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ABSTRACT

Aspects of ship manoeuvrability will become part of the ship desigh process
in 1993 when a new Resolution is adopted by ‘thé Ihternational Maritime
Organisatien. Course keeping ability will be judged by the width of the
spiral loop, and it is pointed out here that the current proposal is too
general and does not account for several important parameters

INTRODUCTION
A new Resolution may be adopted in 1993 by the Inferhationallearitime
Organisatiofi (IMO); which will mean that ship manoeuvrability will become a
much more ‘important aspect of the ship design process, with several

manoeuvring criteria having to Dbe addressed and calculations

having to be performed to ensure that the ship will satisfy these criteria.

Later, full-scale trials will have to be performed to verify that the ship
does satisfy the criteria in practice. Those aspects of manoceuvrabillity
which are: to be examlned have been covered in detail by IMO [1]1; [2].
These manoeuvrability criteria are concernéd - with the turning, yaw
checking, initlal turning and coursé keeping abilities of the ship. _These
criteria are fairly easily verified during full-scale trials, by means of
turning circle and zig-zag tests, with the exception of course keeping
dbility.
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Traditionally, course keeping ablility has been considered in terms of
| spiral manoeuvre, that is a plot of the rate of turn of the ship versus
applied rudder angle, where instability 1s evident by the plot having a
tinct "S" shape, the width of the spiral loop being taken to be a
sure of the instability. This must be regarded only as a measure of the
tic stability of the system, which may also be dynamically stable or
table.

The most important aspect 1s not whether the ship is statically stable
unstable but whether it is controllable by the helmsman. In order to
imine comtrollability, thé full dynamical behaviour of the ship must be
cidered. Nomoto [3] and Koyama et al [4] were the first to look at this
blem and to realise that the important factor was the phase margin of

system, and for a helmsman to be able to control the ship, that it must

algebraically larger than -20 deg. In éoming to this conclusion they
mined the linear equations of motion, including the dynamical behaviour
the steering gear.

The concept of phase margin was at first suggested by IMO [5] as a
terion for course keeping, but with the .value for an acceptable phase
Lgin having been set at -5 deg. However, IMO have now moved away from
. idea of phase margin as ‘a criterion for course keeping, back to a
ief that the spiral loop width is quite adequate as an alternatlve [2]. -

There are several reasons behind the change from the phase margin
 terion, back to the spiral loop width. In Ref. [2] IMO suggest that the
hcept of phase margin is not widely understood, and in any event there is
suitable manoeuvre or full scale trial procedure to evaluate it. On the
eer hand they argue that the spiral loop width is relatively well known,
not so well understood, and is readily peasuree and verified within the

sting repertoire_of full scale trials.

The purpose of this paper is to re-examine the validity of the
bumptions made and to provide an explanation and understanding of phase

'gin as it effects manual steering
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- - . MATHEMATICAL MODEL .

The equations of motlon ‘used to describe the manceuvring behaviour of a
ship‘are now well established. Aithough the besic statement - of Newton's
Laws of Motion in three or more degrees of freedom gives no scope: for
variation, the expressionslused for the hydrodynamic forces and moments
take n'wide variety of forms. Nevertheiess; the differences occur mainly

in the higher order or non linear terms and the first order or linear terms

are accepted without argument.

'In'an‘earlief'baper,'Clarke et al [6] cover the development of the
linear equations fiom first principles, and show that the dimensionless
form of the linear equations of motion is o s :

(64 v " m* )V i+ Y vv + (Y F-o'x G)r + (Y . Jr +Y 66‘= 0

i
K-}

Ny =gV + Nv & (W = TR+ (N = m'x"o)r’ + N g8 =

(1)
expressed 1in terms - of .- the non-dimensional. acceleration and velocity
derivatives, and where the variables are the dimensionless sway velocity
v', dimensionless yaw rate r’ and ‘the: rudder  angle &. It 1is quite
straightforward . to rearrange these two simultaneous equations as a pair of
decoupled second order.edquations as follows.

