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Alstract

* superranker can be considered as a nonlinear system which
re:ponds very slowly to changes in the rudder position, Moreover
this tvpe of ships is often unstable in loaded condition, i,e. it
nas a tendency to start turning either tc the left or to the right.

The .e properties make the supertankar very hard to haudle.

I order to model the helmsman's behavior, a number of tests has
teen performed using a ship manesuvering simulator. The trained
sitjects had tc steer a 200,000 tons tanker along a varying course,
The results obtained from these trials are encouraging.

X tiscussion of the further research is given.

i Introduction

M,sr of the investigations concerned with the behavior of the human
operator as a controller have been executed with reference to pllots
of airzraft or spacecraft; some work has heen done on the control of
submarines. The human operator as a controller of surface ships,

however, did not get very much attention until raecently,

Ir the Netherlands in 1968 the Institute TNO for Mechanical Construc-
vtion (TNO-IWECO) at Delft built a ship maneuvering simulator [1]1n
order to study among other things ship maneuverability, the design
of nautical instruments and the training of ship crews. In the same
year Stuurman [2] executed a series of trials inm which he showed that
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for small ships the control behavior of the helwmsman could very
well approximated by means of a Describing Function Model. He
alsoc ..und evidence that for larger ships 2 nonlinear model prob-
ably would give a more reslistic description of the helmsman's
behavior,

In consult with TNO-IWECO Lt was decided to continue the work of
Stuurman as a joint activity of the Shipbuilding Laboratary of

the Delft University of Technology and the Man~Machine Systems
Group. Special emphasis was to be lald on modelling the helmsman
of a supertanker with the following geoals in mind: To provide data
on which tiie maneuvers of this type of ships under human control
can be predicted in a number of situatione &s well a3 to enable an
evaluation of the smployment of a human pilot. The results of some
preliminary experiments have been reported at last year’'s Annual
Conference on Msnual Control [3].

2 Ship dynemics

The dynamice of a ship depend not only on the Hroperties of the
ship itself but also on the topology of the surrounding water,

The motions of & ship in the horizontal plane can be described by

a set of nonlinear differential equations. These sgquations describe
the translations of the ship in a direction corresponding to the
longitudinal axis of the ahip and in a direction parpendicular to
this axis as well as the rotation about a vertical axis through the
centar of gravity, Fig, 1 gives an indication of the variables
concerned.

In 1957, Nomoto [u] showed that for a ship sailing st constant speed
the relation between rudder angle § and rate of turn r can be des-
cribed by means of & second order linear differential equation. For
most of the smaller ships this equation gives an adequate description
of the ship's behavior in a numbe., of standard maneuvers. For a super-
tanker, howaver, it was found that the behavior was essentislly non-
linear. Based on full scale trials, Bech [5] proposed to extend
Nomoto's equation with & nonlinear term, This leads to the following

reiation {6]:

YTy FCO+(T T R0t )ea, rCt e, [re)] P2 k[T, 8Cedes(e)], (1)
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FIGURE 1:

The quantities involved in the desoription of the
ship'es maneuvers.

where r(t) = de(t)/dt is the rate of turn, ¢(t) is the heading
angle, §(t) is the rudder angle, and where the quantities 3, 32.
71' Tz‘ 13 and X are constants. These constants are dependent on
the hydrodynamic properties of the ship, which are for instance
related to speed, load condition and possible restrictions in the
surrounding water.

in this study a particular ship via. a 220,000 tons deadweight
tanker in loaded condition has been chosen. The principsl data of the
ship were: Length = 310,00 m; Breadth = 47,16 m; Lepth = 24,50 m;
Draft = 18.90 m; Displacement = 23A,000 m3 and Froude number = 0,14,
The constants in Eq. (1) for this ship have been determined by
Glansdorp [5;7], they are given in Table 1, }f a stationary situation
is considered, that is, #(t) = 0, %(t) = 0, &§(t) = 0, then Eq. (1)
changes into:

3

ar ¢+ ar” = K&, (2)
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TABLE 2:

Conztants in the equation desoribing the relation between
the rudder angle and the rate of turm for tha supertanker,
tn deep and etill water; the speed oonsideved 1s 7.72 m/sea.

numerical values
constants dimension
fully loaded | dallasted
a -1 3
! 2, .2
a, sec”/rad 60,000 16,200
Tl sec 280 80
Tz seg 10 3
13 sec 20 [
K sec”? ~0.0u34 | -0.0871

