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Abstract

Safe and effective dynamic positioning (DP) operation is heavily reliant on the integrity of onboard
electrical power systems. Vessels engaged in DP with hybrid-electric power systems comprising
engine-generator sets (gensets), energy storage systems (e.g., batteries), and alternative energy
transformation devices (ETDs) (e.g., fuel cells) are being brought into service. These hybrid
arrangements create new possibilities to limit power interruptions, increase power plant efficiency
and avoid light-loading of gensets. The focus of this paper is to identify the electrical
characteristics of hybrid-electric power systems that are different from conventional systems
powered by gensets, and to discuss how verification and validation activities can prove the
efficacy of hybrid power systems in DP applications. This paper explores applicable class and
regulatory requirements along with recognized standards and best practices for addressing the
control and protection challenges of hybrid-electric power systems in DP applications. The system
level behaviors introduced by energy storage systems (ESSs) and ETDs, and the potential impact
on station-keeping are addressed.

Abbreviations
ABS American Bureau of Shipping
AC alternating current
BMS battery management system
DC direct current
DP dynamic positioning
EMS energy management system
ESS energy storage system
ETD energy transformation device
FRT fault ride through
IMCA Interngthnal Maritime Contractors

Association

IMO International Maritime Organization
LVRT low voltage ride through
MTS Marine Technical Society
PMS power management system
SOC state of charge
UPS uninterruptible power supplies
TCC time current curves
THD total harmonic distortion
UVRT under voltage ride through
WCFDI worst-case failure design intent
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Terms and Definitions

Term Definition

Battery management
system

Electronic system associated with a battery module/pack that has
functions to cut off in case of overcharge, overcurrent, over-discharge
and overheating. It monitors and/or manages the battery’s state,
calculates secondary data, reports that data and/or controls its
environment to influence the battery’s safety, performance and/or
service life [1].

Consequence
analyzer

A software function which continuously verifies heading and position
and issues an alarm if the vessel (in its current operating mode) in the
current weather conditions is not able to keep the heading and position
in the case that any of the predefined worst-case failures should occur
[2].

Dynamic positioning
system

The complete installation necessary for dynamically positioning a vessel
including, but not limited to, the following subsystems: power system,
thruster system, DP control system, independent joystick system (when
required) [2]

Energy management
system

A computerized control system designed to regulate the energy
consumption of a vessel by controlling and monitoring the operation of
ESSs, electrical loads and the production of power. The system can
monitor environmental, and system loads and adjust operations in order
to optimize energy usage and respond to demand conditions [3].

An ESS for electricity generation uses electricity (or some other energy

transformation device

gnstreg% Storage source) to charge an ESS or device, which is discharged to supply
y (generate) electricity when needed at desired levels and quality [4].
Energy A device that converts energy from one form to another. The source of

energy may be renewable or stored. The transformation may be
unidirectional or bidirectional. A fuel cell is a type of ETD [3].

Hybrid electric power
system

A system combining internal combustion engine driven generators
and/or shaft generator/motor driven by main engine with an ESS
consisting of batteries, supercapacitors, fuel cells and/or other
technologies to form the power generation and propulsion system of the
vessel [3].

Power electronic
converter

An operative unit for electronic power conversion, comprising one or
more electronic valve devices and auxiliaries if any [5].

Power management
system

A complete switchboard and generator control system which controls
and monitors power generation and distribution including multiple
switchboards and ring bus systems. The power management system
(PMS) on board a vessel is responsible for functions such as load
sharing among different power sources, load shedding and starting
reserve generators when power is insufficient [3].
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Term

Power system

Definition ‘
All components and systems necessary to supply the DP system with
power. The power includes but is not limited to prime movers with
necessary auxiliary systems, generators, switchboards, electrical
distribution system, PMSs and power supplies [2].

State of charge

Available capacity in a battery expressed as a percentage of rated
capacity [1].

Time to safely
terminate

This time is calculated as the amount of time required in an emergency
to physically free the DP vessel from its operational activity following a
DP abort status and allowing it to be maneuvered clear and to proceed
to safety [2].

Thruster system

All components and systems necessary to supply the DP system with
thrust force and direction [2].

The process of evaluating a production unit (or full-scale prototype) to
determine whether it meets the expectations of the customer and other

Validation stakeholders as shown through performance of a test, analysis,
inspection or demonstration [5].
The process of evaluating a system to determine whether the product of
Verification a given development stage satisfies the approved requirements and

can be performed at different stages in the product life cycle by test,
analysis, demonstration or inspection [5].

Worst-case failure

The identified single fault in the DP system resulting in maximum effect
on DP capability as determined through the FMEA study. This worst-
case failure is to be used in the consequence analysis [2].