T T + (T 1v+ T’é)r +r'=K'é +K'T 38
:-?’1T’zy’ + ('r’1 +-T'z)?{»+ v' = x' 6 + K Tf‘B e _(2)

where the terms in equation (2) and their algetaraic relationships with the
acceleration and Qelccity derivatives of equdtion (1) can be found in the
literature and particularly in Clarke et al [6]. It 1s 'now possible to use
only the first equation above, in terms of the non-dimensional yaw rate,
which has been found extremely useful in. the analysis of full-scale trial
results. since in practice yaw rate is much more simple to measure than

‘sway Velocity The manner of expressing the coefficients in terms of gains

and time constants is immediately consistent with normal control
engineering practice. It is also worth noting that the number of variables
required to describe the system has been reduced from 13 in eduation (1) to
6 in equation (2).
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When described by the linear equation in yaw rate, equation (2) above,

response of the ship to any harmonic excitation must itself be
monic, and the two are related to each other by the transfer function,
ch is found by taking the Laplace transform of the first line of
ation (2), and ignoring any initial conditions, this is

, XK' (1 + T’as)

- (s)

8 =T+ T’ls)(l + T’zs) 3)

This transfer function relates the yaw rate response to the rudder
ut, but it is more convenient to use the heading response to the rudder
ut, in which case the transfer function needs to be multiplied by a
tor 1/s, which takes care of the necessary Iintegration. The dynamic
aviour of the steering gear must be also taken into account if we are to
dy the manual sSteering behaviour of the ship. This may be simply
resented by a first order transfer function whose non-dimensional time

stant is T’ - which when combined with equation (3) gives

o K1+ T8 . (8)
G(s) = =, = s(1 + T’ls)(1_+ 'lf’zs(l + T’Es)

‘Equation (4) now represents the -transfer function of the ship plus
ering gear. If we assume that while steering the ship, the helmsm&n
ptaves in a particulaf manner 'which'may be represented by another transfer
bction H(s), then the block diagram of the ship steering control loop may

represented as shown in Fig. 1.

DUIRED STEERING ' ' SHIFS
ADING HELMSMAN ENGINE SHIP BEADING
§ @
-+ . * 1 § K+ T ss)
) H (3) [ (1 + T'gsd . st + T',8)¢1 + T'29)

-y — — (;('5) —_— —_—

Figure 1. Block diagram of steering control loop.

Since the ships in which we are primarily Interested are dynamically
table, then the probleni ‘of manual’ ship control can be reduced to finding
bse types of ship for which the transfer function of the helmsman H(s) is

ficient compensation to ensure a stable behaviour of the closed loop
tem, as depicted in Fig. 1.
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The problem of the controllability of a ship can therefore be reduced
o an examination of the magnitude and phase of the transfer function for
he ship plus the steering engine. In other words, when the magnitude in
quation (4) is unity, what is its phase? If it 1s less than -180 deg.,
hen it is unstable, but if it 1s not less than say -195 deg., the 20 deg.
hase advance which the helmsman can provide will still give rise to a
table System by bringing the phase above -180 deg. to an acceptable fligure

f -175 deg.

The magnitude of the ship plus steering engine transfer function ()

nlay be expressed in logarithmic form as,
20 log G(w)[db] = 20 log K’ + 10.log [1 + (T @)%

- 20 log @' - 10 log [1 + (T'lw')zl

10 log [1 + (T'zw')zl

10 log [1 + (T" )7
(5)
and for an unstable System the phase can be written as

Phase ¢ [deg] = - 270 + tan_’(-w'T") - tan_l(w'T'E)
tmf%WT})-tmf%WT}) ee. (8)

The steps taken 1n obtaining equatlons (5) and (6) from equation (4)

can be found in most textbooks on automatic control.

Using equation (4) , the characteristics of any ship or range of ships
can be easily investigated. The family of ships studied by Nomoto [3] had
the following characteristics:- .

K'/'I"1 = - 0.501 '1"2 = 0.35; '1"3 = »0.60.

The relationship between these constant non-dimensional values, and
their corresponding real time equivalents, is through the length over speed
ratio L/U, where for the general time constant we have,

T = T/(L/U)

The hydrodynamically based time constants do not change, for any speed
or ship length. The reverse is true, however, for the steering gear time
constant which is taken by Nomoto to be
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-T, = 2.5 sec. so that T =2.5/(Lu). : -

Here ‘it can be seen that as long as L/U > -10, then from the last
equation, T' "Will' be muéh smaller than- T' »- and will not have a great
effect ‘on the overall dynamics of the system However, when the reverse ‘is
true and L/U < 10, then the steering engine causes an increasing time lag
which can greatly detract from the manual handling ability of - the ship. By
increasing the speed of the steering gear,” that 1s making T < 2.5 sec.,
this problem can be alleviated to a certaln degree. ’

Using' the data given above the behaviour of a whole family of- ships
may be examined by varying the parameters 1/T' and L/U. However before
comparison can be made with the work of Nomoto [3] and Koyama et al [4],
one further relationship must be established.

