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MODELING THE OPERATION PROCESS
OF A SHIP DUAL-FUEL GAS-DIESEL GENERATOR UNIT

The article addresses the urgent task of modeling the operation of ship dual-fuel gas-diesel generator units (GDGU),
in particular Wirtsild 50DF engines widely used on LNG carriers and LPG carriers. The rapid development of liquefied
gas transportation has led to the replacement of steam turbine installations with more economical electric propulsion
systems based on dual-fuel engines capable of operating both on diesel fuel and on boil-off gas (BOG) from cargo tanks.
The authors emphasize the need for reliable stabilization of pressure in cargo tanks, safe utilization of excess vapor, and
minimization of fuel costs through maximum replacement of diesel fuel with natural gas.

A mathematical dynamic model of the GDGU is proposed that takes into account the influence of the turbocharger
(represented as an aperiodic link with positive feedback), nonlinear properties of the object, and real parameters of the
gas-air mixture supply system. The model is presented in the form of a structural diagram and implemented in Simulink,
which made it possible to adequately reproduce transient processes when the load is suddenly applied/dropped. Particu-
lar attention is paid to the correct selection of PID-controller settings, since the amplification factor of the object changes
significantly depending on the load level. It is shown that tuning the regulator at minimum load provides the greatest
margin of stability when moving to nominal and maximum modes.

The features of the electronic speed control and fuel mode switching system are considered: instantaneous (within 1
s) transfer from gas to diesel mode at any load, longer (up to 2 min) controlled transfer from diesel to gas with mandatory
leak testing and combustion verification, automatic blocking of gas mode in case of faults or blackout start. The advan-
tages of isochronous load sharing in multi-generator ship power plants and the possibility of forced transfer to backup
diesel mode are noted.

The developed model and recommendations for regulator optimization ensure high stability of voltage and fre-
quency in the ship electric power system under sharp load fluctuations, increase the safety of liquefied gas transportation
and contribute to the reduction of operating costs due to efficient use of boil-off gas as the main fuel.
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C.C.TOJIOIIAIIOB, B.B. [IOJIUBOJJA

XepcoHChKa JiepKaBHa MOPChKa aKkajaeMist

MOAEJIIOBAHHSA IMPOLNECY POBOTH JIBOITAJIMBHOT'O
CYJAJHOBOTI'O I'A3O0JU3EJIBHOI'O TEHEPATOPHOI'O ATPET'ATY

Y emammi posensioaemuvca akmyanvhe 3a80aHHsA MOOENOBAHHS NPoyecy pobomu CYOHOBUX OBONANUBHUX 2A300U-
3envHux eenepamopnux yemanogok (I J[I'Y), soxpema osueynie Wirtsild 50DF, wo wiupoko 3acmocogyiomucs Ha 2a3080-
sax CIII [lleuokuil po36umox nepegezens 3piodiceH02o 2azy Npu3eie 00 3aminu NapomypoOIiHHUX YCIMAHOB0K eKOHOMIUHI-
wWuMU cucmemamil eneKmpopyxy Ha 6asi 08ONANUBHUX OBUSYHIB, 30AMHUX NPAYIO8ATU SK HA OU3ETbHOMY NATUSI, MAK i Ha
sunapnomy 2azi (BOG) i3 eanmadsicnux manxie. Aemopu Ha2onoutyioms Ha HeoOXionocmi Hadiunoi cmabinizayii mucky
V BAHMAICHUX MAHKAX, Oe3neyHol ymunizayii HAOTUWKOGUX Napie ma MIHIMI3ayii eumpam naiuéa WisiXxom MaKCumaib-
HO2O 3aMityeHHs Ou3esis NPUPOOHUM 2A30M.

