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Abstract. Electronic speed governors have become widespread on marine
diesel engines. In comparison with hydromechanical ones, they have an
additional setting parameter - input signal sensitivity. This parameter allows
changing the response of governors to high-frequency disturbances. In
camshaft diesel engines, such disturbances are generated when the cams run
over fuels pump push rods, while in ME (MAN Energy Solutions) or RT-flex
(Wartsila) engines they result from the use of inductive sensors with a serrated
tape on the diesel shaft for speed measurement. If the engine is used as a
main engine on vessels,the governor’s sensitivity additionally allows governors
to vary the response to propeller shaft resistance moment fluctuations in
sea waves conditions. In practice the value of sensitivity of electronic speed
governors of main marine engines is selected intuitively. As a result, the
adjustment of governors doesn’t provide satisfactory stability of speed modes
at the change of sea conditions. The study aims to develop a methodology
for adjusting the sensitivity of main engines electronic speed governors
with considering the stochasticity of the load on the diesel engine in sea waves
state. The study was carried out using the systems of automatic speed control
model, which is based on the assumption of relatively small deviations of
diesel engine shaft rotation speed and load parameters at sea waves conditions.
Considering the character and magnitude of change of load on diesel engine
at sea waves conditions depend on many variables of external conditions
(waves levels, course of a vessel in relation to wind-wave conditions, wind
gusts, vessel’s loading condition, given speed of a vessel), any set value of
sensitivity of electronic speed governors appears to be optimum only for a
particular case of vessel movement in sea waves state. The scientific novelty
is defined by the fact that recommendations on the choice of governor
sensitivity are determined with considering stochasticity of propeller shaft
resistance moment fluctuations at sea waves conditions, that increased
accuracy, and validity of recommendations. The practical significance of the
research consist in the increase of stability of speed modes of the main
engine with electronic speed governor at various sea waves conditions
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INTRODUCTION

Main marine diesel engines operate in sea waves con-
ditions for a considerable part of the operational period,
when propeller shaft resistance moment fluctuates in
wide ranges of amplitude and fluctuations period. Based
on statistical data of wind force values and waves height
distribution repeatability of wind speeds (in Beaufort
scale points) on lines of transport vessels, for example, of
Black Sea Shipping Company in the third quarter of the
year 1988 was: 0 ... 4 grade - 63.8%, 5 grade - 18.1%,
6 grade - 9.9%, and 10 or more grade - 0.2%. For pro-
pulsion systems of transport vessels, a wave of a 5 grade
or more is considered to be tangible. That is why it can
be approximately considered that propulsion systems
work 1/3 of running time on unsteady modes, connected
with sea waves state [1]. It means that systems of au-
tomatic speed control (ASCS) of main marine diesel en-
gines should provide stability of speed mode at various
amplitudes and periods of fluctuations of load on the
diesel engine. At that, it is necessary to consider that
amplitudes and periods of fluctuations of loading on main
marine diesel engine at sea waves are random values
depending on wave levels, course, and yaw of a vessel,
gust of wind, and speed of a vessel. Therefore, if ASCS
operation is optimised for specific deterministic rather
than random disturbances, the stability of the diesel engine
speed mode may deteriorate as the sailing conditions
change. Electronic speed governors (ESG), in comparison
with hydromechanical ones, has additional configuration
parameters: the value of the reduced sensitivity range,
which can usually vary from 0 to 5 ... 10%; the signal
transfer coefficient in this range, which can be set from
0.1to 1.0.

Decreasing the sensitivity increases the stability
of the ASCS in the calm waving state but deteriorates the
dynamics of the ESG in the rough sea especially with a
smallwaving period.Normally,this parameteris selected
intuitively, which does not provide optimum control under
variable sailing conditions. One of the reserves for opti-
misation of diesel plants control in sea wave conditions
is the consideration of stochastic characteristics of dis-
turbing propeller action. The present study is devoted to
this problem [2]. Merchant vessels often undertake last-
ing voyages in difficult operating conditions because of
sea waves, where thermal stress values can reach ex-
tremes [3].Therotation frequency of a main engines (ME)
shaft at sea waves can be accompanied by mechanical
overloads of details of the cranking mechanism [4], which
leads to a decrease in efficiency and reliability of the
work of the engine [5]. Besides, as a result of the decrease
in excess air coefficient quality of fuel combustion pro-
cesses worsens causing coking of a gas-air path and the
increased wear of details of a cylinder-piston group.The
problem of ensuring the quality of diesel engine speed
control, taking into account the operational conditions
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of their work, remains relevant [6]. At the same time,
electronic governors implementing proportional-inte-
gral-derivative (PID) control law provide the greatest
opportunities for adaptation of ASCS operation to the
working conditions [7]. Stabilisation of diesel engine shaft
rotation speed, continuous monitoring, and automatic
maintenance of the same load on all cylinders increase
the reliability of engine operation as a whole and increase
periods between inspections of cylinders and exhaust
gas tract [8]. During the operation of an automated en-
gine, it is also advisable to ensure systematic monitor-
ing of its power utilisation and the effectiveness of the
ESG configurations [9].

