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Synopsis

The complexity of ship controllers has been indrepgollowing the advancements in control devices a
technologies as well as the environmental reguiatiequiring enhanced energy efficiency. Many iesse
under retrofit to integrate onboard Energy Stor@gstem (ESS), necessitating the redesign of theattens

or developing algorithms to improve the vesselcadficy. Operator Training Simulators (OTS) havenbee
developed and manufactured in several industridshane been used for decades. However, the cUDESt
development method incurs a lot of cost and timedtrofitted vessels with the controller that lshanged to
accommodate for new technologies algorithms. Telbgvan OTS that can be flexibly modified for chiawgg
the controller of an existing ship, the controllegic, modelling of the physical system, commurimat
protocol, and Graphic User Interface (GUI)-basednidn Machine Interface (HMI) should be compatibld an
consist of reusable model building blocks. In théper, the logic for each part is designed as digided
module, and these modules are made into reusabbksblAs a proof of concept, the OTS for the power
management system of an existing LNG carrier shieiveloped with the model building blocks andtest
results of the main functions of the Power ManagerSgstem (PMS) are presented.
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1. Introduction

Due to various environment issues, reducing emissand improving energy efficiency have been the ke
focus in the maritime industries and logistics isiies. The International Maritime Organization QY
announced the Greenhouse Gas (GHG) strategy teedta carbon intensity of each ship by 70% conmptoe
2008 and reduce total emissions by at least 5092050 (IMO, 2019). This IMO Initial Strategy statdse
organization’s vision reaffirming the commitmentéalucing GHGs from international shipping whilentinuing
efforts to phase GHG out as soon as possible beerdntury (Joung T.H, 2020).

The IMO published a mandatory regulation of the igpeEfficiency Design Index (EEDI) in the new ship
builds, which is expressed as the grams of @@duced per ship’s capacity mile. Existing shipst have been
contracted for construction before January 1, 2@i8not subject to EEDI even in 2030, the timemie initial
strategic goal is achieved. The Energy-Efficiengyséng ship Index (EEXI) is a new IMO index fors&ssing
the energy efficiency and environmental impacthips that have already been put into service (lvar@®, 2021).

It measures C@emission per cargo ton and mile, which is appliedbr the existing vessels above 400 gross
tonnages (GTs) from 2023 (EEXI, 2021). Accordinght® EEXI calculation formula, which is a technigathod,
the EEXI value decreases when the ton-mile inceeasthe carbon dioxide emission decreases in teficerbon
dioxide emissions per ton-mile. In other words, énergy efficiency of ships that emit less carb@xide has
become the most important factor.

The operational method, Carbon Intensity Indic@it) gives each ship an annual rating based oharar
emission efficiency. In other words, while EEXI tégtes a ship's carbon emissions with technicapegent such
as a shaft or an engine output limiter, Cll manabge®peration of ships that can minimize carboissions (ClI,
2021). These regulations influence the ship’s @éddisuch as ship speed. As the speed of shipsaktss, more
ships will be needed to transport the same amdugatrgo within the same period, but it is diffictdtsecure ships
in a short period. Therefore, various methods amd tried to satisfy the regulation, which pushke
development and application of various algorithmserms of the addition of new equipment or opergtand
modification of the controller. As a consequenaynechnologies and equipment such as ESS (End¢ogsde
System) are considered at the design stage, packagk as electric propulsion systems and retbfiite existing
ship's controller to satisfy environmental regulas.

Therefore, it is necessary to develop an OTS thhtilt quickly and flexibly so that not only newperators
but also operators familiar with conventional cofiérs can get used to the added or changed cdutrotions.

In order to develop an OTS that can be flexibly ified for changing the controller of an existingshit is
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necessary to configure the logic of the controkeodelling for the physical system, communicatiogtimd, and
GUI-based HMI with compatibility and reusable mobkicks. Configuring a simulation structure usiegsable
models is also a recent need in several indusiridsding maritime such as Open Simulation Platf¢esP) led
by ship classification for the digital ecosysteratfirm. When a digital ecosystem is built, if thelggital models
are compatible and developed, and configured @uaable and replaceable type, it can respond rexiblfy and
quickly to changes (OSP, 2019).