Fig. 2 represents Eq. (2) ; this static characteristic is given
for the ship in fully iocaded and ballasted condition. The ship is
course unstable in loaded condition; it has s natural tendency to
deviate from the straight course and to start turaning either in
one direction or the other,
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FIGURB 38:

Relation between the rudder angle & and the rate of turn »
in the statiomary etate for the ship opnoidered in this
investigation as. found by Glanadorp [?] (a: loaded oondition;
b: baliceted aondition).
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3 The maneuvering simulator

The simulator consists of a wheelhouse which has the same appearance
as that of a real sea-going vessel. The fore part of the ship, the
sea and a cuastline are displayed on a screen in front of the whecl-
house. The total angle of vision of the helmsman is 120°. The

imige of the fore part of the ship is statie, it is produced by

two slide projectors which have a fixed position. The coast line

is generated by means of a point light source and a movable model
with thrae degrees of freedom simulating two translations and cone
rotation in the horizontal plane, A blockdiagram of the system,

including the helmswan, is given in Fig, 3. s%
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FIGURE 3,

Blockdiagran of the TNO simulator.

Cn an analog computer the dynamics of the ship to be simulated,
inciuling tha characteristics of thrust engine and rudier engine,
can be progrinmed, The computer yields the signals which control
the environnental display system and also the instruments such as
compiss, rulder pasition indicator, log, etc. The helmsman has the
same controls at his disposal for maneuvering as on e real ship
v.z. the wheel, which gives the input to the rudder engine, and
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the telegraph to the engine, which governs the speed ¢f the pro-
peller, External dieturbances simulating the effects of wind, waves

and currents can also be introduced intoc the model on the analog
conputer,

[ The experiments

In the experiments described here, the simulator has been used as
a supertanker at full sea in fully loaded conditicn as well as in
ballasted condition, moving at a constant speed, The analog com-
puter was programmed according to Eq. (1)
given by Glansdorp as indicated in Table 1.

based on the constants

The rudder engine
was also included in the simulation; jts 2, amics have been chosen
according to the Eqs (3) and (4),

Ty §(t) + &(t) = Gd(t); 3)

[6Ctd| g u, ()
where 6d(t) is the posfifon of the steering wheel or the desired
rudder angle; whera T“ {8 a time constant of 1 sec and where the

quantity M is the maximal value of the rotation spsed of the rudder
(0,045 rad/sec).

The subjects were four trainees of the School of Navigation at
Rotterdam. The: wers studying for the rank of first or second mate
after having be.n at sea for several years. All four trainees wers
experienced in steering conventicnal cergo ships; only one of them
(subjuct A) had sailed on tankers up to 90,000 tons dead weight,
Their task consisted of following a straight course for about half
an hour, or of following a preprogrammed but unpredictable course
which changed between +2° ana -2° around a cartain nominal course
for about fourty minutes., This prescribed course acted as a forcing
function for the man-3supertanker system. Bacause it is not a real-
istic situation to follow a continucusly changing course, & binary
signal was chosen., The construction of the binary test signal was
baged on the idea that with the experiments to be executed aleo
linear models of the helmsman's behavior might be investigated.
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*Therefore the input sigzal (desircd course) was constructed in
such a way that about 70 percent of the input's energy was concen~

trated at only four frequencies. The amplitude of the binary signal
was equal to the two “egrees earlier mentioned. The four sinusoidal

components were the third, fifth, eight and thirteenth harmonics

of a sinusoid with a period of forty minutes; the phase at the

initial point was chosen atr random,
TABLE 2: Summary of the teeis performed.
ATe 1972 1972 1972 1972
April 25 April 28 May 2 May 3
TIME
PN 1 7 ni . 19
7.3Cpm|Subject A Subject C Subject A Subject D g
loaded cond. loaded cond. ball. cond. loaded cond,
course chang. | course chang. | course chang.| course chang,
Subject B 2 Subject D o Subject B * Subject C 2
§.00pm|loaded cond. loaded cond. loaded cond. loaded cond.
course keep. course chang. | course chang.|{ <ourse chang.
Subject A 3 3 T T
loaded cond. Subject C Subject A Sudbject D
course keep. loaded cond, loaded cond, loaded cond.
Subject B & course ke°n, course keap, course keep,
Subject D 3 i
3.¢%m[loaded cond. Loaded cond Subjest B e Subject C
course chang. ) loaded congd loaded cond
course keep. * ¢
Subjec. A 5 | Subject C r. course keep. coursae keep.
ball. cond. loaded cond, Subject A 7} Subject D
course keep. course keep. loezded cond. loaded =ond.
1C.00pm|Subject B 6 | Sudbject D . coirsa keep. course keep.

ball. cond.
coursa keep.

a®
loaded cond®

course chang.