Quality and accuracy of engine rotation speed
control are standardised by the international standard
ISO 3046-4:2009 “Reciprocating internal combustion
engines - Performance - Part 4: Speed governing” [10].
ESG not only provides stabilisation of speed mode of a
diesel engine but also allows prevention of mechanical
and thermal overload of a diesel engine on variable modes
of operation [11], which also provides a decrease in the
volume of harmful emissions with exhaust gases [12].
ESG using an electric motor as an actuator have a per-
formance capability sufficient for engines of almost any
capacity [13]. In sea waves conditions due to variable
weather, it is often necessary to readjust the ESG to en-
sure the stability of the diesel engine speed mode [14].
However,the problem of ensuring maximum operational
reliability, optimum control in conditions of sharply pro-
nounced load dynamics, quality of operation of main
marine diesel engines in sea waves conditions remains
unsolved [15]. Unsatisfactory governor dynamics can cause
increased fuming and thermal overloading of details of
a cylinder-piston group [16], exchange power fluctua-
tions between diesel engines working in parallel, and
insufficient capacity of the unit. In the study S.I. Gorb [17],
methods to improve the accuracy of simulation of ASCS
dynamics are proposed to optimise the operation of gov-
ernors under deterministic disturbances. These methods
can be used for optimisation of hydromechanical governors
or optimisation of ESG in S.I. Gorb and M.I. Budurov [18].
However, the proposed models for accounting for ASCS
nonlinearities with refinement can also be used to opti-
mise ASCS operation under stochastic variations in the
main engine load under sea waves conditions.

The study aims to develop a methodology for ad-
justing the sensitivity of main engines ESG with consid-
ering the stochasticity of the load on the diesel engine
in sea waves state. The realisation is aimed to improve
the reliability of main engines, optimise vessel speeds
and improve the energy efficiency of the fleet, being in
line with the aims of resolution MEPC 77/6/2 as well
as ‘related” resolutions MEPC 73/5/1, MEPC 74/5/5, and
MEPC 75/6/2 [19].




MATERIALS AND METHODS

The study was carried out using the ASCS model [17],
which is based on the assumption of relatively small
deviations of diesel engine shaft rotation speed and load
parameters at sea waves conditions. Under this assump-
tion, the propeller characteristics are linearised, and the
diesel speed characteristic is assumed horizontal (it is
assumed that diesel shaft speed has no influence on fuel
supply by high-pressure fuel pumps (HPFP) and on the
diesel indicator efficiency, which is typical of modern types
of diesel engines).To solve the optimisation problem the
model allows analysing the influence of ESG configura-
tion parameters on dynamic properties of ASCS diesel
engine. This model provides consideration of delays in
the channel of control action transfer from the governor
to the diesel engine (due to fuel cycling and peculiarities
of torque change in the cranking mechanism). The mini-
mum instability of the requlated parameter was chosen
as the criterion of optimality. This minimum must be
achieved, first of all, at the most probable fluctuations
of the disturbing influence. The study was conducted
taking into account the results of S.I. Gorb [20], which
substantiated the correctness of assumptions about sta-
tionarity and normality of disturbing influence on diesel
system at sea waves, including the fact that the system
under study contains linear inertial links, which normalise
the law of distribution of random signals. Author borrowed
from the work S.I. Gorb [20] quantitative dependencies
of changes in the disturbance variance D, on the wind
strength according to the Beaufort scale and the rela-
tionship of parameters @ and f («=0.16p), which charac-
terise the correlation function of the disturbing effect.

The signal dispersions in the ASCS were deter-
mined through the spectral densities, which are related
in different coordinates of the system by the square of
the frequency transfer function modulus. The spectral
density of the disturbing effect was set by Firsov’s ap-
proximation formula, which reflects well the physical
picture of the phenomenon, as it gives the lowest density
at low frequencies in comparison with other formulas.
The mathematical model didn’t include the gas turbo-
charger dynamics, as the charge air pressure remains
practically stable [21] in the dynamic modes of transport
vessels’ ME associated with sea waves state. The pres-
ence of non-linear links significantly complicates the
calculation of system response to random disturbances
because the transfer functions of the links depend on the
parameters of random signals. To calculate the nonlinear
transformation of random signals a method of statistical
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linearisation was used, the idea of which is based on the
replacement of nonlinear links by linear ones that are
equivalent concerning the response to a given random
disturbance. As a result of this replacement, the system
as awhole is linearised and the apparatus of linear theory
can be applied for its investigation. The minimum ex-
pectation of the square of the difference between the
random processes at the output of a nonlinear link and
an equivalent linear link is chosen as the criterion of
statistical linearisation for the system under study. This
criterion combines satisfactory accuracy of statistical lin-
earisation with the simplicity of calculation expressions
for inertia-free links.