The steady state solution of the yaw tate equation (3) 1s simply found
by lgnoring the time derivatives of r’, so that
rr =K's

but this linear relatlionship does not represent the true situation for the

rl
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Flgure 3a. Diagram of spiral curve for stable linear ship.

larger yaw rates and rudder angles, since in reality the steady state
behaviour is non-linear. .This may be represented here by the. inclusion of

a cubic term, 8o that

r+er’= K's . . T e (T

e
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This curve is shown diagrammatically im Fig. 3, and represents the
ell knoun spiral curve. In reality this phenomenon is much more
omplicated than modelled here, but all that is required of the simple
odel for this purpose, is that it has the same properties. The height of
he loop.can be easily found by settingva = 0, and then the loop height is

-a'). °
fr
Qs"““-———___é__> l r' +a'r’ =K'$
o o / ,,/’/'
N B A
ezl LOOP HEIGHT N
= 2//-a’
o1 4
0 = ! s
a1 o . H
7 N LOOP WIDTE =

] P — J——
03 /'_ — _\\ 9 K'W=g l-
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Figure 3b. Diagram of spiral curve for an unstable ship.

The loop width can be found by differentiating equation (7) with
espect to r’ and setting the right hand side to zero, then the loop width
an be shown to be

3 =zFﬂ[um#wn e (8)
LOOP 9
Now for all the family of ships examined by Nomoto, K'/T’ = -0.5, so

hat in this case we can eliminate K’ from the last expression to yield

= - [1.540/(V- a’ )] (1/T") . - oo (9)

This is an important relationship, since it allows the results of a
inear transfer function analysis to be related to the non-linear concept

spiral loop width It must not be forgotten that the result shown in
tion (9) will vary for other ship types for which the ratio K'/T’ is
1fferent.
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.-MANUAL STEERING CRITERIA -.

In the simulation work carried out by Nomoto [3], he produced what seemed.
to be a universal diagram which ‘he entitled the "Map Demonstrating Ease of
Manual Steering , which is reproduced ‘here as Fig. 4. The diagram shows
what appear to be lines of constant phase margin, plotted for ships with
various values of spiral loop width and length over speed ratio L/U. Also -
indicated were the reglons on the diagram in which ships were either easy
or more difficult to steer. _Points _refer'ring to the specific combinations
of spiral loop width andi/U o_f the- test cases were also shown.’

SPIRAL LOOP

WIDTH phase compensatxon
3097 // \ \ NN o
exs Rewas \ g3s-23 gs0-23
. e v
20 hard neasy .
steering (1 easy steéring zone
100 E£10-1 Ei!ﬂo 35_3 10
E-"q.s EZ‘J-S ES'°'=
00 gy 1 P 4l; i '.
0 10 20 30
I.JU (sec)

Figure 4; Map demonstrating ease of manual steering (Taken from Ref [31).

Later work by Nobukawa et al [2] -centres upon the same universal
diagram :shown in Fig. 4, but concentrates on a different. area of it. They
argue that if a ship is being'controlled by a pilot, who gives verbal
commands to the helmsman, rather than by the helmsman using his ‘own skill,
then the level of accéptable instability must be reduced. This results in
the ‘acceptable phase margin being reduced from -20 deg., to =5 deg.
However they fail to realise that the’ required gain must also be reduced in
these circumstances This is illustrated in Fig. 5, which is reproduced-
from Nobukawa et al {7]. This" diagram has also been submitted to IMD by
the Government of" Japan (5] and’ it currently holds an important place in
the formulation “of the manual steering criterion It is therefore
important to examife Figs 4 and 5 rather critically and establish exactly
how they have been derived and what are their limitations.
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pilot (taken from Ref.

(71

The simplest way to examine the magnitude and phase of any system is
to plot them as rectangular co-ordinates on a diagram called a Nichols
Chart, which shows the magnitude on a logarithmic scale (dB) as ordinate,

| and shows

the phase in degrees as abscissa.