In this study, physical models such as generatodssavitchboards, local controllers, and 10 modulese
modelled as subdivided modules, and these modwes mvade into reusable blocks. Subsequently, the Risin
function was modelled and tested with OTS develdpesed on these reusable and easily replaceablelsnta
order to show that the physical model and PMS obtdgic mounted in this OTS developed for largaleships
perform technically well, the results of executthg main functions of the Power Management System the
operator’s point of view are provided.

2. Operator Training Simulator for Power Management System

The necessity to use simulators for training igeéasing in several industries involving complexsaand
hazardous environments (Nazir S, 2015). Trainiriggusimulators enables operators not only to timaivarious
environments including potentially hazardous tasks safe but also to learn from intended mistakesccident
situations. Moreover, the complexity of control tgyss has been increasing and it results in factiditianal
challenges (Passosa C, 2016).

Consequently, it could lead to potential operagomrs that may result in disastrous situationgr&fore, the
Operator Training Simulator (OTS) that helps opmsadapt to the control system and control enwiremt by
simulating various situations that may occur ad welthe normal state has been of great help. hergé the
simulation engine that simulates the dynamic charatics of the power plant and the software deedontroller
logic design and verification is different, and tthevelopment software for OTS is also differentfrthese in
most cases. The configuration software of OTS mhetua simulation model or code that simulates dymam
characteristics and a GUI-based HMI that allowsagherator to monitor and control the state of ihetiol object
through a training environment. Mostly, it take®tiw three years to develop the OTS since simulaguipment
is expensive, and codes and models are usuallsenséble because they are project specific.

In the case of OTS for the Power Management Sy$RvSS), which is the target system of this paper, in
addition to the part that simulates the dynamicatiaristics of the physical model, PMS logic thatrks as a
remote controller and the local controller requifedeach system are also modelled and operate thgather
for OTS to operate similarly to the real systemthis paper, the configuration of OTS is proposgdlzown in
Figure 1, and as proposed the modularized additidaek such as the battery system can be addethsertaced
when it is necessary for the vessel to be reteafitt
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OTS should have the actual controller function, tirtarget control system in this paper is the Rh&h
has functions to control and protect the power grié ship. The dynamic model of the ship poweteysis
subdivided and modelled, and these physical madelsneasured in the simulator and transmitted #ssored
data to the controller. The controller in OTS reesivarious measured values and digital valuestavkthe
status, controls the physical model, and displaj@imation to the operator.

The operator analyses data through GUI-based H#llsands the command control signals to the coattoll
The PMS controls a local controller such as a goweto control the physical model based on prograchmanual
and automatic functions. The physical model, lacaitroller, and controller logic are simulated éalrtime, and
users and operators are configured to train artcotean external GUI-based HMI connected throughibs
TCP/IP. An OPAL-RT, one of the representative hégieed calculation equipment for real-time simulatias
used for this simulation platform. These devicesuea real-time in a fixed time step required in dioenain for
the simulation of physical models. If necessargpecial library is provided to perform parallel quutation. In
this paper, the OP5700 as a real-time simulatiatfgrin was used as shown in Table 1. It allows entibating
the digital models with a small simulation timegste real-time.

Table 1: OP5700 Features

OP5700 RCP/HIL Virtex7.FPGA-based Real-time sinarat4 cores
4 CPU cores with 3.46 GHz
Xilinx FPGA: Virtex 7
Real-time OS: Linux Redhat

This configuration provides ease of modificatiortled entire model, such as when only part of tha dathe
physical model is changed or when logic is partiariged. In particular, as previously suggested nwitber
systems are added to the ship system or when t@gds to be changed to improve efficiency, all kdoare
subdivided and interlocked so that the model carepkaced easily and quickly unlike the existingSONot only
can it be used for OTS, but it also makes it usefthie logic design and test phase. In this paperpower system
such as the ship's generator and switchboard wedelied, and the local controller such as the gaweand the
Automatic Voltage Regulator (AVR), and measuremesiish as voltage, frequency and RPM were also
modularized and modelled. In addition to sequemdegenerator start, stop, connect, and disconmédth are
basic control logic of PMS, major functions suchl@sd sharing and heavy consumer start controlatbe
executed by simulation through OTS.