In statistical linearisation, each non-linear stage
is replaced by two linear stages - one of which transforms
the conditional expectation of the input signal and has
a transfer ration of k™ and the other transforms the cen-
tered random component and has a transfer coefficient
of k. To make these coefficients time-independent, the
disturbing effect on the system under study must be
stationary. If, in addition, the random signals in the sys-
tem have a normal distribution law, the coefficients k™
and k” are only functions of the conditional expectation
and variance of the signals on links input. A closed-loop
control system is calculated in the following sequence.
First,some values of the coefficients are given k™ and k”
of all nonlinear links. Using transfer functions of the sys-
tem author determine in first approximation conditional
expectations and dispersions of signals at the input of
non-Llinear links. Using the found values of conditional
expectations and dispersions of signals author find the
coefficients k™ and k”.Then the cycle of expectation and
variance calculations is repeated many times until the
values obtained during the approximations coincide with
the previous ones with sufficient accuracy. The object of
investigation is the main diesel plant of HITACHI ZOSEN
MAN - B&W type 6S60MC-6 of the large-capacity oil
tanker “KORO SEA’, which was built at Namura Ship
Building Co. Ltd. in Japan and put into service 27.02.2008
(Table 1).The engine has a vertical cylinder arrangement,
is crosshead, reversible, and runs with a direct transfer
to a fixed-pitch four-bladed propeller, in increments of
4715 mm and 7300 mm in diameter. Gas turbine charging
is provided by a MITSUBISHI HEAVY INDUSTRIES MET66SE
series turbocharger.

The main technical data of the HITACHI ZOSEN -
MAN B&W 6S60MC-6 engine is taken from the design
documentation [22] and provided in Table 2.

Table 1. Main characteristics of the large-capacity tanker “‘KORO SEA”

Gross register tonnage, tonnes 56355
Net register tonnage, tonnes 32524
Deadweight, t 105905
Displacement, t 121852
Draught, m 14.92
Length, m 241.03
Length between perpendiculars, m 232.0
Width, m 42.0
Submersible propeller draught, m 771
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Table 2. Technical data of the HITACHI ZOSEN - MAN B&W 6560MC-6 engine

Number of cylinders 6
Cylinder diameter, mm 600
Piston stroke, mm 2292
Nominal power, kW 11770
Nominal speed, min.*! 101.0
Average indicator pressure, kgf/cm? 18.4
Maximum combustion pressure, kgf/cm? 143
Average piston speed, m/s 7.72

The HITACHI ZOSEN - MAN B&W 6S60MC-6 en-
gine is equipped with the Nabtesco electronic control
system which does not contain hydraulic or pneumatic
elements and consists of the M-800-IIl type automatic
remote control system, the MG-800 type ESG and engine
protection system. The Nabtesco MG-800 ESG [23] is based
on a controller and is equipped with an electromechanical
servo drive for fuel racks. The actuator with the maximum
torque on the output shaft — 330 Nm is an AC electric mo-
tor with a planetary reduction gear whose output shaft
is connected to the fuel rack. The controller provides PID
control law. The ESG setting parameters can be changed
according to a preset programme depending on the en-
gine operating mode, allowing the control characteristics
to change. For example, the basic setting of the gover-
nor ensures that the control law changes from PID to PI
(proportional-integral) when the speed increases above
60 min by zeroing out the differential time constant.
The governor settings such as gain, integration time, and
differentiation time are set independently of each other
for five engine operating modes (depending on engine
rotation speed or fuel supply). The governor is set to a
reduced sensitivity zone (RSZ) ranging from 0 to 10 min™*
(for the diesel engine in question from 0 to 0.099 relative
units).

The transfer coefficient in this zone is set within
a range 0.5-1.0 (the sensitivity can be reduced by up
to 50%). When the diesel shaft speed stabilises in the
specified limits within the recommended time range of
10 ... 30 s, the zone value doubles. It is recommended
that the signal transfer coefficient in the doubled zone
is set in the range from 0.1 to 0.5 (it is recommended
that the sensitivity is reduced by 50-90%). The control
panel is equipped with a HIGH GAIN mode key, in which
the PID configuration parameters are changed to a more
“active” operation of the governor (the setting values in
this mode can be changed). This mode is recommended
if the governor does not provide the required speed sta-
bility in rough sea conditions, especially if a shaft generator
is used. The engine speed is measured by an induction
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converter,whose circuit generates current pulses as the
serrated tape mounted on the engine shaft. The pulse
frequency is converted into a direct current with a volt-
age proportional to the engine shaft rotation speed.

