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A Study on Check Helms for Course Keeping of
a Ship under Steady External Forces

by Shigeru Asai, Member*

Summary

Among various aspects of manoeuvrability of ships, steerability in wind, wave,
and current is one of the vitally important problems, because it is directly related
to the safety of ship handling. To 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 for
course keeping under steady external forces. This method is derived so as to fully

utilize captive model test results for assured reliability.

As an example ship form, a liquified natural gas carrier (LNGC) was examined.
With the results of captive model tests, check 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 to wind and wave, together with their full-scale

prediction.
useful calculation methods.

1. Introduction

~ Under extreme environmental conditions such
as high wind, rough wave, and strong current,
steerability of ships becomes very important
because it is directly related to the safety of
navigation. Therefore, on the steerability under
steady external forces, basic studies have been
made by several researchers so far, especially
putting an emphasis on the safety of ship opera-
tions in strong windb~®,

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 for 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
steerability 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
check helms and drifting angles under drifting
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And it was shown that the present method is one of the practical and

forces due to wind and wave, and for confirma-
tion of side thruster capacities. These calcula-
tions are required to include estimation of rudder
area effect and prediction for full-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 simulation of manoeuvring motions,
captive model test results, and the efficient nu-
merical calculation technique. Calculation of
check helms and drifting angles under the
equilibrium conditions of total forces is called
as “‘check helm calculation” in the present paper.

2. Mathematical Model for
Manoeuvring Motions
Check helm calculation is closely related to a
mathematical model for manoeuvring motions.
In reference to the co-ordinate systems shown
in Fig. 1, the model expressed by Eq. (1) is
adopted:

N -
{n2:1(M(j' R)—Fo;(F, k)n}o
=F}(J, l)n:lgﬂl— né:Z(ﬁM(;, 5})n+ﬁ4+ﬁw
(1)

where

M(j, &)

Mass matrix
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’ ' elements like a propeller (P) and a rudder
(R) are included in F M(zj: 5)
(3) Actuating forces of sub—elements P, R, and
S can be correlated to their openwater
characteristics through local state variables
such as apparent drifting angle at the rud-
der position.

ug wind 7

In the present study, important and major
‘parameters (or functional forms) of the mathe-
matical model are determined by captive model

¥, tests. Variation of parameters due to rudder
7 area modification and scale effect is estimated
, VAC : Absolute wind velocity . .
¥, : Absolute wind direction by use of the method previously reported by the
¥,y ¢ Absolute wave direction - 4)
{ Yot author®.

~Xo1 Yor To 3 Spac fixed co-ordindte . .
Pt Tt vertaty dovmwards) | 3. Calculation Method of Check Helms

G-x,y, z : Body tixed .co-ordinate system
{z : vertically downwards through G )

In recent trend of ship design related to
.- check helm calculation, there have been increas-
Fig. 1 System of co-ordinates " ing demands for full-scale prediction, estimation
of rudder area effect, and effect of drifting forces
due to wind and wave (wind-wave composite

G : Center of gravity

F.;(j, k): Added mass matrix " forces). These demands are usually followed by
F13(4,1): Damping coefficient matrix : ' requirement for sufficient reliability of the calcu-
o . , . lation.

: t - . . .

Fuv. 9) ;A;?c:c;;a ing force vector of manipu Considering  these situations, a calculation

- method of check helms is contrived, which is

Fa: Wind force vector (Suffix 4 de-

composed of the mathematical model assured by
notes air.)

: simulation of manoeuvring motions and captive
Fw: Wave force vector (Wave drifting  model test results.’

forces in the case of check helm To obtain a solution of equilibrium equations
calculation) » based on the mathematical model, two calcula-

'3 Acceleration vector o= (#, #,7)  tion methods are kmown so far, which can be’
e Velocity vector o , v, 7) ? called as ‘““Cross curve method” and “Lin'earized
N t manoeuvring indices (LMI) method”. = In the
9: Velocity vector with non-linear former,? advance speed U is fixed to a certain
terms b= (u, v, 7, u2, v% 7%, uv, v,  value and drifting angle f and rudder angle é

vu, ..., uor); 1=(1,2,3,4,5,6,7, are varied stepwise. From the cross curve dia-

8,9 ...,19 gram of total forces, check helms are obtained.