3. Modelling of Ship Power System

The physical model of OTS demonstrated in this papasists of 4 generators, 2 main switchboardd,aan
total of 6 heavy consumers as shown in Figure 2.

No.1 Cargo SWBD, 6.6kV T ’—0/ T No2 Cargo SWBD, 6 6K

Figure 2: Single Line Diagram of Ship Power System



The main ship power system consists of two SWBDd,the main bus-tie connects the two SWBDs. Alffou
generators have the same capacity, and two geresa®connected to each main switchboard. Therseaeral
heavy consumers (HC) as power consumed loads sugh.aw-Duty Compressor (LDC), a Ballast Pump (BP),
or a Water Spray Pump (WSP) connected to the nwdisltoards. As suggested in this paper, each como
shown in Fig. 2 is modelled as a module. Each modaildivided into subcomponents, i.e. physical rhode
measurement block, and control block each of wiicnodelled as a piece. In the following modelliegch
component will be presented

3.1. Generator

The generator is operated with a diesel enginergovand an AVR as shown in Figure 3. Part of theadnic
model and measurement is made using the Simsdapeyliof Simulink and the remote controller bloskmade
for working as the PMS.
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Figure 3: Synchronous Generator and Local Contrtiedel

The derivation of the equation and modelling predesdescribed in (Krause P.C, 1986). The genetested
the sixth order model, and the equations (1) tdo&dw represent the generator’s stator, and (4f)toepresent
the generator’s rotor voltage. The voltage candpeessed as d and q axes using the Park’s transfiomformula.

Vo = —Riy — @ (2)
Vg = —Rig — Qg — 0@y (2
vy = —Rig — ¢ — wpq 3)
0 =Rpip —@p ®)
0 = Ryig — @g (6)

The subscripts 0, d, and q denote the neutral oidtthe d-axis and g-axis, respectively, and §nd Q,
denote the field component, the d-axis componert the g-axis component of damper winding, respelsti In
Figure 3, the output of the governor is mechangaler called Pm in the model to rotate the genenatior.
Electric power is generated by controlling the goee. Wref(pu) means the reference speed for tter af the
generator to rotate at the specified speed. Weisrthasured rotor speed from the generator. Thegmvadjusts
the rotor speed with the difference in the inputiga by controlling the fuel rack position.

AVR is a device that automatically compensatesfifaatuations in generator terminal voltage duedad
speed fluctuations and keeps them precise andararsy controlling field voltage in the rotor. AviRodel has
two inputs which are reference voltage (Vref) tdntain the terminal voltage in the rated voltage] the terminal
voltage (Vt) measured from the generator. The AlWiRbcalculates the field voltage from the diffecerbetween
the inputs (IEEE, 2016).

3.2. Switchboard

One of the main elements of a power distributiostesy is the main switchboard. It is basically dest to
distribute the power from the generators for alinal operating conditions. In this configuratiolne tship power
systems have two main switchboards and two maigocswitchboards. They are connected between gengrat
and power consumed loads through several circeélars. Those circuit breakers are controlled gindbe HMI



of OTS by operators in REMOTE mode. A switchboaad several sensors such as voltage, current, @maeincy
so that it can trip the circuit breakers when tnear-voltage or the reverse current situation happm this
system, the switchboard was modelled includingstimehronizer function for generators to be syncizemhwhen
they need to be operated in parallel and let therrer circuit breakers closed when synchronized. ddndition
for synchronization is as shown in Figure 4.
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Figure 4: Logic Diagram for Synchronization of Geaters

The generator voltages must be synchronized whey #ine connected to the same grid for the parallel
operation. Therefore, the synchronization modutaikhbe modelled as well because it is not the sbthe PMS.
The amplitude, frequency, and phase of the genevaltage should be the same before the generatdie
parallel operation are connected. The angle diffegebetween the two voltages must be within 12 elegrthe
amplitude difference should be within 3%, and tremfiency difference must be within 0.5Hz (Salced®R
2016) as shown in Figure 4. Before the parallerafen, the PMS gives the circuit breaker close w@amd to
connect generators. The generator circuit brediauld not be closed before receiving the synchaiium signal
even if the PMS sends the close command signaddiition, the switchboard performs important radash as
net current calculation, net frequency calculatenmd load sharing through PMS control.