RESULTS AND DISCUSSION

The structural scheme of the investigated ASCS is shown
in Figure 1. Due to the fact that the modelling aims to
improve the dynamics of the ESG under near-harmonic
disturbances, the structural scheme did not consider the
limitations of the permissible stroke of the actuator: as
a function of the measured rotation speed; as a func-
tion of the charge air pressure and rigidly set on the
control panel. In diesel engines, it is characteristic that
the change in the relative torque of the diesel relative
against the change in the relative stroke of the fuel
pump racks }Tr is delayed. This lag can be explained by
the fact that the torque indicator does not reach its
maximum value immediately after the fuel cut-off. The
maximum torque value corresponds to the angle of ro-
tation of the crank from the upper dead centre (UDC)
22 ... 32° Smaller values are characteristic of partial
fuel supply. When controlling the fuel supply by chang-
ing the end of the supply, the fuel cut-off torque depends
on the value ofhiand usually varies from UDC to 18° of
the crank turn. Considering the above, it can be assumed
that with hj close to 1, a delay of change of indicating
torque of a diesel engine approximately corresponds to
10°of a turn of a crank,and at hj close to zero, increases
to 20°. Then the value of the delay:

20 — 107,

= 1
Tgel 614000 1)

where: n , - rotation speed of diesel engine shaft in nomi-
nal mode, min*; w, - is a relative anqular speed of the
diesel shaft.

The study was carried out at an average engine
load of 80% of nominal load, which corresponds to the
main operating mode of the 93 min™.
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Figure 1. Structural scheme of ASCS of marine diesel engine HITACHI ZOSEN - MAN B&W 6560M(C-6
with ESG Nabtesco MG-800
Note: 1,3,8,10,13,15 - adders; 2, 7,15, 17 - integral links; 4 - functional converter, introducing a zone of low sensitivity;
5 - differentiating link; 6, 11, 18, 19, 20, 21 - proportional links; 9, 12, 14, 16 — nonlinear links, which consider signal
saturation at level + 1; 22 - nonlinear link, which consider transport delay t

The system is perturbed by the change in the rel-
ative torque on the diesel shaft IWC via the adder 1 (by
the load channel). Nonlinear transformations of signals
are carried out by a link 4 which introduces a zone of
the decreased sensitivity of ESG to unbalance signals
w,and w, ; links 9, 12, 14 and 16 which limit the
signal at a level of relative unity; link 22 which realises
a transport time delay of change of the diesel engine
torque in relation to the index of fuel pumps. Elements
3-9 produce the required value of the actuator stroke z "
This value is “worked out” by elements 10-20.The value
z ' is calculated directly from the signal for angular
speed setting w. If the signal z ' does not provide the
necessary fuel supply to the diesel engine (there is a
difference between the set w_and the measured w,,
angular speeds), links 3-7 will generate correction signals
to the adder 8. These correction signals allow the signal
Z ' to be refined. Link 4 realises a zone of reduced sen-
sitivity € (from 0 to 0.099 relative units) to the input
signal with transfer coefficient k (from 0.1 to 1 relative
units). Links 5, 6 and 7 convert the signal according to
the PID control law. With the normal ESG sensitivity set
on the control panel, the proportional link gain coeffi-
cient k , integration time T, and the differentiation time
T, are adjustable within the limits of 0.1 ... 5 relative units,
0.5...30sand 0 ... 2 s respectively.

The actuator has two feedbacks: barrel nut po-
sition (output signal z ) and electric motor speed 71,. In
steady states z =z ' and i =0. Therefore, the adder 10
output signal is zero. If an imbalance between the set
and the exhausted signals occurs (z,"and z) the output
signal of the adder 10 becomes non-zero. This signal is
amplified by the control element 11, having the output
signal limitation at the relative unity level. The occur-
rence of the signal at the output of element 11 causes
the acceleration of the electric motor which in the cir-
cuit is represented by an integral link 15. The electric
motor moves the barrel nut. The speed converter of the

del

electric motor into the nut stroke is represented by an
integral link 17 in the scheme. The barrel nut is moved
until the signal zZ, equals z " Rotation speed feedback
of the motor ensures its quick acceleration and quick
braking. Braking starts when the barrel nut approaches
the desired position. The scheme explains it as follows.
When the signal value Z_is approached to the value z '
the output signal of element 19 on the adder 10 will
become dominant. This will cause the signal at the out-
put of element 11 to decrease sharply and be reversed.
The maximum level of the output signal of element 18
is approximately equal 0.4. When the output signal of
element 11 which has received the opposite sign ex-
ceeds this value in absolute value, the motor will start
to decelerate. A reduction in the motor speed will re-
duce the signal at element 18 output, which will reduce
the speed even more.When accelerating the motor, ele-
ment 18 will only accelerate the process if the relative
output signal of element 11 is less than unity. This is
because the adder 13 output signal is also limited at the
relative unity level. The signal is also limited to one 7,

Transfer coefficient k determines the level of
signal unbalance z'and z at which the electric mo-
tor is braked (speed limitation — during acceleration). If
k =0.08, braking begins at approximately the unbalance
of the Z"and z, equal to 0.08 (at k <0.04 the electric
motor may not have time to stop and overshoot occurs).
Control element unbalance §_, is several times lower
than k. Link 20 feedback is used in the governor to
ensure parallel operation of main engines. If a single
main engine is used, its transfer coefficient k,, can be
zero. Link 21 takes into account the value of the stroke
utilisation of the ESG during the transition from zero
to nominal fuel supply, which is recommended in the
design documentation [23] (k, - relative stroke utili-
sation).ASCS model of the HITACHI ZOSEN - MAN B&W
6S60MC-6 marine diesel engine with Nabtesco MG-800
electronic governor is shown in Figure 2.