Sy
S'.bject B 2
loaded cand,

.ourse keep.

Subject C e
leaded cond.

course keep,

. ¥ith disturbances due to waves.

v» With rate of turn indicator,

saw Duz to a want of time this run covid not be performed.
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‘In Table 2

a summary of the tests is given. During the experi-
mInts the compass as well as the rudder angle indicator were used.
Three tests have been executed in which also the rate of surn
indicator was used, With the exception of two trials no external
disturhances simulating ship motions originating from wind, waves
and currents were introduced; these axternal diaturhanecseyere
generated by means of a digital computer and consisted of the sum
of 23 sinusoids simulating the motions of the fully lcaded tanker
in a following sea with long crested waves. These waves were consid-
ered to originate from & wina with a force of eight to nins
Beaufort.

During the tests the fmllowing signals were recorded <o magnetic
tape:

e The desired course wd(t).

® The course of the ship ¢(¢t).

o The desired rudder angle sd(t).

e The rudder angle §(t). ,

e The rate of turn »(t) = y(¢t).

S Modeliling the helmsman's hehavior

In the Figs 4 through 6 some examples are given of the time
histories of the desired course wd(t); the course of the ship ¢(t);
the des. ! rudder angle Gd(t); the rudder angle 6(t), and finally
the rate of turn r(t) as racorded during the tests. In all cases
the records show that the helmsman generates a rudder angle &§(t)
as output whic* consists of discrete stesps. Hence the records
indicate that a linear model to describe the helmsman's behavior
will not fit the data very well. To check this presumption,the
ratio detween the energy not located at the four frequencies
mentioned before and the total energy of the signal consid-

ered has beez calculated. The Table 3 shows the results for the
four subjects, 2ach having performed twe runs of forty minutes.
From the table it can be concluded that the remnant energy, in
particular of the desired rudder angle 6‘(t). is that high in most
of the runs observed, that it does not seem appropriate to focus
the attention on linuag descriptions of the helmsman’s behavior
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Subject A 3 [ D

Run 1 2 1 2 1 2 1 2
wd(t) 28.0 | 28.6 } 29.3 ) 28.0 { 23.0 | 28.6 | 28.3 | 28.8
vit) 10,3 ] 21.8 7.8 {27.7}§50.1}19.5 1.7} 26.6
dd(t) 88.7 | 88.0]90.9 ) 9%,3)78.2]085.9] 78.1]87.9
é(t) 86.2 | 86.0 {88.8 }91.3]77.6 | BU.7]77.1] 86,5
r{t) 48.8 | 47.9 |¥9.5(52.9} 70.0 |53.2] 35.0]56.1

TABLE 3.

Survey of the remnant energy in the signals observed
for etght tests wi*h four subjects: Loaded condition;
without rate of t. 'an indicator; without dieturbances.

any longer., It suggests that the helmsman bases his dacisions on
when to move and how much to move the wheel on some criteriom which
is, for instance, a function of the heading angle $(t); the rate
of turn r(t); the position of tha rudder 8(t), and, of course, the

desired angle td(t).

By the compass the course ${t) is dispiayed to the helmsman; while
in the case that no rate of turn irdicator is used, it is assumed
that the helmsman estimates the rate of turn r(t) directly from
the time history of the course y(t). Based on the records obtained
by preliminary tests as well as on the records shown in the Figs
4, S and © a model for the helmsman's behavior is proposed
whnich s~ates that if “he absolute value of a quantity s{t) which
is defined as: .
s(t) = [e(e) - td(t)] + e ¥(t) (s)
-neds a certain threshold value dl’ the helmsman moves the

crerring wheel into a position &, (t) according to Eq. (6):
6:“) = ay (1) » bY(t) + c[te(t)]a + d sign 9 (). (6)
In this equation the qu?ntity te(t) = p(t) - td(t). and the quan-
tities y(t), wd(t) and ¥(t) are the values of these variables at
the moment that the threshold value {s exceeded. As & result of
thic action, the quantity |s(t)] wil decrease; if now |s(t)]

be-omes less than a second threshold value dz. it is asaumed that
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Ezample of the time histories of the deeiraed courec ¢ .,(t); the
course of the ehip v(t); the desired rudder angle & f€); the rudder