§: Manipulating vector ' 8= (np, 1,8, In the latter, =™ check helms are obtained by
5, ns) use of line_arize'd 'manoeuvring indices through

j,k: Mode of motion (1: Longi. motion,  iterative procedure, flow of which is schematical-
2: Sway, 3: Yaw). , ly explained in Appendix I. _ o

N: Total number Of elements of a Besides the abOVe methods, ”Multi—_—variable
ship form Newton (MVN) method”, which is known as a
N=4; for the present case . numerical calculation method for a solution of
n=1: Main hull (H), n=2: Pro- multi-variable non-linear equations, can be
peller (P), »=3: Rudder (R), n=  applied.  An outline of MVN method is sum-

4: Side thruster (S). C maried in’ Appendix II. The correspondence of

variables and functional forms is as follows:
This model is derived on the following assump- : '

tions: ' : Z1=v, T2=MNp, L3=0 1
(1) Added masses of all elements (Hull: H, fi=Xm+Xp+Xr+Xe (2)
Propeller: P, Rudder: R, and Side thruster: fr=Yu+Yr+Yrt+Ve :

S) of a ship are constant.

(2)  Damping terms are attributed to a main hull
and are expressed as functiomal forms of  where suffix £ denotes arbitral external forces.
state variables. Damping effects. of sub- By use of MVN method, all sub-programs for

f3=NH+NP‘+NR+.NE
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hydrodynamic characteristics of H, P, etc., which
were prepared in computing programs for ma-
noeuvring motions, can be used as they are, be-
cause linearized derivatives .are mnot required.
And this method was checked :to give solutions
more rapidly than LMI method.

Stability at the equilibrium points of total
forces can be evaluated by indices composed. of
hydrodynamic coefficients. Expressions of these
indices are shown in Appendix III. In addition
to this statical stability, dynamical stability is
evaluated by calculation of course keeping mo-
tions under external forces as mentioned later.

4. Model Test

4.1 Tested Model

A scale model of LNGC was adopted because
its steerability in wind and wave becomes often
discussed. It was tested in. Seakeeping and
Manoeuvring Basin of Nagasaki Experimental
Tank and Multi~purpose Wind Tunnel, M.H.I.

Principal particulars are shown.in Table 1.
Taking operation condition into account, speed
of the model was adjusted to Froude’s number
F»=0.051; with propeller revolution 7, kept at
the model propulsion point.

4,2 System of Measurement:

In  captive model tests, tota.l forces (X Y,
N)mypirss acting on a hull (H) with a propeller
(P), a rudder (R), and a side thruster (S) are
obtained by cantilever gauges connected to the
planar motion mechanism.  Propeller forces
(X,Y,N)r are obtained by .a self-propulsion
dynamometer and a propeller lateral force
dynamometer. Rudder forces (X, Y, N)r are
obtained by a 3-component rudder force dyna-

Table 1 Principal par’aculars of tested

ship form
Items Mode! Ship

] : Scate 1/53.200

Lpp @ Llength be(xeen perpendiculars (m) | 5.000 266.00

B :EBreddth moutded (m) 0.8030 43.04

4y Drought mouied at midship | 0.2006  10.65

X :iTrim (m) . L T 0
Lpo/s I 6.180
B/du ' 4 4ok
Propelier . . :

D :Diameter () 01581 8.409

P : Piteh {m) 8 ) &10?7 ) ‘S.B3B
Rudder

Type B Mariner

b :Breadth (m) 0.1434 ‘ .7.948

h :Height (m} ‘ o} 04818 2 110.20
A’R“ :Effective rudder area ratio 1/35.00
Impeiler of side thruster - o

Dg :Diameter (m) 0.05000 2.660

oSt

A 1 L
ffg/ B gdeg) 190

/ ———O—— Wind tunne! test results

7y e e [sherwoods method (Estimation)
------- Isherwood’s method
-05 / (Ship type: Tanker, ore
’ carrier with bridge aft,
== _/// TSRS - Fuil load }
. 3\

CNy

005+

010~

Fig. 2 Comparison of wind force coefficients

mometer and side thruster forces (Y, N)s are
obtained by side thruster dynamometer. Hull
forces (X, Y, N)g are obtained by subtraction
of P, R, S component forces from total ones.

4.3 Results of Model Tests

Kinds of captive model tests are as follows:

(I) Oblique towing test

(2) Circular motion test

(3) Rudder angle test

(4) Side thruster test

In addition to the captive model . tests, the
following tests were carried out.