Fig. 6 shows a sketch of a

Nichols Chart, with a plot for a stable ship and one for an unstable ship.

denotes a
from -90

magni tude.

reducing magnitude with frequency,

It can be seen that for the stable ship the trajectory moves from the top
right to the bottom left of the diagram with increasing frequency. This

together with a phase change

deg. to -270 deg. The most important aspect is the manner in
which the trajectory crosses the horizontal axis, where it has unit

" In this case it crosses to the

which is at a phase of -180 deg. This gives
indicates stability in the closed loop system. This situation is similar

to that depicted in Fig.

right of the vertical axis,
"a positive phase margin and

2 for the Nyquist Stability Plot, where the

trajectory crosses the unit circle in the third quadrant.

Turning now to the case of the unstable ship, its trajectory moves
from the top left, towards the origin and then moves towards the bottom
the frequency increases. Again this indicates a reducing gain

left, as

with frequency,

but in this case the phase commences at -270 deg.,

increases to a maximum near the vertical axis and then reduces back towards

=270 deg.

In this case the trajectory crosses to the left of the vertical
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axis, which indicates closed loop instability and is similar tothe unstable

case shown in Fig. 2:-

MAGNITUDE (db) 50 — s r
20log|G(iw) | 4l P i NEGATIVE e
O " PHASE MARGIN T
. UNSTABLE _ -

30

0 | S B e \\éosrnvvr-:-‘ “__;___-_

40— / MAXIMI! ]m PHASE MARGIN
27 0 emasE | 0 P

240 20 200 180 160 40 1 100

PHASE (deg)

Figure 6. = Nichols Chart showing stable and unstable ship:

For closed loop stability to result, the plot for an unstable ship has
to be moved to the right on the Nichols Chart, so that it passes. through
‘the horizontal unit ‘gain axis to the right of the origin. In Fig. 7a a
shift of the trajectory can be .achieved by the helmsman’s compensating
action introducing a.phase.advﬁéé. ..In Fig. 7b the helmsman’s action s
slightly different: Here he introduces an-increase in gain, combined with
a smaller amount of phase advance, in order to achieve stabilit&.. In the
first éa_se the required phase advance 1s given by the intersection of the
trajectory with the .horizontal axis, whereas in the second. case the
required phase advance is given by the smaller hofizbntal_distance from. the
peak of the trajectory to the vertical axis. Further, in the first case,
in Fig. 7a, there is no gain cha:nge'f'fequired but ln_’the.$econd case, in
Fig. 7b; the gain introduced into the system must be sufficient to move the
peak of the traJectory vertically up the diagra.m to coincide with the

‘horizontal axis.

It must be. remembered .that .the helmsman’s ability to. introduce -an

,mcrease in gain and advance the phase at the same time is limited, as

indicated earlier.
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Figure 7a. Sketch showing phase advance being used to achieve stablility.
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Figure 7b Sketch showing gain change and phase advance bein,g used to
achieve stability

The magnitude and phase plots for the generalised family of ships
given by Nomoto [3], have been plotted in Fig. 8, for a value of L/U equal
to 10. The range of 1/T' is from +1 to -1 which covers a very wide range of
ships from stable to unstable. It is interesting to note that the
intersection of the trajectory with the horizontal axis moves progressively
to the left as the value of 1/T’ reduces. ’ k
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Figure 8. Nichols Chart for family of ships.

It has already been stated that the trajectory of a ship which will be
closed loop stable must pass to the right of the origin on the Nichols
Chart. The shaded area shown on Fig. 8 indicates a gain change of 4 (12
dB) and a phase margin of -20 deg., which have been given by Nomoto [3],
Koyama et al [4] and Clarke et al [6], as the approximate characteristics
of the helmsman. This implies that the helmsman may be able to control the
ship satisfactorily if its gain and phase trajectory passes through or to
the right of the shaded box, thereby achieving closed loop stablility when
the helmsman's compensating effect is included. The smaller shaded area
indicates the -5 deg. phase margin suggested by Nobukawa et al[7].