angle G(t{; the rate of turn r(t), and the derivatiBe of the rate
of turn with respact to the time h(t): subject A; without rase of
turn indicator; without disturbances; loaded -~-mdition.
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zanple of the time histories of the desired comrae ¥,(t); the
courss of the ship ¢(t); th* desired rudder angle § fi). the rudder
angla 8(t); the rats of tu. ‘t)s and the derivatiVe of the rate
of turn with respesct to *° - @ Prt): Subjeot B; without rats of
turn inditcator; without w«. . ances; loaded condition.
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Bxample of the time histories of the deeired course ¢ ,(t); the
aourse of the ship $(t); the desived rudder angle & i), the rudder
angle 8(t); the rate of turn r(t), and the darivatign of the rate
of turn with respeot to the time b(t): SBubject D; without rate of
turn indiocator; without dieturbances; loaded oonditiom.
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‘the helmaman moves the rudder again into zero position., - e
6. Parametar Estimation L - ““,
Py tt) i
The parameters a, b, ¢, d, ey d1 and dz can be estimated by i
minicizing a quantity J, defined ast porcmeters | direct o ‘”3““‘
R O} [‘“’]24'- N L methed "
where the signal g(t) represents the difference between the human modil of the G,"m K
operator output Sd(t) and the model cutput Gd.(t). The minimal — betmeman . ’
value of the quantity J1 can be found by partial differentiation . .
of this quantity with respect to each of the unknown parameters —
and by setting the result equal to zero. This ylelds as many equa- ’
tions as there are unknown parameiers. Bect.se there does not exist
a simple analytical relation batween the input and the output of PICURE 72
‘he model of *he helmsman it is not posaible to solve the equations Appiication of an error eriterion in sack ¢ vay that
,-st-zentioned in a simple way. Furthermcre, it should bde noted ungiescd parameters ocan be obtained for a model of &
aystem {n a olosed loop.
that if a model with given parameters should be inserted into the .
control loop instead of the helmsman, this would lead to amother The corraespondence between the time histories of the actual course
time uistory for the quantities 6,(t), #(t) and r(%). So, in order of the ship 0(t) stsered by the helmemsa aad those of tue ship
to gat an unbiased estimate of the parameters in the human operator nodei p¥(2) steered by the model of the helmsman's behavior can be
aodel, a comparison should be made between the output of the helms- exprassed by the quantity B,, defined as: .
man and the ocutput of thu model, where this model is also part of T
a closed loop system with the ship's model (See Fig. 7 ). The f[[t(t)'v’(t)]zdt
parameters can be found by means of a direct search meth-d mi.i- ga = °j' . (9)
@izirg t.~ quaatity J‘ vith respect to the model parametars. With ][t(t)lzdt
the help wi Eq. (7) the quantity 21 can be defined: o
: JleconPae 7 Resuits
£, = —2 = 2 . (8) ' ) )
% ,[‘d(t)]zdt }[Gd:t)]zdt gased on thae data of one test, in which the eubjest had been
° ° instructed to steer a ship in loaded eondition aloag a straight
The quantity E, i‘dic -*. 4w well the model output approxicates course for a periocd of 25 minutes, the parameters of 8 series of
the actual output of .Lc aelmsman. simpie modals have been estimated according to the pars~

peter estimaticn method just-mentioned. The first model was a
1inear one; later models were based on the Bqs (S) and (6),

- -652-
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‘bz 1t that the nonlineapr terams in Eé.(g) were neglected., The
risults with these s{nple rodels, however, were vary poor, and did
not give any indication how to modify the mor ° sed in order to
grt « better result. Tharefore, the task of tn lmsmar, which
du n1g theose tests was to keep a ship in loaded conditien on &
straight course, was changed into the task of follewing & certain
unpredictable but wall defined course. In this case, 8gain the
paraneters were estimated, and now the results were much betiery
trey even led %0 & direction in which the structure of the medel
had to be changed. Finally, the modal as given by the Bqs (8)-
ani (6) was obtained,

The Table n shows the values ¢of the model parametars as well as
the values o. the quantities E, and 2, calculoted from four tests

TABLE g4,
Summary of the parameters of the moi.. given by the

Bqs (§ and (8) and the quantfiice %2 and By
3t.%ject A B [J M
. 1972 | 1872 | 1872 | 1972
Pate May 2 | May 2 | Bay 3 | May o
Test or 15 14 20 21
a 3.8 1.9 8.2 2.0
b [see.] 176.9 | 188,0 | 210.0 | 230,8
¢ [degr.”?] 0.0 0.1 | -o0.1 0.1
4 [dege.] 1.7 1.0 1.0 1.5
c‘[:oe.] 20,3 20.0 22.8 20,0
dl[dcgr.] -%.,0 0.2 0.3 0.2
dz[dogv.] -5.0 2.1 0.2 0.0
e, (s] %0.1 70.8 ®3.n 92.8
e, (4] 8.7 - - 3.1
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the four subjectes A, B, C and D (B8ee Tadie 2 ), The