3anpononosano mamemamuuny ounamiuny mooens I J{I'V, axa epaxosye enius mypooxomnpecopa (npeocmasieHul
5K anepioouyHa NaHKa 3 NOZUMUGHUM 360POMHUM 36 SI3KOM), HENIHIUHI 61acmugocmi 06’ ekma ma peanvhi napamempu
cucmemu nodaui 2azonosimpaHoi cymiwi. Modens nodana y uensioi cmpykmyphoi cxemu ma peanizoséana 8 Simulink, ujo
00 3M02y A0EKBAMHO 8I0MEOPUMU NEPEXIOHI NPOYeC 3 PANMo8020 HAKUOAHHS/CKudanHs Hasanmaoicetns. Ocobaugy
yeazy npuodineHo npasuibHomy eubopy Hanawmysans I11/[-pecynamopa, ockinvku Koegiyicnm niocunenus 06’ exma cym-
MEBO 3MIHIOEMBCA 3ANIEHCHO IO pi6HA Hasanmadicenus. TIokazano, wo HAIAWMYBAHHA pe2yiamopa Ha MIHIMAIbHOMY
Hasanmagicenti 3abe3neuye HaubinbuuLl 3anac CmiuKocmi 3a nepexody 00 HOMIHAILHO20 MA MAKCUMATbHO20 PENCUMIB.

Posensitymo ocobnueocmi cucmemu e1eKmpoHHO20 pe2yio8anHs Hacmomu 00epmanis ma nepemuKaHHs NaIUSHUX
peodicumis: mummesuil (0o 1 ¢) nepexio i3 2a306020 HaA OU3ENbHULL peXcUM 3ad OYOb-AK020 HABAHMANCEHHS, MPUBATIUIUL
(00 2 x8) keposanuii nepexio iz OU3eIbHO20 HA 2A308Ull 3 0008 SI3K0B0T0 NEPEGIPKOI0 2epMEMUUHOCTT MA KOHMPOLeM 320-
PAHHA, asmomamuyte OIOKYBAHHI 2A308020 PelCUMY 3a HecnpasHocmeli abo cmapmy 6 peaxcumi blackout. Biosnaueno
nepegazu i30XpOHHO20 PO3NOOLNY HABAHMANCEHHS 8 6A2AMO2eHePAMOPHUX CYOHOBUX eHeP2OCUCIeMAaX Ma MONCIUBICINb
NPUMYCOBO20 NEPexo0y HA Pe3ePEHUL OUCTLHULL PEAHCUM.

Pospobnena mooens ma pexomenoayii wjooo onmumizayii napamempie pe2yismopis 3a0e3neuyoms 6UCOKy Cmad-
OLTbHICMb HANpYeu ma 4acmomu 6 CYOHOS8IL e1eKMpPOeHeP2eMUYHill CUCMeMi 3a PI3KUX KOTUBAHb HABAHMANCEHHS, NIOBU-
wyoms 6e3neKy nepese3ensi 3pi0AHCeH020 2azy ma CNpUsiionb 3HUNCEHHIO eKCIILYAMAayiliHuX 6UMpam 3a paxyHox epex-
MUBHO20 BUKOPUCIAHHSA GUNAPHO20 2A3Y SIK OCHOBHO20 NAUBA.

Knrouosi cnosa: cazoousenvHi eenepamopHi azpezamu, OB0NANUBHULL O8USVH, CYOHOBA eleKMpOeHepeemuiHd
cucmema, Mooeno8anHs.
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Problem statement

The rapid growth in the consumption of combustible gases and the expansion of their
international trade contributed to the invention of a new special type of vessels in the 1950s — gas
carriers. Specialized vessels for the transportation of liquefied natural gas (methane, ethane, etc.) and
vessels for the delivery of liquefied petroleum gas (propane, butane, etc.) were created.

The first generation of methane tankers was equipped with steam turbine units (STU). By this,
the idea of using cargo as fuel, which is used in our time, was realized. For forty years, STUs have
confirmed their advantages, consisting of reliability, reliability, and ease of maintenance. Further
improvements in membrane tanks in the late 1990s resulted in significant reductions in cargo
evaporation. This led to the demand for economical gas-diesel propulsion complexes of the Wartsila
type, which operate on two types of fuel, gas and diesel. Gas-diesel generating units (GDGU) produce
electricity to ensure the electric movement of gas carriers. The Wartsila 50DF gas-diesel unit is most
often used on gas carriers — it is a four-stroke, non-reversible, diesel engine with turbocharging and
an intercooler, with direct injection of liquid fuel and indirect injection of gas fuel [1]. The engine can
be operated in gas or diesel mode.

