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RATIONAL MODES OF OPERATION FOR A FOUR-ARM TILLER
ELECTRO-HYDRAULIC STEERING GEAR WITH RESPECT
TO MULTI-ALTERNATIVENESS AND PREFERENCES

Goncharenko A.V.

1t is investigated the expediency of application of a four-arm tiller electro-hydraulic steering gear equipped
with piston hydro-cylinders instead of the plunger steering engine 4EP220, Stork (the Netherlands), for a
general dry cargo vessel, 13,500t DWT and 18.2 knots speed. Substantiation of the effectiveness of the
retrofitted steering gear is fulfilled with the help of suitable mathematical modeling illustrated with
corresponding plots. It is shown the role of multi-alternativeness, preferences, entropy, and conflicts in the
process of operational control.

Keywords: electro-hydraulic steering gear, dry cargo vessel, subjective analysis, subjective entropy,
individual preferences, multi-alternative situations, conflicts of preferences, canonical distributions,
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Introduction. Accordingly to [1], electro-hydraulic steering gears (EHSG) are widely
used in the world marine ships’ fleet. Due to their substantial advantages (compactness, small
masses and dimensions, convenience for being automated, reliability, and effectiveness of
operation, higher accuracy in control of the helm/rudder and correspondingly holding the ship at
a course, ability to bear significant overloading without operational characteristics getting worse
etc.); these engines successfully supplanted got old types of steering gears: steam, electric, and
hand controlled [1]. The choice of a proper operational mode for steering engines is made by the
active element (human/individual) of the operational control system with respect to multi-
alternativeness of operational situations and at conditions of possible conflicts of subjective
preferences [2-7].

Urgency of researches. The urgency of researches is based upon the necessity to reduce
the mentioned above overloading of steering gears. It is important to have a decrease in forces
acting in EHSG during their operation. The same to the field of human factor influence upon the
process of rational and safety operation.

Analysis of the latest researches and publications. All machinery-building firms of the
developed countries manufacture steering gears [1]. Since the previous fundamental researches
represented in monographs [3, 4] and the newest publications [2, 5-7], the method of subjective
analysis has been applied to solving problems of control in active systems.

The developed theoretical apparatus is supposed to be applied to the still unsolved part of
the problem. Particularly in this paper, it is the substantiation of the expediency of the four-arm
tiller EHSG usage. And in the further publications the conflict of individuals’ preferences is to
be researched.

The task setting. Thus, the purpose of this paper is to research the advantages of a four-
arm tiller EHSG application. That is the first (introductory) part of a bigger problem of making
the choice of the EHSG rational modes of operation in conditions of multi-alternativeness and
possible conflicts.

The main content (material). The idea is to improve the drive of a plunger EHSG with a
structure of a four-arm tiller in conjunction with application of piston hydraulic cylinders instead
of the plunger ones. We foresee to get an advantage in forces acting in the cylinders at greater
angles of the ship’s helm blade deflection. Also, there is an opportunity of choice of the
combined mode of operation which suites the best the researched concept. And the concept itself
on conditions of multi-alternativeness and possible conflicts implies involvement of subjective
individuals’ preferences.

Made simplifications are as following: we neglect most forces of resistance, inertiality of
the system, suppose equilibrium/steady state, assume predictable operational information and
data of EHSG.
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For expositional ease the vast majority of the intermediate mathematical expressions are
omitted.

The problem formulation. For a widely used plunger EHSG the sketch of forces and
moments acting in the engine is shown in fig. 1.
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Figure 1 — Scheme of forces and moments acting in a plunger EHSG

On conditions of just statics equilibrium, which is acceptable for a simplified problem
setting and represents not a transient process but a steady one, accordingly to the scheme in
fig. 1, the force acting in the hydro-cylinder, therefore, for the roughly evaluations is

o Myoos o (1)
2H
where F, — force acting in the hydro-cylinder (see fig. 1); M, — moment acting on the rudder;

a — angle of the tiller turning (see fig. 1); H — half-a-distance between axes of the plungers
motions, the arm of the force F, action applied to the plunger in the hydro-cylinder (see fig. 1).

In accordance with the methods presented in [1], the moment acting on the rudder, with
taking into consideration the forces of friction in the bearings of the steering engine, is

M,=(12...1.3M,, ()

where M, —hydrodynamic moment at the helm blade.
The hydrodynamic moment will be determined by the expression [1]

M = ankkgpng(Cdb - b] )
* 2

: 3)

where C, — coefficient of the normal force; k, — coefficient that evaluates the influence of the
ship’s hull; k, — coefficient that evaluates the influence of the ship’s propeller; p — mass
density of the sea water on an average; v, — speed of flow that attacks the ship’s helm blade;
F —squared area of the ship’s helm blade; C, — empirical coefficient that evaluates the location
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of the normal force application point; b — width of the ship’s helm blade; b, — width of the
balancing part of the helm blade.