Figs ¢ «d ¢ shoew some typissl time histories of the act.al

signais 4,(t), 4(~) and 3,(t) sompaved with the medel outputs

9% (t)cnd o"(t). Some renarks with respect to the results obtained

can de nade,

@ As.howgh a remarkadies difference {n the steerisg behavicr of the
subjeats exista (Ses the Pige 4, B and ¢ ), the differencs
of the parameters ameng the different subjests is rather sasll.

o In particularfcr tha sudbjects A and D the nedel fits the test
resultes “airly wels.

® Although the cutput of the nodel of the helneman'’s behsvior does
sotaluays resemdie the astusl ocutput very well the course of the
ship gensrated by the model experiment f£1ts sutremely well,

e In a fev casse, for instance the test with subject C, the opeti~
nizatisn of the pecametsrs by minimising the guentity J‘. vas
difficult. The problem was to find the adeclute minimun of the
quantity Jy in etead of a Losal mininum

fursher resgavoh

Until now, only the parameters of the model have Peed setimated

for four nubjects steering a fully lceded tanker along & presarided
sourse chenging at dertein noments from +2 degrees to -2 degrees

and back. Alsc some tests weve perforsed with & tanker in bellested
condition and with disturbances (simulating for instence the motions
originating fvon seawaves) acting on the ship, but st ¢his Noment

varansters Have net yet been ectimeted, Sume of these *ests, in perticu~

lar theso with the ship soiling in open ses with rather digh weves,
showed that fairly dangerous sivuations can oceur whes the helussan
is not well traines.

The further resesvsh s focussed on the £ollowdng points whiaeh
may be of t-portnch in developing a usefel model in order to
be able to predist the behevior of & ship under humss control,
® A s.udy Jf the influence of the rask to be ensduwted dy the
subjests on the strusture of the ncdel of the helosmen's
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behavior and on the parasmeters bslon ing to the model,

® A study of the .nfluence of the ship dynamics on the structure
of this model nd on the model paramsters.

@ A stuay of the influence of the disturbances acting on the ship
on the structure of this model and on the model parameters.

® The physiological and § ycholegical interpretation of the
sodel parameters.

A large number of experiments with the TNO ship saneuvering sis-

ula*or have been planved in the siddle of 1973. The experiments

have been set up in such a way that asbout ten subjects will have

*o steer a largs number of ships vith different dynsmics. In

char .cterfizing these ships with reference to their dynsmics, three

groips ¢#n be distinguished, 1.e.!

® Course stable ships with 7 more or less linesr relation betveen
rudder angle § and rate of turn r (see Fig. 1Ca).

@ Z>urse stable ships with a nonlinesr relation between rudder
sngle & and rate of zTurn r (dead zone) (see Fig.l10 D),

® Cairse unstable ships with a nonlinear relation between rudder
ingle 4 and rate of turn r (see Fig. 102).

SN0 SO O

’ s

F.GURE 10:

The relation betveen rudder angle & and rate of turn »r
Jor the threes classes of ehipe.
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A second aspest of the meneyvering dynasnics of ships is the tine
constant, Each of the thres clsases of sh-ps nentioned before siil
be used in combinetion with three time senstents vis, 10, 80 snd
250 sec. 1Ia this way the wholse ares of possidle ships is coverad.
During the tests first-mentionsd no disturdances seting on the

ship (wind, waves) wil) be takes irto sccount. Is the beginning of
1974 some additiensl trisle will 3s exeeuted in order to check the
influence of disturbances scting on the ship on the strusturs of

the mcdel of the helmeman’s behavier snd on the parsssters belonging
to the wedsl.,
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Human operator performance in a simulated anti-aircrafe
artillery (AAA) task is explored as a function of system and
snpvironmental parameters. Operator responses to repested
fly=bys are analyszed to provide trajectories of both mean
response and of response varisbility., Both the mean and the
variability of the response are shown to change with changes
in experimental variables, and oomparison of experimental
data and theozetical data obtained from the human operstor
model indicate that performance changes can be related to
changes in the human's ability to obtain and process infor-
mation., In addition, it appears that the human predicts the
future course of the target to a limited extent. Modification
to the human operator mcdel to acoount for this type of be~
havior are sugyested.