(5) Test for wave drifting force measurement

(6) - Wind tunnel test

In the wind tunnel test, a water-line model
(scale ratio s=1/100, Lypp=2.66 m)- -was used.
Relative wind speed Va was adjusted to 10.5
m/sec after assuring that no substantial effect
of Reynolds’ number is found on the range of
Vaz7.0m/sec. Wind forces X4, Ya, and Ng4
are non-dimensionalized by (p4/2)AarV 4%, (pa/2)

. AurVa?, and (pa/2)Load aLV 4* respectively, where.

pa denotes density of air, Los length over ally
Aur. transverse projected area above water-ling
and Aur lateral projected area’ above water—line.
Results of the test are shown in Fig. 2, where

.\ .estimated results by Isherwood’s method® are

shown.
5. Chegk Helms under Steady
Wind and Wave
Making use of the mathematical model togeth-
er with thus obtamed captlve model test results,
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check helms are calculated of the tested ship
form under steady wind and wave.
The environmental conditions for harbour
entrance of the ship are prescribed as follows:
Absolute wind velocity V.io=10 m/sec
Wave height hw=1.0m
Wave length A=66 m (A/L=0.25).
As for the mode of ship operations, advance
speed U is regarded to be kept constant by engine
control according to the operation manuals of
harbour manoeuvring. Keeping of constant ship
speed is realized through iterative procedure
including propeller revolution 7, based on Eq.
(2), and U is adjusted to relatively slow speed;
ie. U=5kn (F,=0.051).
5.1 Effect of Wind
Check helm calculation for the full-scale ship
is made by use of wake correlation factor® e;=
(1—wm)/(1—ws). The results are shown in Fig.
3, where peak value of rudder angle § for the full-
scale ship is 1.2 times larger than that for the
model. As shown in Fig. 3, scale effect on the
check helms is not large; therefore, hydrodyna-

Fn = 0.051
vy =10 ™/5eC (Ship)
. x

Full-scale ship.
—— —— Model at Model pt.

: Rudder angle

< Drifting angle

: Relative wind velocity
: Relative wind direction

pldeg) ©

F-10

L I 1

90

)
150
Oy (deg)

1
120 180

'Fig. 3 Check helms and drifting angles

under steady wind (Full-scale pre-
diction)

X

Fn=0051 /B339 L)

I’ \\ k)
15 1 -30} / \
. A \ ¢
I~ / \\
Z§- 'g /! 7~ 5\ \ VAWS“(SNP)
z| 2 / \ 10
, / / \ —— 15
10 ~-20r ’ : ‘\ ...... 20
/I 8 / \ \
/ /’/‘\\ ' .
s " \ \ £ : Rudder angle
_ 7 /,/ AN { L\ 2:Drifting angle
e // 8 < v Va‘Relative wind velocity

St -10 / 7//‘ \ N\ \ \  @x:Relative wind direction

/ ~ \\\ \

/// A \\ \\
; N

B \\\\\

oL © s It 1 L l\\\
0 30 60 S0 120 150 180
’ OA (deg)

Fig. 4 Check helms and drifting angles
under steady wind

mic characteristics of the model itself are used

in-the following calculation.

Calculated results of the check helms under
steady wind -forces are shown in Fig. 4. Peak
values of rudder angle § and drifting angle § are
found at relative wind direction 64==130 and 70
degrees, respectively.

- Results of the calculation on rudder area effect
are shown in Fig. 5, where rudder area are varied
from —309, .to. 4209, of original one. Com-
paring with variation of rudder area, small varia-
tion of the check helms is found in Fig. 5. It
can be said that rudder area effect on check
helms is small in such a case of varied rudder
area with constant rudder height as the present
one.

5.2 Effect of Wave Drifting Forces

Calculated results of the check helms under
steady wave drifting forces are shown in Figs. 6
and 7. Variation of the check helms with wave

direction g is shown in Fig. 6, where peak value
of ¢ is found in the range of x=>50 through 60

Fn=0.051
Va =10™/58%(Ship)
§ : Rudder angle

VA Relative wind velocity
O Relative wind direction

AR=AR/Lpp-dym
Rudder height:const.

