#
 "'vCl.2)v[2.2)vC3,2)o"tvCl,3)=u

 6=l61
vC2,3)  = v

vC3,3)  =  r

Table A-l.  Definition of  Manoeuvring  Indices

It.,{p.Ck,1).v(k.1}} = rr,.,{psfk,t}.sct}1

ktlktZk

±3:

 Longt. motion
; Svay;
 Yev

va,ntti  vo,2)=e

     vlZ,2)  = vv(2,1}=Vv(3,1}
 = F' v[3.2)  = "

aCl)  =1 6C2)  =f

        (Isl)

v{1 ,3}  t uv{2,3)
 M  vvC3,1}stats)

 
-"

   "G[)

  k : Fbde  ef motion
  n corresponds  ovder  of  differentiation.

s{q)  = li
   g6D far  k=l

Pvtl,1)tepy(l,2)tptmx

Pytl-3]r-x"

Pstl,1)=Xc'XE

peCi,2)=Xl61

p6(1.3}=Xls]
P6Cl,4}=o

p.{Z.1}t.Cptmy)CIzz+Jn)+(myay}(myay)

:l[ilil=="i3
"i:,IIi,iilili'lii:di,1:l:J:IiiT`X:;;!Ii::ii:I`a]

di[/XG'Xa){YvVd-NvTti'}-{CM+".IU'Vr}N6'NrY6]

P6E2T}}={[imx)"`Yr}{Nc'ffE]+Nr{Vc+TE]
-l;s-xR){CTeYE}ttd-CNc+HE)T"}

pdi[!.Z)]{Cnt",)""Tr}N6'NrY6

P6C2,1}={ny"y)Ns"{rz2FOii)T,s+{Crnlmxlu"Yr}Ks',NrYs
+lu{xfi-xs)<TeNs'HiVs}

p,dC2.4}={myaJ}Ns-Crll+Jz:}Vs

P,CS,1)#-pdC2,1;
p,C3,a)t-pyt2,?)
Pv(3,3)=-Pv[ii3)

P6{].:)=-Y,(tictNE)+N,{rc+TE)pt{rd+Vk)Hs-{Xc+HE)Ta}

P.s{]'2)='TvNG+"vT6

pE{3,3}=Cm,f"y}H6-Cmyay)rE-V,Nts'N,YrkuT6NrH6Vs).

pa[j:4)=tnv'my)Hs'CMy,ylYs

                     Table A-2

   (yi, y2, ･--, yn)=(O,  O, O) (A-II-2)-
let us  $uppose  an  approximate  solution  as  fol-

Iows: '

   -

   x=(xt,  x2,  
-･･,

 xn)  (A-II-3)
an  exact  solution  as  follows:
   -+ -

    v+Zlm=(Xi+A9i,  X2+ZIX2,  
"',

 Xn+Zl  Xn)

                             (A-.I. I-4)
     

-- -

Since .x+Ax  is an  exact  solution,  the following
equaeions  are  obtained.

fl(Xt+4Xt, 
X2+AX2;

 
'",

 xn+Axn)

fa(Xi+AXt, X2+AX2,  '", xn+Axn)

fn(Xi+ZXI, X2+AX2,  '", Xn+dXn)

=o==oko

Definition of  Indices P

(A"II-5)

  SuffiK E denotes eKterna:  forct 
dut.to

 
Hind,

 
vlve

 
etc..

        v  and  ps

By  Taylor expansion  of Eq. (A-II-5), the equation
with  first order  terms is obtained  as  follows':

f,(x-) -}-Axi g4.i

)ra(s;) +Axi  oQ.fl

fa(m-')+Ax,afa'Oxt

           '

(il)+n`v2 oof.i, (li)

  +"'+AXn'oof.'.('X') O
       '

('x")+nx2 gr.2, (i)
           '               :t.

  +･+･-t-Axni3.lk:(l;) o

ex) -trAx2 gf.Z, (i5 l
  ÷ ･･-+Ax.oa.fai(S) o･

 (A-II I.-6)
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ONurnerationofv;v=K{k=2)(6(k=2)+6)
c

@Numerationofu;u=pt

@NumerationofnpsatisfyingtheequatienXH+Xp+XR+XE"e

@Numeratiofiofrenewedlinearizedmanoeuvringindices(LMI)uflder
thesaitiu,v,andnpbyuseoftheequivaleptlinearderivatives

asfollevrs:

Y'=Y+2yv+3yv2
vvvvvvv

N'`N+2Nv+3Nv2
vvvvvvv

yg=3b6yR{u.v,np>

N: ±
ab6NRCu,v,np)

@Re"ewalofLMIbywayefiableA-1andA-2

@Renewalofthecheckhelrne=-6c{k=3)

(Z}(Differenceoftheformerandtherenewedof
v,np,and6).lessthan.{Allowableerrer)vto

Yes

lterationstop

                       Fig, A-1

Eq. (A-II-6) can  be expressed  as  iollows:

   A･A  x-=  -i  (A-II-7)
where

   A==(aij) aij=  gl"1'i (i)

       
-Axi

 

'"
 yt'

     -+ -+. .
   Ax.-- Axe y;  y2-

        AXnL Ynr

    A: Jacobian A-x: Correcting  vector

    V: Residual  vecto'r;

From  Eq. (A-II-7) ica is obtaiped  as  follows:
                        '     ---

    Ax=-ylA  (A-II-8)
In  the  practical calcul'ation,  iteration ior cor-

recting  ve.ctor  is made  from  the starting  point
of  that i.tA-x is assumed  to be.a  renewed  ap-

proximate solution.

            Appendix III

  -Statical Stability at  Equilibrium Points-

Iteration fiow of  LMI  method

 Assuming  that manipulation  variables  are  con-

stant,  state  variables  are  related  as  follows:

     u u

      ab v

      . =A-  , A==(aiJ') (A-III-l)
      r r

     ip-  -di-

where

          A -

    
-

 Xu  Xv

     
all=m+m.,

 
at2=m+m.t

         A A

         Yu  Yv.

     
am=m+mu,

 
a22=in+mv'

          - A
         Nu  Nv

     
a31:::

 ln+Jza  
T

 
a3Z=It2+lm

 
)

     a"==O,  an=O,

                 lr Iver
            a13=                        a14=
               m+mx'                            m+mx

                 gr. 9'didi
            a23=                        a24=
               m. ±vny 

'

                            m+my

                 Nr NV ¢

            
a33=Jimtt+1:m

 
J                        a34=

                            Jxz+Jna

            a43=l,  a"=O  -
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  Symbol"atop  X, Y, and  N:  Totalforces  oi

   H, P, R, and  E  components

  Suffix u,  v, r, and  cb: Numerical differentia-

   tion  at  equilibrium  poipt.
  Stability oE  steady  solutions  ot  the  ･above

equation  is evaluated  by  eigenvalues  of matrix

A.  The  characteristics  equation  fOr these eigen-
values  is expressed  as  follows:

    det(AI-A)=M+A3AS+A2A2+AiA+Ao=O

                                (A-III-2)

whereI:  Unitmatrix.

  Ii the solutiens  of  Eq.  (A-III-2) have  negative

real  part, ste,ady  solutions  are  stable.  According
.to Routh-Hurwitz  test, this conditien  is satisfied
when  the signs  of  all  indices As,  A2, At, Ao, and

D  are  the same,  .

whereD=AsA2Ai-A32Ao-Ai2.
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