For the four-arm tiller EHSG the scheme of forces and moments acting in the system is
depicted in fig. 2.

In such a case, when a four-arm tiller EHSG is installed on board a ship, for the situation
when the four-arm tiller EHSG provides the same speed of the helm deflection as the previously
considered plunger one, also the four-arm tiller EHSG warranties the development of the
identical to the plunger engine moment at the rudder, thus the powers of the both steering gears
are the same, there are a few modes of operation for the four-arm tiller EHSG.

Figure 2 — Scheme of forces and moments acting in a four-arm tiller EHSG

We will now consider the simplest elementary operational modes for the four-arm tiller
EHSG equipped with the piston hydro-cylinders (see fig. 2).

For the first mode of operation, it is working the two diagonal hydro-cylinders, pushing
their rods out, with the other two cylinders staying idle (see fig. 2). For such a mode of operation
the force acting in the running hydro-cylinders will be

' M,
_2rsin(a+[3+y+8)’

4)

where F' — force acting in the running hydro-cylinders, that is F (see fig. 2), in the case if the
first mode of operation is applied; », o, B, y, & — structure parameters of the four-arm tiller

EHSG equipped with the hydro-cylinders; meaning of these parameters denoted in formula (4)
and other parameters of the considered EHSG is obviously interpreted from the scheme shown in
fig. 2.

The angle of deflection of the working cylinder will make up to the value
r sin(a + B) -E s
reos(o+B)— 4’ )

O=—y—arctg
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where E, 4 — structure parameters of the considered EHSG; again, their meaning is explicitly
clear from the scheme shown in fig. 2, for the mentioned above expositional ease we deliberately
omit their intermediate mathematical derivations and expressing them through the angles and
distances.

For the second mode of operation, we consider the first two diagonal hydro-cylinders
working for pushing their rods out and the other two diagonal hydro-cylinders are running with
pulling their rods in (retracting them) (see the exactly corresponding situation in fig. 2). For such
a mode of operation the force acting in the running hydro-cylinders will be

" __ Mb
~ 2rfsin(a+B+y+8)+0.75sin(B—o+v -8

(6)

where &' — angle of deflection for the hydro-cylinder which retracts its rod. In formula (6) it is
implied that on conditions of the same hydraulic pressure the retracting its rod cylinder develops
just as much of its force as 0.75 of that one of the pushing out hydraulic cylinder. That is because
of the differences in the active areas of their pistons.

The angle of deflection for the hydro-cylinder which pulls in its rod will constitute as
much as up to

r sin(B — OL) -E
reos(B—oa)—-A4" ™

o' =y+arctg

Then, for the third of the considered elementary modes of operation, when all four
cylinders are working for pushing their piston rods out, we will get the corresponding
expressions

Mb
B 2r[sin(a+B+y+8)+sin(a—[}+6”_y)] ’ )]

L4

where 8" — angle of deflection for the lower hydro-cylinder depicted on the sketch in fig. 2.
This angle is determined by

E+rsin(a—[3)
reos(a—B)—4"

" =y—arctg 9)

Formulas (7) and (9) are identical.

As we can see now there are a few modes of operation for EHSG, the so called options or
alternatives that an individual may choose. Individual’s subjective preferences determine the
choice. In subjective analysis [2-7] there is a great discussion on the theme of optimality of
human’s behavior aimed at, and subjective preferences distributed on, the set of alternatives in a
problem-resource situation under uncertainty. This optimality is postulated and mathematically
this concept is formulated as finding extremums (maxima or minima) of a certain functional that
contains a measure of a certain individual’s subjective uncertainty regarding to the set of
achievable for him/her alternatives. The functional is expressed in a rather general
view [3, P. 119, (3.38)]

® =aH, +Pe+yN, (10)

where m — function of the individual’s subjective preferences; H, —subjective entropy;
e = g(m, U, ...) — function of subjective effectiveness; N — normalizing condition; a, B, v —
structural parameters, they can be considered in different situations as Lagrange coefficients,
weight coefficients or endogenous parameters which represent certain psychic properties.