0 L '
0 30 60

80

150 YJEO
eé(deg,
Fig. 5 Check helms under steady wind

(Rudder area effect)

180

Fn =0.051
NL=0.25
40} m
Pu .8 §s-35 99 x

~-30
o
@
Z

§: Rudder angle
byw: Wave height
A: Wave length
M: Wave direction

L

20+

Fig. 6 Check helms under steady wave
drifting forces
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Fn = 0.051
p= goded

§ :Rudder angle

hy: Wave height 6 y
40k ?\chlve Igngth .
g, fug=1.6 ™(Ship) J:Wave direction
S .30k 4 Lpp =5.000™ (Model) "
: 266.0™ (Ship) " Wave
1.2™
-20p
1.0m
-10r
0 L s - i
0 05 1.0 L VY 20
Fig. 7 Check helms under steady wave
drifting forces
degrees. Variation of the check helms with

wave length to ship length ratio A/L is shown in
Fig. 7, where ¢ markedly increases in the range
of A/L less than 0.5.

5.3 Effect of Wind~Wave Composite Forces

and Side Thruster '

From Figs. 4, 6 and 7, it is known that wind
forces and wave drifting forces exert influences
of the same order, under the design conditions of
the environment. If wave drifting forces are
superposed over wind forces, it is supposed that
6 and S etc. become considerably large. To
verify this, the severest condition; ie. wave
height Aw=1.0m, A/L=0.25, u=>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 ¢ and B due to wave drifting forces.
In Fig. 8, the check helms under side thruster
(S/T) operation is also shown. Since the side
thruster is operated to resist external yawing mo-
ment; i.e., Cas is negative, where Cns= vDs/g ns,
¢ decrease with increase of 8. In the case where

Fn =0051 Wind: Yy =107/5€¢
Wave : hy=1.0M
NL=02§
) M =50 eg
—— Wind : ==
~—— Wind +Wave ST ens® 52‘0
------ Wind + Wave +S/T -
vol 2ok / \
20 — \
_ T < B 1 \
I e S
33 e NN
< wp el TN

o
T

oL O L 1 1
0 30 60 90

1 L
120 eA(degfso 180

Fig. 8 Check helms and drifting angles under
wind-wave composite forces and side -
thruster (S/T) operation

the side thruster is operated to resist external
lateral force, increase of ¢ and decrease of /3 are
confirmed by the similar calculation.

Although the effect of wind-wave composite

forces on the check helms is cosiderably large,
the ship form is found to have sufficient steera-
bility because maximum check helm lies within
the range of medium rudder angle.
- Stability at the equilibrium points of total
forces is calculated, and it is found that the
equilibrium points in the range of 6a4z=140
degrees are unstable in the case of “Wind"” when
rudder angle is fixed. In the case of “Wind--
Wave’ and ““Wind+Wave+Side thruster”, every
equilibrium point is statically unstable. How-
ever, a heading angle can be kept at the aimed
course by the modified zig—zag manoeuvre with
shifted mean value of rudder angle. Namely, the
LNGC under study is dynamically stable even
in wind-wave composite forces.

5.4 Effect of Water Depth
~ Shallow water effect becomes important under
ship operations in harbours. In this study, shal-
low water effect on hull forces is calculated by
Newman's method'® and that on rudder forces
by Kan’s method!®.

Results of check helm calculation for the case

of wind-wave composite forces are shown in
Fig. 9, where § and g decrease with water depth.
From Fig. 9, it can be said that shallow water
effect exerts more influence on £ than 6.
. Judging from these results summarized above,
the LNGC ship form under study is considered
to have satisfactory steering ability under the
given environmental conditions. And it can be
said that the present method of check helm
calculation is practical and useful in ship design
procedure.

Assuming that hydrodynamic forces due to

Fn = 0.051 H/g
—_— oo
—— 15

memm== 12
H: Water depth

wind : Vg =10™ 5€¢ .

Wave: hw=1.0m
M. =025

(=]
T
A
=]

pldeg)
§(deg)

ol o . . < . :
0 30 60 90 120 150 180
6 (deg)

-Fig. 9 Check helms and drifting angles under
wind-wave composite forces (Effect
of water depth)

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

250 S S AERERE

SHRYE FHI05

currents can be superposed as external forces,
check helms under steady currents can be also
calculated by the same method as the present
one.