Scientific Horizons, 2021, Vol. 24, No. 11
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Figure 2. Model of automatic speed control system for HITACHI ZOSEN - MAN B&W 6S60MC-6 marine diesel engine
with Nabtesco MG-800 electronic governor

The following values are used in the model: diesel
acceleration time Td‘p=2.3 s; delay time 7,,=0.02 rel.un.;
relative value of RSZ ¢ (dbz)=0.001 ... 0.099 rel. un.; co-
efficient of RSZ transfer kg=O.1 ... Lrel.un.; proportional
link gain coefficient k =0.5 ... 5 rel. un.; integration link
time T,=0.5 ... 8 s; differential link time T =0 s; ESG
actuator time T =0.4 s; inequality of control element of
the actuator §_=0.04 rel. un.; electric motor accelera-
tion time T,=0.03 s; transfer link coefficient for acceler-
ation and deceleration of electric motor k =0.3 rel. un.;
feedback transfer coefficient in electric motor speed

<)

X4

Y003
2 0.02608

x4

¥:003

2002615
uf

k =0.06 rel. un.; governor stroke utilisation coefficient
k, =0.75 rel.un.; feedback coefficient k.= O rel.un.Figure 3
shows the dependence of mean square deviation of the
shaft rotation speed \/D" and relative stroke of HPFP
rack \/Dh ,on the value of RSZ (with fixed kg=0.5 rel.un.)
ESG (with configuration parameters k=2.2 rel. un;
T=2.0s; T =0 s), defined by modelling. The results are
obtained with three average fluctuation periods of per-
turbation T,=3.3;7.9 and 20.9 s, which practically cover
the entire range of values encountered in operation.

b)

Wind

force
{number]

Figure 3. Effect of sea waves levels on the mean square deviation of relative shaft rotation speed VD and relative

stroke of HPFP rack VD

h

when changing the value of RSZ ESG - ¢, rel. un. (transfer coefficient RSZ kg=0.5 rel. un.)

Note: for waye condition with period: ab-T=33s;¢d-T=79s;ef-T,=209s
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Figure 3, a shows that for a period of fluctuations
of the disturbing effect T =3.3 s, decrease of sensitivity
in ESG from RSZ value of 0.099 to 0.03 rel. un. (with the
ESG transfer coefficient of 0.5 rel. un.) increases stability
of the speed mode of operation of the ME within the
whole range of wind-wave conditions. For example,
in a wave caused by 4-grade wind \/D" has decreased
from 0.0211 to 0.0197 rel. un. Decrease in RSZ value
from 0.03 to 0.01 rel. un. practically does not lead to
improvement of stability of the speed mode \/Dn does
not change). The further reduction does not lead to the
change of \/D,. in the whole range of the wind wave, it
is not expedient to decrease the governor sensitivity at
small deviations of the controlled parameter. Figure 3, b
shows that at T =3.3 s throughout the entire range of
wind-wave, a similar to speed mode tendency to stabi-
lise the thermal regime is observed with a decrease in
the sensitivity of the ESG. For example, in sea waves
caused by 4-grade wind, \/D is stabilised at the level
of 0.0296 rel. un. The reason fvor this is that the ESG no
more responds to low amplitude disturbances. If, how-
ever, the sensitivity of ESG is decreased in the range of
values of RSZ from up 0.05 to 0.001 rel. un., there is a
tendency of deterioration of stability of the ME thermal
regime, for example, at a waves caused by the 4-grade
wind, \/D increased from 0.0296 to 0.0461 rel. un.
This is explalned by the fact that when the sensitivity
decreases, the ESG moves the HPFP rail with a delay,
but in spurts, which does not reduce the amplitude of
its movements. Consequently, it can be concluded that
since the increase in sensitivity of ESG is accompanied
by an excessive increase in instability of speed mode
(especially at rough seas), an increase in sensitivity of
ESG cannot be recommended for stabilisation of thermal
mode of diesel engine.