Clearly in Fig. 8, all the ships whose trajectories begin at the top
right of the diagram have positive values of 1/T' and are stable, since
thelr trajectories paés well to the right of the origin-and the shaded box.
On the other hand for the ships whose trajectories begin at the top left of
the diagram, all have negative values of 1/T' and are statically unstable.
This means that they will possess spiral loops of varying sizes, dependent
on the value of 1/T' and -a, as shown in equation (9). ’

/A second inner shaded area can also be seen inside the main box in
Fig. 8. This box indicates a gain of 4 (12 dB) but a phase .margin of -5
deg., as recommended by Nobukawa et al [7], for the case where a pilot is
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ving instructions to the helmsman. Clearly in this case there will be
bre unstable ships, with trajectories on the left of the Nichols Chart
ich now do 'not pass through the inner box and therefore would be
tremely difficult to steer in this manner. Ref. [3], [4] and [7] refer
b "phase to be compensated", rather than phase margin as used here. These

antities are numerically the same, but with a sign reversal.

MANUAL STEERING MAP

are now in a position to be able to construct a manual steering map,
imilar to those shown in Figs 4 and S5, due to Nomoto[3] and Nobukawa [7].

Using equations (5), (6) and (9); lines of-ébﬁ;tant bhase margin can

e drawn on the map or diagram, which has spiral loop width as the ordinate

d the ratio L/U as absclissa. Fig. %a shows the phase margins applicable

o the case where the maximum phase is considered, as was the case in Fig.

b. These curves are the same as those produced by Nométo [3] and Nobukawa
Pl, indicating that they adopted the maximum phase condition.
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Figure 9a. Construction of manual steering map.
Lines of constant maximum phase

However, as an integral part of that process,- an' increase in galn
s also required, as shown in Fig. 7b. Lines of constant galn are shown in
'ig. 9b. Finally, lines of constant phase are shown ‘in Fig. 9c¢ for the
mity gain crossing case, also illustrated in Fig 7a It should be noted
hat in Figs. 9a and 9c, the constant pahse lines are similar only when the
spiral ‘loop width is small.
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ermissible region under the hatched lines, with that suggested by Nomoto
{3]. The same process carried out for the -5 deg. phase margin case set by
obukawa et al [7), results in Fig. 10b. This time the permlssible region i‘
er the hatched lines is much smaller than that being suggested by
obukawa and, more importantly, than that forming the basls of the IMO
criteria.
|
| . .
SPIRAL Mf—— fosemms
LOOP -12db\ : / -20° PHASE EXTRA O
WIDTH 12} GAIN — BARRED AREA
(DEG) A /
10
ORIGINALJ(k‘ I T N
" BARRED IyuE "<"-20° PHASE "]
: / / N\ ACCEPTABLE AREA
4
N
) ¥ SN =
Jy \.\
0 ] 10 15 20 25 30 35 4 45 S50
' L/U (sec)
Figure 10a. Nomoto limits.
SPIRAL 6 — e
LOOP - N
wipte ¥ m\ - /“ & 15°] \LTERNATIVE :
-1 = 5° PHASE ~~l TENTATIVE o
PEG) 121~ GAIN -\~ B S 4 > o
b \\ Pl _~| REGULATIONS ,
X 4 i ..
' ORIGINAL e 10° "
8 BARRED 74 e o
5 AREA " _-*" EXTRA BARRED e
N AREA "
4 L l"‘ ‘4'/’ _ ° reeeed E .
/,V’i\f" p it lil:ls-l?HA§lE i .t
2 st ; - |
: wﬁi}/‘" ACCEPTABLE AREA Bl
L H H I
% 10 15 - 20 25 30 35 40 4 50 l
: : L/U (sec) t ]
Figure 10b. Nobukawa and IMO limits. fii
Flgure 10. Comparison of limiting factors on manual steering map. B”f
t .
fi-4
L i)




o

1.283

zles. This problem is concerned with stability when the rudder angle is

)se to zero.

This situation has serious consequences and must be borne in mind by
designer, until such time that the tentative IMO regulations are
roved and amended.

CONCLUSION

has been shown that the tentative IMO regulation concerning maximum
ral loop width is inadequate. The current proposal is invalid over a
ge range of loop width and L/U, previously considered acceptable. The
imsman has a limited capabllity to increase the gain of the system, and
15 constraint appears to have been neglected. This paper suggests lower
piting values of spiral loop width, - which are considered to be
tisfactory. The designer should be aware of this situation, until IMO

»nd thelir criterion values.
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