For this problem formulation we might take the functional either in the view of (10) or in
the view of its natural extension and generalization for the case of dynamical modelling of
control of operational processes developing in time. Such an approach implies the Euler-
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Lagrange variational principles. Thus, the postulated functional now is being written in the form
of [5, P. 57, (1)]

o - t];[_liﬂi(t)ln 0+ B O {z ﬂi(t)_lDdf, an

N
where ¢ — time; —Zﬂ'i(t)hl 7,(¢) — entropy of subjective preferences of w,(); N — number of
i=l1

the achievable alternatives; F, — subjective efficiency function of the i" alternative;
N

Z T (t)—l — normalizing condition.

i=l

Taking the functional in the view of (10) or (11) we come to canonical distributions of
preferences [3, P. 115-135]. For this problem setting we briefly consider the set of two
achievable alternatives and in the next and subsequent papers we will be researching the topic in
more depth.

If the set of alternatives consists of two optional modes of EHSG operation, let us say,
F' and F", then functional (10) will be

@ :_iﬂi lnﬂi—ﬁiﬂlF"+y{iﬂi—l] (12)
il il iml

Solving (12) for necessary conditions of extremum

oD,
on,

0, (13)

we get the desired canonical distributions of preferences
e
e P o

e’
= T, = W . (14)

Measure of uncertainty of these preferences in the view of their entropy or a function on
the basis of the entropy [2-7] allows us judging about the degree of conflictability of the
operational situation. Parameters and threshold values of the entropy give us a tool for more
effective control in, for instance, this special case of EHSG operation.

The problem solution. After finding the forces and moments from the developed
methods (1)-(9) for both types of EHSG, we may compare results and on their basis choose the
operational mode that fits the required restrictions the best.

The combined mode of operation which is just a compilation of the considered before

elementary ones is developed in the view of a conditional system of equations

F",  a<ay
4 .

F'cn = F’ a:aO’ (15)
F", a>a,,

where o, — angle of deflection of the ship’s helm blade at which the corresponding hydro-

cylinder it changes its-own mode of operation. Here, it is implied the change, let us say, for
example, from retracting onto pushing out the rod and vice versa from pushing the rod out to
pulling it back again.

This angle, for instance, for the given conditions (see fig. 2), is

o, zﬂ—arctgg. (16)

32 MOPCBKUH TA PIYKOBUU TPAHCIIOPT



Hayxosuii eicnux Xepconcvkoi 0epacasrnoi mopcwvkoi akademii Ne 1 (8), 2013 T2

For interpretational purposes of the obtained results let us introduce a coefficient

F

k:ﬂ’
= (17)

c

which is the ratio of the forces acting in the four-arm tiller EHSG equipped with the piston
hydro-cylinders (see fig. 2) to the forces acting in the traditional plunger EHSG (see fig. 1).

Practical application of the problem solution. Let us consider, for example, a general
cargo, universal, dry cargo vessel, DWT 13,500 t, the ship’s speed 18.2 knots. The prototype-
vessel, let us say, of the «Geroi Panfilovtsy» series. She is presumable equipped with the plunger
EHSG of the steering engine builder’s type of 4EP220, Stork (the Netherlands); the nominal
moment equals 1,167 kNm [1].

Now, consider a possible assumed retrofitting with the replacement of the installed
EHSG for the proposed improved four-arm tiller EHSG equipped with the piston hydro-
cylinders type shown in fig. 2.

For the supposed approximate data given: a=0 . . . 35°% H =0.6 m; C, approximated

with the expression

C,=-6-10"°a* +0.0003c> —0.0043c.> +0.0665c +0.0025; (18)

k,=0.578; k,=2.015; p=1,030 kg/m’; v,= 18.2 knots; F =24.375 m’; C, approximated with
the expression

C,=4.86-10"a’ +3.01-10"a +0.208; (19)

b=3.75m; b;=0.9375m; r=0.67m; B=20° y=5° 4=1.69 m; E=0.135 m; mathematical
modeling by formulae (1)-(9), (15)-(19) demonstrates expediency of the four-arm tiller EHSG
equipped with the piston hydro-cylinders application.

The researches results. The results of the modeling by formulae (1)-(9), (15), (16), (18),
and (19) are illustrated in fig. 3.

As a result of the researches we see the advantages of the four-arm tiller EHSG equipped
with the piston hydro-cylinders type shown in fig. 2. The ratio (17) is represented with its plot in
fig. 4. In the absolute values, figuratively speaking, we lose for about 16.4 kN at 100 kN
necessary, but gain 33.1 kN at 310 kN necessary instead (see fig. 3, 4).
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Figure 3 — Forces acting in the EHSG Figure 4 — Advantage of retrofitting the EHSG

As we can see from fig. 3 and 4, for assumed data, at the diapason of the greater angles of
the helm deflection of about 30 ...35° the advantage of the proposed retrofitted EHSG
constitutes up to more than 10% by the force necessary for the same moment at the rudder.
Although at the smaller angles of the helm deflection, approximately 0 ... 17°, the disadvantage
of the improved steering engine is between 20 ... 30%, nevertheless the forces acting are about
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10 times less than for the marginal angles. Thus, we observe the reduction of the maximal
tensions.