For the safe transportation of liquefied gases, it is necessary to stabilize the gas pressure in cargo
tanks. The system must react stably to possible effects of pressure changes in the cargo tank, supply of
cargo vapors to low-pressure consumers (diesel generators, gas re-liquefaction units, steam incinerators).
Considering the lack of experience in the operation of the mentioned propulsive complex in the world
fleet, the theoretical analysis of the safety and efficiency of gas supply systems is an urgent problem.

One of the most important problems arising during the transportation of liquefied gas by sea is,
on the one hand, ensuring the safety of transportation, survivability and unsinkability of the vessel,
which makes it necessary to dispose of the vapor fraction of liquefied gas. On the other hand, the
problem of reducing fuel consumption and its more efficient use is also relevant. Both problems can
be solved thanks to the introduction of gas-diesel generator units (GDGU), which are able to work
on both liquid and gaseous fuel. The fuel system of such vehicles requires more advanced control
systems that implement more complex control algorithms.

When developing engines for LNG carriers, liquefied gas is already on board, and it is necessary
to use boiled-off gas (BOG) as fuel. Then the gas supply system must provide gas from the cargo tank
to the main engine and generators operating on two types of fuel. The gas supply system should also
provide for the supply of gas to the gas combustion unit (GCU) in case of high gas pressure in the
tanks, approaching the permissible limit value.

A dual-fuel gas-diesel engine is a conventional diesel engine with additional devices for working
with gas fuel.

In the dual-fuel gas-diesel mode, two fuels — the main diesel fuel (but in a significantly smaller
amount) and the additional one, substitute gas, are supplied to the engine. At the same time, the main
diesel fuel plays the role of a "fire-starting" dose for igniting the integral gas-air fuel mixture.

Analysis of recent research and publications

The degree of replacement of diesel fuel by gas is the most important indicator of engine
operation in gas-diesel mode. The value of the degree of substitution can vary widely from 40% to
85% for methane and from 15% to 50% for liquefied hydrocarbon gas [2].

The fact is that starting the engine and its operation in the mode of small loads (up to 20% of the
maximum) is carried out almost on pure diesel fuel, because in this mode it is very difficult to choose
stable gas supply parameters.

Further, as the load increases (approximately to 70—-80%), comes the most favorable section for
the gas-diesel mode, the degree of substitution of gas for diesel fuel in this section is maximum and
can reach 85%. However, in order to maintain the design thermal regime of the engine, it is necessary
to set aside some diesel fuel consumption for cooling the fuel injectors.
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When the engine reaches full power and maximum revolutions, the time of the duty cycle
decreases and the gas simply does not have time to burn and the gas-diesel control system has to
reduce its supply. For practical calculations, you can use the guaranteed degree of substitution of
50-60% for engines for methane and 20-50% for propane.

Due to the higher coefficient of performance, methane consumption is approximately 1.1-1.4 m’ per
1 liter of the replaced diesel fuel (in a 100% gas engine 1.3—1.8 m?= 1 liter of the diesel fuel).

Aim of the Study
The article aims to develop and analyze a mathematical model of a ship dual-fuel gas-diesel
generator unit, incorporating the effects of the turbocharger, nonlinear properties, and real parameters
of the fuel supply system, to optimize the regulator parameters for enhancing voltage and frequency
stability in the ship's electrical power system (SEPS) under sharply varying loads.

Presentation of the Main Research Material

A successful solution to the complex automation problems of the ship electrical power system
(SEPS) is connected with the need to take into account the influence of a large number of diversely
acting factors that meet the requirements of increasing reliability and improving technical and
economic indicators. A modern approach to the design and implementation of automated control
systems is the use of a three-level hierarchical architecture. This will allow, in addition to the direct
control of the electric power system, to accumulate statistical data on the modes of operation of
consumers and electricity generators, which can be used to formalize the behavior of consumers
in order to highlight the characteristic modes of operation of the power plant, reconfiguration of
the SEPS in order to increase the optimality of the use of generating units, evaluation of the SEPS
operation after the application of measures regarding increasing its energy efficiency. In order to ensure
the electromagnetic compatibility of electrical networks of power supply systems and electricity
consumers, it is also necessary to control the quality of electricity in SEPS [3].

The experience of testing and operation of electric power systems shows that during the parallel
operation of generator units (GUs) in individual modes, instability is manifested in the form of
undamped rotor oscillations.