4. Power Management System (PMS)

The PMS that manages the efficient power managerlkaakout prevention, and recovery of ships is ohe
the main systems. Figure 5 shows the main functa@dnBMS to control the switchboard and generatdh wi
command and feedback signals.
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Figure 5: Main Functions of Power Management System




The PMS can be a control module of the Integratedodation System (IAS) to control generators,
switchboards, and heavy consumers to manage atecptbe ship grid. The primary function of the PiSo
ensure that the load does not overload the whoiteldvoard capacity based on the control logic sastoad
dependent start and blackout recovery, even ifneggor shut down unexpectedly (Henryk P., 2019).

4.1. Generator Control and Monitoring

In this system, four diesel generators were modefiad PMS has several main control functions bewed
in Table 2 and the OTS should be implemented theeszs the PMS.

Table 2: Main Control Functions of PMS

Remote Generator Start / Stop manually
Automatic Start the Standby Generator

Standby Selection

Remote Generator Breaker Connect / Disconnect

When the control mode is set to Local, the priartod authority is at the Local controller, and wibe mode

is set to Remote, the PMS takes the control foeg@nors to start and stop. The generator can kedtaccording
to the following sequences as shown on the |lefigfre 5.
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Figure 6: Flow Chart for Remote Start / Stop SegaeManual (left) & Automatic (right)
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The right of Figure 6 shows the Automatic start atap sequence. When the control mode is set tcoRem

and the automatic start request is sent by the RiMS)igher priority generator is started in coindié such as the
start from the dead bus, load dependent starthaady consumer start request.

4.2.  Switchboard Control and Monitoring

There are several circuit breakers such as busriekers, incomer circuit breakers, and othershémvy
consumers and common loads. Bus-tie circuit bresakasically consist of a master circuit breaker arsflave
circuit breaker. PMS controls only the master dirbueaker. The switchboard has internal logic nawre the
correct phase angle when the close command sigineteived. When PMS opens the bus-tie circuitkereahe
switchboard opens the master and slave circuitkierest the same time.



Table 3: Main Control Functions of Switchboard

Bus-tie Breaker Operation

Circuit Breaker Protection

Load Dependent Start / Stop

Heavy Consumer Start Control

Load Sharing (Symmetric, Asymmetric, Fixed & Marjual
Blackout Restart

In this study, load dependent start / stop and &beding sequences will be represented and implemersing
the developed OTS. Load dependent start sequemezfrmed based on Table 4 and those parameterigeca
changed for each control system, ship scale, dndtin.

Table 4: Parameters for the Load Dependent S&tdp

No. of
Gen. Start Limit 1 Delay Time 1  Start Limit 2 Delay Time 2  Stop Limit Delay Time
connected
1 85 % 120 seconds 90 % 10 seconds - -
2 85 % 120 seconds 93 % 10 seconds 70 % 15 minutes
3 90 % 120 seconds 95 % 10 seconds 75 % 15 minutes
4 - - - - 80 % 15 minutes

For example, when only the first generator is rangrand connected to the switchboard, and the leaches
85% and stays for 120 seconds, the standby generdtde started and connected in parallel autacady.
Operators can set those parameters based on dinétiolcphilosophy on this developed OTS. Load sttarmode
in PMS mostly four kinds of modes to have load stido each generator, which are Symmetric modemnasstric
mode, Fixed mode, and Manual mode shown in Table 5.