6. Conclusions

. Starting from the mathematical model, the
author investigated the. calculation method of
check helms and drifting angles for course keep-
ing'to cope with demands in ship design.

The results of the study can be summarized
as follows:

(I) A calculation method is presented, in which

© captive model test results are fully utilized
for assured reliability.

(2) A practical example is shown of the evalua-
tion of check helms and drifting angles by
convenient expressions for ship = design and
navigation. And it is shown that the present

method is one of the useful methods for.

check helm calculation.

Not only for safety, but. also for minimizing
ahead resistance of ships under external disturb-
ances, such steerability calculation as the present
one is considered to'be increasingly important.
Further study will be necessary on comparison
of steerability of various ship forms.
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| Appendix I

—Outline of Linearized Manoeuvring Indices
Method— _

“Linearized manoeuvring indices (LMI) meth-
od” is sxmply summarized by the 1terat10n flow
shown in Flg A-1.

Appendxx I

-——Outlme of Multl—vanable Newton’ Method—
Multi-variable non—hnear -equations are - ex-
pressed as follows:

Yi= fu(@, Ta, o, Tm) )
yz?fg(xx,bxz, v, Tn) (A-II-1)
| yn-::fn(xi, Ty, -, w;) 7
where the unknowns are denéfed by i, @2, ...,
and z». To solve the equation,
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TV (1T ()T ()V(K,2) v

Ki3) = K(K) (8 (K)+6+T4(K) B+T2(K)8)

where

Mode of motion

k=1 3 Longi. motion v(1,1} = u
k=2 ; Sway v(2,1) = v
k=3 ; Yaw v(3,1)) =r

T 04T, = p, (k1) p(K,3)
T](k)’Tz(k) = pv(k.Z)/ Pv(k»a)

T] (k) = (pv(k,2)+ {lpf,(k,Z)-“Pv

(k,])‘Pv(k:3)| )/(va(k:3))

Tok) = (b, (k,2)- [TPE(K,2)Ap, (6,1, (,30] )/ (22, (k,3)

K(k) = pg(k,2)/ p,(k,3)
8,(K) = (k107 pyk,2)
T4K) = py(k,3)/ pylk,2)

T3(K) = pg(k,4)/ py(k,2)

T(k) = Ty(k)eTy(k)T4(k)

(pv(k,Z)-pé(k,2)-pv(k,3)-Pé(k,3)/(pv(k,3)'pG(k,Z))

Table A-1 vDeﬁnition of

Manoeuvring Indices

{ z2., o () (ki) = 23, {pg(k,2)-6(2)) |

=1 3 i, motion v(1,0) =i v{1,2) =0 v(1,3) = u k : Mode of motion
‘;:; H g:g; motio v<2:1§ =¥ vfzz-Z) =v v{2,3) = v & corresponds order of differentiation.
k=3 § Yaw v(3)) = F v(3,2) =r v(3,1} =r .
s(1) =1 6(2) =5 §(3) =3 6(4) =38
(18]} (180 (18]) for k=1
p,(1,0) =0 pl1,1) = XeXe
py(1:2) = mm, pgl1s2) = X
P (1,3) = =X, P(1:3) = Xyyy
py(1,4) = 0
P, (2,3) = «(mm_)(Tzz+dz2)+(m 3 Y{m a ) p6(2 1) = {(mm Ju-¥ }(NC+NE)+Nr(Yc+YE)

pv(Z 2) = {mm N +(m a,) {{mm Ju-Y_ }- (m a IN +{1224022)¥,

v
qu -XR){(M We- myay)‘i }+(;1y1i )NG-(Izz*Jzz)Yﬁj PG(Z,Z) = {{mim Ju-Y N NY
py(2,3) = Y N - {{mn, u-Y R} p5(2:3) = (ma, )N (lzerzZ)Y Hmim Ju-Y R Y
T J(x-x)(vu.ﬂv)
+E[ixgrxgd (Y NgNY )= (lmem, Ju-Y N - erJ 61 88788

-X{xG-XR){(YC~Y INg=(NHHE )Y o}

p(2,4) = (m o, )Ns-(lzzh]zz)Ys

P (31} = -p (2,0
p,(3:2) = -p (2,2)
p!(3,3) = -p,(2,3)