In order to build highly efficient active power distribution systems in the presence of constant
disturbing influences (random load connections/disconnections), as well as due to inherent fluctuations
in the frequency of rotation of the shafts of the drive motors, it is necessary to determine the type and
parameters of the dynamic model of the GDGU with sufficient accuracy for practice [4]. The general
dynamic model of the GDGU contains both mechanical and electrical parameters. However, since
electrical processes in the generator in the absence of excitation control occur many times faster than
mechanical ones, their general influence on the dynamics of the system can be ignored.

The GDGU does not contain such elements as a fuel rail, fuel pump, cataract, mechanical speed
regulator, and the regulation of the gas-air mixture supply is carried out by a low-power reversible DC
motor of 100 W, which is controlled by a high-speed pulse width regulator.

In accordance with the description of the work of the GDGU, Fig. 1 shows a structural diagram
that reflects the characteristic of the work of the GDGU both in statics and in dynamics.
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Fig. 1. Structural diagram, which reflects the characteristic of the work of the GDGU
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The PID controller is conventionally represented by a transfer function W,,. It forms the
frequency response of a single-loop closed system. The fuel valve control engine, together with the
valve itself, is presented in the form of a first-order aperiodic link, the input parameter of which is
the signal from the output of the PID controller, and the output is the amount of gas-air mixture A
. Actually, GDGU is presented in the form of two links. The amplifying link K, which reflects the
transformation of the gas-air mixture flow into the moment on the shaft M, and the inertial link of the
first order, which establishes the relationship between the revolutions on the shaft and the value of
the moment.

A special feature of this dynamic model is taking into account the influence of the turbocharger
on the operation of the machine. In the considered dynamic structure, the turbocharger is presented
in the form of an aperiodic link of the first order with a low amplification factor, which covers the
actual first link of the diesel engine with positive feedback. The power output in the form of torque is
carried out directly after the link. Such a simplified structural diagram of the connection between the
turbocharger and the diesel engine eliminates any influence of the engine revolutions on the operation
of the turbocharger.

When the load is applied, the momentarily achieved output moment is M, = M, -AM , which
is supplied to the last link, as a result of which, according to the time constant ( 7, /D), the engine
revolutions decrease. A decrease in torque will lead to a decrease in signals, which leads to an
additional decrease in torque M, . This strengthens the transition process. Therefore, the revolutions
continue to decrease until, with the help of the main feedback, the appropriate opening of the valve
and an increase in the amount of gas-air mixture is provided.

When the load is dropped, the reverse process takes place — the process of increase M, = M, + AM
. The engine speed starts to increase. At the same time, an increase of M, leads to a growing A,
and, accordingly, A, =4, +4,. This corresponds to an additional growth M, and, accordingly, engine
revolutions Q.

Let us consider the optimization of the regulator parameters for the gas-diesel generator unit.
Figure 2 shows the dynamic model of the GDGU with the set parameters close to the physical ones
for the considered machines. It can be seen from the figure that the GDGU itself is represented by
three serially connected links with a rather large amplification factor. The link with positive feedback
takes into account the influence of the turbocharger [5].

0.008

|
u,d P 0.03s+1
|
! | Transfer Fcn2 !
! Galnl erlvatlve Lo !
i + [ |
| L[ 10 p 10 L]
> - !
| . i i 0.05s11 Gain4 - } S
o T Fenl | | Scope
Constant | Gain2 Integrator | I Transfer Fen ransfer Fen | P
| oo i
| [
| S T]
| P
! Gain3 ! i Step
| | .
PID regulator . Controlled object
1

0.1s+1
Transfer Fcn3

Fig. 2. Dynamic model of GDGU

The parameters of the dynamic model of the GDGU are determined using methods of
identification and further tuning for the adequacy of the transition processes of dropping/connecting
the load, as well as for control.

In relation to the PID regulator, the GDGU is the object of regulation. The dynamic properties
of the object of regulation in terms of controlling and disturbing influences are characterized by
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the curve of the transition process, and reflect the oscillatory nature of the processes with their own
frequency and coefficient of oscillation.

It is obvious that in the presence of disturbing influences on the system, the parameters of the
PID controller must be selected in such a way as to ensure such a degree of damping of the system
that excludes the appearance of oscillatory processes in the output parameter.