Table 5: Load Sharing Modes

Svmmetric mode Load shared equally on running generators.
y e.g., 2 generators, 50%:50%
Asvmmetric mode Load shared asymmetrically based on a set poieach generator
y e.g., 2 generators, 20%:80% normally
Fixed mode Operators set the parameter of fixed power on argéor
The generator supplies the fixed power, the ottakes the rest.
Operators control speed control order directly MBP

Manual mode The generator supplies the power from the opematoder

5. Simulation results of implementing the OTS

In this section, the OTS is demonstrated for a RIS four equal capacity generators, two main sabtmards,
and loads. A load profile was applied accordingh®table defined for the set-point parameterstand to test
PMS main functions. The sequence and logic for igaoe start/stop, circuit breaker closed/open lgcahd
remotely should be modelled and work correctly akmd above to control generators and switchboards.
Therefore, in this study, load dependent start apoehmetric load sharing sequences of OTS are tested.
Additionally, the fixed load sharing sequence 8dksted. Dynamics such as pulse width from th8,@e time
to build the voltage and frequency of the generatnd the time to trip the circuit breaker can pprapriately
adjusted according to the parameters of each sy@tédTS.



A. Load Dependent Start and Symmetric Load Sharing

Test Scenario:

Action Event

prerequisite All generators & All circuit breakers are set tolREBTE
All generators are set to Symmetric Mode for loaarisg
G1 is running and connected
G3 is stopped and set as standby 1
Load Dependent Start Control activated on OTS

Manual Increase load until reaching to 90% andistpfor 10 sec described in Table 3
Expected G3 will be started and connected automatically
Result G1 and G3 take each half of the total load symicegtyi

Sequence completed within defined time, and norobsignal from OTS

The result for the load dependent start and synicrietrd sharing sequence of OTS is shown in

Figure

The operator sets the load dependent start anadstdml activated on the OTS. The first generatarted
with the start command in red and took the increakiad until reaching the set point, 90% at 1bsds,
and supplying power for 10 seconds. The OTS gos#u®nd generator, G3 that is set to standby no.2
started at 21 seconds with the start command ipl@wand tried to control both generators based on

symmetric load sharing sequence and it was contpieithin 1 minute.
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Figure 7: Result of Load Dependent Start and Symokebad Sharing
B. Load Dependent Stop and Reducing Load

Test Scenario:

M OlYt [T=39.252

Action Event

prerequisite All generators & All circuit breakers are set tolREBTE
All generators are set to Symmetric Mode for loadrisg
G1 and G3 are running and connected
G3 is set as standby 1
Load Dependent Stop Control activated on OTS
Total load is set to above 90%

Manual Decrease load until reaching under 70% de=ttiin Table 3
Expected G3 will reduce load, stop, and be disconnectedraatizally
Result G1 will take all load

Sequence completed within defined time, and norobsignal from OTS

The result for the load dependent stop and reddoid) sequence of OTS is shown in Figure 8.



The operator set the load dependent stop conttivbéed on the OTS. Two generators started in seopie
and took load symmetrically. Load started to deseest 33 seconds gradually until reaching theaiet.p

The OTS tried to control the second generator doce load before stopping and disconnecting G3. The
OTS disconnect the second generator at 44 secdmals tive load on the second generator was under 8%,
and the first generator took the rest of the loadthfthe second generator.
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Figure 8: Result of Load Dependent Stop and Reduoirad
6. Conclusions

In this paper, the development of an OTS for adascple marine power management system, inclutimg t
ship power system such as generators and switclhoand the related local controller was presentée.
proposed OTS can reduce the cost and time necdssatyofit the ship controller or change the aitjon due to
environmental regulations such as EEXI or Cll. Tirethodology was modularization of each sequendéavis
and dividing digital models into individual contnmlodules. All these small models work interconngetéthin a
real-time simulation platform for OTS. The testrsagos focused on testing that can demonstrate sdrttee
main functions of PMS by combining them at a tifBased on these results, the presented OTS showaei ith
suitable for operators to test and train the maimcfions of PMS for real ship operation. This cobklp the
operators operate the vessel with a more advarmatot system and with the renewable-energy powstesn
such as batteries and hence assisting to reducenitesions to meet the environmental regulationgeSthe
models can be modified and reused, they can alsesbd for verification of control logic or desigontrol
algorithm. This approach is also suitable for tihmusation environment trend for co-simulation anadal
exchange, as expressed in a co-simulation platéuch as OSP in recent years.
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