Conclusions. Evidently, we might suppose that the stress in the EHSG may be decreased,
therefore the mass of the installation can be reduced, reliability — raised.

Prospects of further researches. For further researches it is prospective to deal with the
entropy paradigm in studying multi-alternativeness of operational situations on conditions of
possible conflicts with the use of the methods (10)-(14).
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TIonuapenko A.B. PAI[IOHAJIbHI PEXXUMM EKCIUIYATALI  EJIEKTPOT'TJIPABJIIYHOTI
PVJILOBOI MANIMHM 3  YOTUPUIIJIEHOBUM PYMIIEJIEM 3  YPAXYBAHHAIM
BATATOAJIbTEPHATHUBHOCTI TA ITEPEBAT"

Hocniooceno Ooyinbuicms 3acmoCy8anHs eleKmpoziopasiiunol pyibo6oi MAWuHU 3 YOMUPUNIEYOBUM
pymnenem, O00IAOHAHOI NOPWHeSUMU  2IOPOYUNiHOpamy, 3amicme  niyHdcepnoi 4EP220,  Stork
(Hioepnanou), ons cyxosanmasicnozo cyona, 13500 m Oedsetim, weuokicmo 18,2 eyzna. O6rpynmyeanhsi
eghexmuerocmi nepeob1aOHaHOl pyIbOBOI MAUUHYU BUKOHAHO 34 OONOMO20I0 HALEHCHO2O0 MAMEMATNULHO20
MOOeN0B8aAnH s NPOLTIOCMPOBAH020 8i0N0GIOHUMY epagikamu. Tlokaszano ponv bazamoanrsmepHamusHOCHi,
nepesae, eHmponii ma KOHQIIKMIE y npoyeci eKCniyamayillHo20 Kepy8anHs.

Kniouosi crosa: enexmpociopasniuna pynvosa MAawuna, CyXO8aHMAICHe CYOHO, CYO €KMUGHUL AHATL3,
cy6’exmuena eHmponis, iHOUBIOYaIbHI nepesacu, OA2amMoalbMEPHAMUEHi cumyayii, KOHQIKmu nepesae,
KAHOHIYHI pO3Nn00inu, 8apiayitiHuil NPUHYyun.

Tonuapenko A.B. PAIIMOHAJIBHBIE PEXHWMbI OKCIUIYATALIMW  BJIEKTPOI'MJIPAB-
JIMYECKOM PYJIEBO1 MAIIUHBI C YETBHIPEXIUIEYEBBIM PYMIIEJIEM C VYYETOM
MHOT'OAJIbTEPHATMBHOCTHU U ITPEAIIOYTEHNM

Hccnedosana  yenecoobpasnocms — NPUMEHEHUSL  DNIeKMPOSUOPAGIUYECKOU  DYIeeol  MAWUHbL  C
yemoplpexnieuegblM pymnenem, 060pyO08aHHOU NOPUIHESLIMU SUOPOYUTUHOPAMU, 6MeCMO NIYHICEPHOU
4EP220, Stork (Huoepnanowt), 0ns cyxoepysnoeo cyoua, 13500m oOedsetim, ckopocme 18,2 yzia.
ObocHosanue s¢ghgpexmusrocmu nepeobopyO08aHHOU Pyae6OU MAUUHBL 8bINOJHEHO C HOMOUbIO OOJINCHO20
MAMEMAMUYECK020  MOOTUPOSAHUL  NPOULTIOCHPUPOBAHHO20 — COOMBEMCMEYIOWUMU  2PAPUKAMU.
Tokazana porb MHO2O ATLMEPHAMUGHOCMU, NPEONOUMEHUl, dHMPONUU U KOHQIUKMOE & npoyecce
IKCIIYAMAYUOHHOLO YIPAGTICHUS.

Knrouesvle crosa: snekmpoeudpasnuieckas pyneéas Mauutd, CyXoepysHoe cyoHo, cyObeKmueHbill aHanus,
CYOveKmuUGHas  SHMPONUsl, UHOUBUOYATbHbIC —NPEONOUMEHUs, MHO2OANbMEPHAMUGHbIE — CUMYAYUL,
KOHAUKMbL NPeOnoumeHUll, KAHOHUYEeCKUe pacnpeoeierus, 6apUuayUOHHbIL RPUHYUN.
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