From the analysis of logarithmic amplitude-frequency characteristics (LAFC) it follows that the
regulator should be tuned not at the nominal power of the generator, but at the minimum power [4]. In
this case, an increase in the load due to a decrease in the amplification factor will lead to an increase
in the stability margin.

Figure 3 shows the structural diagram of the control system, which includes a self-tuning
regulator [2].
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Fig. 3. Structure of the GDGU control system with auto-tuning of the regulator
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Figure 3 illustrates: Q, — set speed, Q,— actual speed, € — error signal. The basis of the system
is a digital PID controller.

The regulator tuning works as follows. The operator sets the requirements for the system. The
regulator tuning unit generates forms a signal that controls the connection and disconnection of the
load to the GDGU. The value of the load increases from 0 to 100% of the generator power in steps of
20%. At the same time, for precise tuning of the regulator (reducing the impact of measurement error),
connection and disconnection of the load is performed for each point a specified number of times.
Identification of the control object is performed according to the experimental transient characteristic.

Control signals such as start, stop, fuel select and emergency are connected via hard-switched
lines to ensure safe operation even if the external data bus fails while the engine is running.

The electronic speed control system is integrated into the engine automation system. Load
distribution can be based on standard static characteristics, or can be carried out independently by
speed control nodes without statics. The last method of regulation usually refers to the isochronous
type of load distribution. With isochronous load sharing, there is no need for load balancing, frequency
tuning or generator load/unload control by the external control system.

In a static control system, each frequency control node increases its internal reference frequency
if the node has detected an increase in the load on the generator. Reducing the frequency in the power
grid with a large load in the system leads to the fact that all generators proportionally distribute
the total increased load among themselves. Engines with the same statics and reference frequency
distribute the load equally among themselves. Loading and unloading of the generator is carried out
by adjusting the reference frequency of each speed control node. The amount of stat is standard 4%,
that is, the difference in frequency between zero and maximum loads is 4%.

In the isochronous mode, the reference signal of the rotation frequency remains unchanged,
regardless of the load level. Both modes, isochronous distribution and static, are standard in speed
control systems, that is, it is possible to select either. If the vessel has several distribution sections
with circuit breakers between sections, the state value of each circuit breaker is required to control the
load distribution in isochronous mode.
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Additionally, the control and safety system or the power failure detection system can force the
engine to operate in reserved mode (diesel fuel supply only).

It is possible to switch the running engine from gas mode to diesel mode. When working up
to a certain load limit, the engine can be switched from working on diesel fuel to working on gas
normally. In certain situations of activation of the alarm system, the engine is automatically switched
from gas operation mode to diesel operation mode (disconnection of gas supply). A request to run on
diesel always blocks a request to run on gas.

The control and safety system forcibly transfers the engine to reserved mode (regardless of the
operator's choice of mode) in two cases:

— a malfunction was detected in the ignition fuel system (disconnecting ignition fuel);

— the engine starts when the signal of the absence of power supply is active (signal from an
external system).

Control of the switching between gas and diesel fuel modes:

1. The switching from gas operation mode to diesel fuel operation mode is performed at any
load within 1 second. The transition can be performed in three ways: manually, by the engine control
system or by the gas safety system (gas mode blocking).

2. The switching from diesel fuel mode to the gas operation mode is carried out when the engine
load is below 80%, if there are no signals of the gas mode blocking, in case of ignition fuel blocking
and the engine was not started in the power supply absence mode (in which the combustion check is
excluded).

It is not recommended to switch to gas operation mode at low loads. Switching to gas usually
takes about 2 minutes to minimize the possibility of damage to the gas supply system.

The engine can run in the mode of no power supply, if it was started on an active power supply
cutoff input signal or if there was a cutoff of the ignition fuel supply.

The switching to gas operation mode can be made only after checking the fuel combustion,
which is possible only when the engine is restarted.

Checking gas leakage in gas control unit is performed automatically before each transition to
gas fuel.

Conclusions
The structure and features of the technical use of the equipment of the control system of Wartsila
dual fuel units are considered. A mathematical model of a gas-diesel generator unit is considered,
which takes into account the influence of the turbocharger, nonlinear properties and real parameters
of the fuel supply system. The optimization of the parameters of the regulators, which ensure an
effective increase in the stability of the voltage and frequency in the SEPS grid at sharply changing
loads, has been carried out.
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