Figure 3, ¢,and d demonstrate that for the period
of fluctuations of the disturbing effect T,=7.9 s in ESG
there is a similar tendency (as well as at T,=3.3 s) to
increase the stability of a speed mode and to decrease
the stability of a thermal mode at the decrease of sensi-
tivity of ESG. For example, in a waves caused by 4-grade
wind, with a decrease in RSZ from 0.099 to 0.03 rel. un.
(with RSZ transfer coefficient k =0.5 rel. un) \/D de-
creases from 0.037 to 0.027 rel. un. and \/D increases
from 0.060 to 0.072 rel. un. Figure 3, e, and fshow that
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at a period of fluctuations of disturbing effect T7,=20.9 s
with the decrease of ESG sensitivity, improvement of
both speed and thermal regimes of the ME is observed.
For example, in the case of waves caused by 4-grade
wind decrease and the decrease of RSZ from 0.099 to
0.05 rel.un. (with RSZ transfer coefficient of k =0.5 rel.un.)
\/D decreases from 0.0410 to 0.0262 rel. un and \/D
decreases from 0.0874 to 0.0811 rel. un. Further decrease
in sensitivity of ESG practically does not lead to the change
of stability of both speed and thermal modes of the ME.

By decreasing the ESG sensitivity at calm sea con-
ditions in operational conditions, an increase in ASCS
stability is observed while maintaining the stability of
the engine thermal mode due to the fact that the ESG
stops overreacting to load changes on the diesel engine.
At rough sea conditions it is recommended to reduce a
zone of sensitivity of ESG for it to more “actively” regulate
shaft rotation speed, stabilising a diesel engine thermal
mode. In this case, there is no gain in thermal mode
stability (reduction of \/Dh , if sensitivity is reduced in
a range of small values. This is explained by the fact
that when the sensitivity is reduced, the ESG begins to
move the HPFP rack with a delay, but in spurts, which
does not reduce the amplitude of its movements. As a
result of the investigation, it can be concluded for the
ESG sensitivity reconfigurations it is recommended to
decrease the setpoint unit of ESG sensitivity to the cal-
culated average value of 0.015 ... 0.03 rel. un. (with the
RSZ transfer coefficient kg=0.5 rel.un.) in the wave con-
ditions, which causes intensive and large variations of
shaft rotation speed (at a large dispersion of disturbing
effect). In turn, the increase in sensitivity of ESG both at
low (caused by 6-grade wind or less wind) and at rough
seas (caused by 6-grade or more wind) worsens dynamics
of ESG, as evidenced by the significant increase in the
estimate of mean square deviation of the relative speed
of a diesel engine shaft \/Dn. Figure 4 demonstrates the
specified by modelling dependence of mean square de-
viation of the shaft rotation speed and relative stroke
of HPFP rack on the timing of the ESG integrating link
at a RSZ value of 0.03 rel. un. with fixed kg=0.5 rel. un.
and ESG setting parameters kp=2.2 rel.un.and T=0 s.
Modelling has also been performed for three average
fluctuation periods of the disturbance T,=3.3; 7.9 and
209ss.
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Figure 4. Effect of wave levels on mean square deviation of relative shaft rotation speed YD and relative stroke of HPFP
rack VD, at ESG integrating link time variation - T, s (RSZ value £=0.03 rel. un. and transfer coeﬁ‘iaent of k 0.5rel.un,)
Note: for wave condition with period: a,b —T =3. 5 s;¢d-T=79s;ef-T,=20.9s

It follows from Figure 4,a and b that if the fluctu-
ation period of the disturbing effect is 7,=3.3 s reducing
the time of the integrating link increases the stability of
the speed mode of the ME operation in the whole range
of wind-wave conditions from 4 to 6-grade of Beaufort
scale. However, a decrease of value T, below 2 s leads
to significant instability of the thermal mode of the ME
operation. For example, in a wave caused by a 4-grade
wind, the estimate \/th increases from 0.0418 rel. un.:
at T=8 s to 0.0437 rel.un.; at T=2 s and at T= 0.5 s to
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0.0583 rel. un. Figure 4, ¢, and d show that if the period
of fluctuation of the disturbance T,=7.9 s over the entire
range of variation T, there is an increase in stability of
the speed mode of the ME operation. For example, in
case of a disturbance caused by 4-grade wind, when
decreasing T, from 8 to 0.5 s, estimate /D, decreased
from 0.03240 to 0.02345 rel. un. The parameter T, sig-
nificantly affects the stability of diesel engine thermal
conditions, and its influence is especially noticeable in
the case of rough sea conditions. For example, at waves




caused by 7-grade wind, estimate \/Dh increased from
0.068 rel.un.;at T=8 sto 0.076 rel.un.;at T, = 2 s inter-
mittently to 0.102 rel. un.