P3N = -YV<ncmimv(vcévg)%{(Yéfvg)nd-(r«g"g)vé}, :
Po(3:2) = Y NN Y

Po(3:3) = (mim N (m 2 Y oY Noshy Y Mgy

Py(3,8) = (mim INg-(mpa )Yy

suffix E denotes external force due to wind, wave etC.o

Table A-2 Definition of Indices p» and ps

(y1, 2, =, yn)=(0, 0, 0) (A-11-2)
let us suppose an approx1mate solution as fol-
lows:

Z= (1, Tz, -+, Tn) } (A-II-3)

an exact solution as follows:
T+ AT=(1+ A1, Bt A, -+, Tn+A20)
(A-I1-4)

Since #+Ax is an exact solution, the following
equations are obtained. ‘

f;(xl-f-Axx, $2+A$2,1'", Zn+Axn)=0
f2($1+Ax1, Lo+ Az, -+, xn+Axn)=.0

fn(xs+Azy, 23+ Axs, '--,..'L'n—f-A‘Z‘n)—.——O
(A-11-5)

By Taylor expansion of Eq. (A-II—S), :the equation
with first order terms is obtained as folloWs:‘

f1@)+a0 3L (x)+szaf1 (x) )
| ot dan il (xj_o
fz(x)+Ax fz (x)+sz afz (x)
+"‘+A$rz fz (x) 0
fn(x)—l—Axl f" (x)+Ax2 Li (x) |
f~-~+4xngf;’;(5)=.bﬁ
(A-TI1-6)
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@Numeration of v jv= K(k=2)(6c(k=2) +35)

e

@Numeration of y s u=yU -v

¥

@Numeration of np satisfying the equation XH + XP + XR + XE =0

!

@Numeration of renewed linearized manceuvring indices (LMI) under
the said u,v,and np by use of the equivalent linear derivatives
as follows :

Y=y, +2Y, v+ 3r, V8
v oy wY wwvY
N = N+ 2N v + 3N v
v v v vwv¥
* L

Ys = 35 Yg(usvanp)

*

N = g Ng(usvsnp)

@Renewa’l of LMI by way of Table A-1 énd A-2

¢

[ Renewal of the check helm 6 = -5_ ( k=3 ) ]

!

@( Difference of the former and the renewed of

No V> Np, and 8 ) .less than. { Allowable error)

Yes

i Iteration stop |

Fig. A-1 Tteration flow of LMI method

Eq. (A-II-6) can be expressed as follows: Assuming that manipulation variables are con-
o . stant, state variables are related as follows:
AAx=—y (A-11-7)
where “ u
v v
ofi ~ . |=A- , A=(ai;) (A-III-1)
A=(aij) aij=T(.’L') 7 4
X5 .
- ¢ 2 _ ¢ _
- Az " -
- 1 o v o where
Ax= A-;L'z Y= yz —a _ Xu %
Azn | Yn | mma ' T mtma
A: Jacobian  Az: Correcting vector azn= Yu 22= Yo
2. Residual vecto m+my m+my ’
y: Residual vector. - ] S M
From Eq. (A-II-7) A7 is obtained as follows: et Ju' T Lt
A_, _,A : ATI8 aun=0 y asz=0 N
r=-— -I1- 4 5 -
v o Ay K _ Xy
In ‘Fhe practlcz?,l calculation, 1terat1on. for cor- B s e
recting vector is made from the starting point 3 ' Pyd
- o 7.
of that l‘:’ﬁ'ﬁlﬁvés assumed to be a renewed ap- A= s Gu=o s
proximate solution. | o 5 o Ky
Appendix III 33_FIzz’{‘]zz ’ 34”Izz+]zz
—Statical Stability at Equilibrium Points— ' as=1, au=0 -
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Symbol ~ atop X, Y, and N: Total forces of
H, P, R, and E components

Suffix #, v, #, and ¢ : Numerical differentia-
tion at equilibrium point.

Stability of steady solutions of the above

equation is evaluated by eigenvalues of matrix
A. The characteristics equation for these eigen- .

values is expressed as follows:

det(AI—A)=2A*+AsA3+ 4222+ 410+ Ao=0
(A-111-2)

where I: Unit matrix.

If the solutions of Eq. (A-III-2) have negative
real part, steady solutions are stable. According
to Routh-Hurwitz test, this condition is satisfied
when the signs of all indices As, As, 41, Ao, and
D are the same,

where D=A3A2A1~432A0—A12 .
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