Figure 4, e, and f show that when the period
of fluctuation of the disturbance T,=20.9 s in the ESG
there is an increase in stability of the speed mode of
the ME, in case of sea waves conditions caused by the
4-grade wind, the estimation \/D,. has decreased from
0.035 to 0.015 rel. un. At the change of T, from 8 to 0.5.
At the same time, there is a tendency for the stability of
the thermal regime of the ME to deteriorate over the
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entire range of wind waves, e.g., in sea waves conditions
caused by 7-grade wind, the estimate \/D increased
from 0.0775 to 0.0853 rel. un. while changmg from T,
from 8 to 0.5 s. Figure 5 demonstrates the specified by
modelling dependence of mean square deviation of the
shaft rotation speed and relative stroke of HPFP rack
on the ESG proportional link gain coefficient at a RSZ
value of 0.03 rel. un. with fixed k =0.5 rel. un. and ESG
configuration parameters k =2.2 rel. un. and 7,=0 s at
three average fluctuation periods of the disturbance
T=3.3;79 and 209 s.
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Figure 5. Effect of wave levels on the mean square deviation of relative shaft rotation speed VD _ and relative stroke
of HPFP rack w/D at ESG proportional link gain coefficient change k rel. un. (RSZ value £=0.03 rel. un.
and transfer coefficient of k =0.5 rel. un )
Note: for wave condition with period: a,b ~T,=3.3s; c,d T =79s; ef 7,=20.9 s
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Figure 5, a, and b demonstrate that for a period
of fluctuations of the disturbing effect T=3.3 s with a
decrease of the proportional link gain coefficient leads
to the appearance of self-fluctuating phenomena in
the ASCS. It can be explained by the occurrence of re-
configuration in the ASCS (estimates of \/D" and \/Dh

increase simultaneously). Figure 5, ¢, and d show that

when the period of fluctuations of the disturbance
T,=7.9 s there is a significant improvement in the sta-
bility of both the wind speed and the thermal modes
of the ME. For example, if the disturbance is caused by
4-grade wind, by increasing k, from 0.5 to 5 rel. un. the
\/D estimate decreased from 0.068 to 0.015 rel.un.and
the \/D estimate decreased from 0.0738 to 0.714 rel. un.
Also, in ‘the area of small values of kp the phenomenon
of reconfiguration in ASCS is observed, especially in
rough sea conditions. Figure 5, e, and f show that if the
period of fluctuation of the disturbance T,=20.9 s with
increase of k there is a positive effect in stabilising the
shaft rotation speed and thermal regime. For example,
if the disturbance is caused by a 4-grade wind, by in-
creasing k from 0.5 to 5 rel. un. the \/D estimate has

decreased from 0.0523 to 0.0156 rel. un. and the \/Dp

estimate decreased from 0.1065 to 0.0762 rel. un.

CONCLUSIONS

Considering the character and magnitude of change of
load on diesel engine at sea wave conditions depend
on many variables of external conditions (sea waves
levels, course of a vessel in relation to windy conditions,

wind gusts, vessel loading, given speed of a vessel), any
set value of sensitivity of ESG appears to be optimum
only for a particular case of vessel movement in rough
sea conditions. At the same time, there is a possibility
to optimise the operation of ESG at sea waves with the
most probable intensity (for example, for wind waves
up to 5-grade including) and fulfilment of the addition-
al condition on tolerable instability of fuel supply to a
diesel engine (instability of a thermal mode). For HITACHI
ZOSEN - MAN B&W 6560MC-6 marine diesel system it
is recommended a RSZ ESG value of 0.03 rel. un. with
a signal transfer coefficient in this zone of 0.5 rel. un.
It allows to keep the speed mode stability in rough
seas (caused by wind force of 6-grade and higher) and
doesn’t cause considerable disturbance of the thermal
mode stability by changing external sailing conditions
(change of course and vessel’s speed in relation to the
sea waves level).

If in very rough seas (wind force greater than
6-grade) the recommended configuration values do not
provide the required stability of the speed mode, the
sensitivity zone value can be reduced to 0.015 rel.un.while
increasing the proportional gain to 3 rel.un.With a “heavy”
propeller (including a fully laden vessel), speed stability
can be improved by increasing the proportional link gain
and reducing the integration time of the ESG. Further
research is planned in the direction of automating the
configuration parameters of the ESG, depending on the
value of the actual stochastic indicators of changes in
diesel engine speed and the ESG output signal.
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OnTuMi3auia YyTIMBOCTI €e/IEKTPOHHOIO perynsaropa 4actoTm o6epTaHHS
rofIoBHOro CyAHOBOIro AnU3ens
Cepriit IBaHoBMuY MNop6?, Makcum BanepiitoBuu JleBiHcbKuitl, Mukona byaypos?

'HauioHanbHuit yHiBepcuteT «Opecbka MOpCbKa akaaemisy
65029, Byn. [igpixcoHa, 8, M. Opeca, YkpaiHa

2Eastern Pacific Shipping Pte. Ltd. (EPS)
039192, npocn. Temacek, 1, m. Cinranyp, CiHranyp

AHoTaujig. ENeKTpoHHI peryngaropm 4actoti obepTaHHs Habynu LWMPOKOro NOLUMPEHHS HA CYAHOBUX AMU3ENX i, TOPIBHAHO
3 rifpOMexXaHiYHUMU, MaKOTb AOAATKOBMIM NapaMeTp HanalTyBaHHS YyTAMBOCTI A0 BXiAHOro curHany. Llei napametp
[03BOJISIE 3MIHIOBATU peakLiito perynsatopiB Ha BUMCOKOYACTOTHI 30ypeHHs. Y au3ensix 3 po3nofibHUM BasioM TaKi
30ypeHHs reHepytoTbCs NpY HabiraHHi KynaykiB Ha LWTOBXaYi Ma/IMBHMX HACOCIiB, a B ABuryHax Tuny ME (MAN Energy
Solutions) ab6o RT-flex (Wartsild) BOHM BUHMKAIOTb BHAC/IAOK BUKOPUCTAHHS IHAYKTUBHUX JATUYMKIB i3 3y6UACTO CTPiuKO0
Ha Bany AM3ens ANS BUMIpIOBAHHS YacTOTW 0bepTaHHs. SKLO ABUIYH BUKOPUCTOBYETLCS SK FONIOBHUIA HA CyAHAX, TO
YYTUBICTb perynsTopa AOAATKOBO [03BOJISIE 3MIHIOBATU PEaKLLit0 perynsaTopiB Ha KONMBAHHS MOMEHTY OMopy rpebHoro
Bany Npu xBWoBaHHI. OQHaK Ha NPaKTUL BEAMYMHA YYTSIMBOCTI €1EKTPOHHUX PErynsTopiB YacToTM 0B6epTaHHS FONOBHMX
CYLHOBMX AM3eniB BUOMPAETLCS iHTYITMBHO. Lle npn3BOAUTL A0 TOTO, WO HANALUTYBAHHS Perynatopis He 3abesnevye
3a[0BiIbHY CTabiNbHICTb WBUAKICHUX PEXMMIB NPU 3MiHIi MOPCbKOi 06CTaHOBKM. MeTOK LOCNiIKEHHS € po3pobka
MeTOLOMOriT HaNALUTYBAHHS YYTAIMBOCTI eNIEKTPOHHMX PEryNSToOpiB YacTOTH 0OepTaHHS FONIOBHWUX ABUIYHIB 3 ypaxyBaHHAM
CTOXaCTUYHOCTI HABAHTAXEHHS HA AM3E/bHUIM ABUIYH Mif YaC XUTABMLI Ha Mopi. JJocnigkeHHs NpoBeAeHO 3 BUKOPUCTAHHSM
Mofeni CMCTeM aBTOMATUYHOIO PeryntoBaHHA LWBKUAKOCTI, IKa 6a3y€eTbCs Ha MPUNYLLEHHI BIAHOCHO Mannx BiAXUNeHb
LWBMAKOCTi 0O6epTaHHS Bany AM3ens Ta NapaMeTpiB HAaBaHTAXXEHHS B YMOBAaX MOPCbKUX XBW/b. BpaxyBaHHs xapakTepy
Ta BEJIMYMHM 3MiHU HABAHTAXKEHHS HA AN3€NbHUIN ABUTYH B YMOBAX MOPCbKMX XBU/b 3aN1€XKMTb BiJ 6araTbOX 3MiHHMX
30BHIiLIHIX YMOB (BanbHiCTb MOpS, KypCy CyOHa LLOAO YMOB BiTPOBMX XBW/b, MOPUBIB BiTPY, CTaHY 3aBaHTAXKEHHS
CyAHa, 33[1aHOI WBKWAKOCTI pyXy CyAHa), Oyab-ske 3afaHe 3HaYeHHS YYTMBOCTi /1eKTPOHHUX PEerynsTopiB 4acToTy
00epTaHHS BUSBNSETLCS ONTUMAJbHWM JMLLE AN KOHKPETHOTO BUMaAKy pyxy CyAHa Nig Yac XuTaBuui Ha Mopi. HaykoBa
HOBM3HA BM3HAYAETbCA TUM, LWLO peKOMeHaLii oo BMOOpY YyTIMBOCTI Perynsatopis BU3HAYEHI 3 YpaXyBaHHAM
CTOXaCTUYHOCTI KONMBAHb MOMEHTY OMOpPY rpebHOr0 Bay NMpW XBUKOBAHHI, LLO MiABULLMIO TOYHICTb T 0OIPYHTOBAHICTb
pekoMeHaLiN. MpaKTUYHA 3HAYYLLICTb JOC/IKEHHS NONMArAE Y NiABULLEHHI CTabiNbHOCTI LWWBMAKICHUX PEXXUMIB FONIOBHOMO
[BUIYHa 3 eNEeKTPOHHUMU PerynsaTopamMmmn 4actoTu obepTaHHs 3a pi3HOTO XBUIKOBAHHS

KntouoBi cnoBa: MOpcCbKi CyaHa, CyaHOBUIM AMU3ENbHUIA ABUTYH, TOPLUHEBWIA ABUIYH BHYTPILLUHbOIO 3rOPSIHHA, CUCTEMA
ABTOMATMYHOIO PEryNtOBAHHS YaCTOTM 0DEpPTaHHS, eNeKTPOHHUI PErynsaTop YacToTU 06epTaHHS, peryoBaHHS LBUAKOCTI
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