Worst-case failure
design intent

The specified minimum DP system capabilities to be maintained
following the worst-case failure. The worst-case failure design intent
(WCFDI) is used as the basis of the design. This oftentimes refers to
the simultaneous failure of multiple thrusters and/or generators [2].
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1. Introduction

The International Maritime Organization (IMO) has set emissions targets for the marine and
offshore industry geared towards achieving net zero by 2050.

DP vessels have traditionally been powered by diesel electric alternating current (AC) generators.
Electrification of marine vessels and offshore units through hybridization is one of the strategies
being used by system integrators to reduce emissions in an effort to meet regulatory emissions
targets. A hybrid electric power system configuration comprises a combination of traditional power
generation using internal combustion engine driven gensets and energy storage such as battery
ESS and/or ESD such as fuel cells. Besides emissions reduction, hybridization offers multiple
benefits for marine vessels including fuel economy, cost savings, noise reduction and instant
power availability from ESSs. Hybrid power systems with energy storage can be more responsive
to step load changes in comparison to diesel electric power systems, thus improving the
performance of DP vessels [6].
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Figure 1: Hybrid Electric Power System Power System

Many published works on marine hybrid power emphasize the economic, performance and
environmental benefits of hybridization. While these benefits are acknowledged in this paper,
attention is given to the emergent behavior arising from integrating hybrid power systems in DP
vessels, and further considerations for verification and validation beyond what is typically
practiced for DP vessels with diesel electric power plants.

Marine class society requirements for DP are based on IMO MSC.1/Circ.1580 for vessels built
after June 9, 2017, and IMO MSC.1/Circ 645 for vessels built on or after July 1, 1994, but before
June 9, 2017 [7]. Class societies such as ABS offer notations that align with the IMO’s equipment
classes, and additional notations with more stringent performance requirements to enhance the
DP reliability. Some of these enhanced notations include requirements for enhanced generator
and power system protection that can be considered for integrating more robust hybrid electric
power systems into DP applications.

2. Energy Storage System Sizing
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Itis essential that ESS are sized to comply with the main philosophy for redundancy class notions
when installed in DP systems [8]. Effective sizing of ESSs and power electronic converters to
provide the required amount of energy and power for various modes of operation considers the
following:

e Redundancy for single fault tolerance

e Consequence analysis

¢ Minimum time requirement for terminating DP operation

Figure 2: Battery Energy Storage System Assembly

2.1Redundancy

Redundancy is one of the core principles of a safe and reliable DP system. Except for enhanced
notations offered by some marine class societies, the IMO equipment classes form the basis of
DP notations for most marine class societies. Redundancy levels for IMO equipment classes 1,
2, and 3 are defined in IMO MSC.1/Circ.1580.

IMO equipment classes 2 and 3 require redundancy in DP systems design to prevent a loss of
position and/or heading in the event of a single fault or failure. Since a redundancy group typically
includes a power system, thruster(s) and DP control system(s), redundancy requirements apply
to an ESS when used as a main source of power to support DP operation in designs where the
DP notation aligns with IMO equipment classes 2 and 3. In such instances, redundancy is needed
to continue DP operations after a single failure. The state of charge (SOC) of the battery system
determines the power available for continuing DP operation after a single failure.
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Figure 3: Lithium-ion Battery Discharge Curve

In traditional DP power system designs, generators are typically connected to the switchboards
in their respective redundancy groups, and thrusters are connected downstream from the
switchboards. Selective coordination is typically designed to isolate thrusters from the
switchboard within their respective redundancy groups. Some hybrid power system designs for
DP vessels follow similar system architectures where an energy storage system is connected to
the main switchboard within a redundancy group. While this configuration allows better utilization
of the ESS by sharing it amongst the loads within a redundancy group, a configuration that
supports a dedicated ESS for each set of thrusters within a redundancy group can prove to be
more reliable. In such configurations, the ESS will not be affected by faults within the switchboard
or within a generator and the ESS can continue providing power to the thrusters providing effective
redundancy after a failure [9].

Redundancy arrangements should also consider that the full charge capacity of a lithium-ion
battery decreases over its life cycle. A battery’s state of health gives an indication of the general
condition of the battery compared to its ideal conditions (i.e., a new battery). A battery has a state
of health of 100% when the battery’s conditions match the battery’s specifications [1]. As battery
ESSs used in marine and offshore applications age, their state of health diminishes. To account
for this decline in state of health, it is advisable for redundancy calculations to be based on the
end-of-life capacity of the battery system instead of the beginning of life capacity. This is an
important sizing consideration for designing the hybrid power system on DP vessels to provide
reliable power throughout the service life of the ESS.

2.2 Time to Safely Terminate

Another aspect of energy storage system sizing for DP is the ability of the DP system to safely
terminate DP operations in the event of an emergency, including a failure exceeding the worst-
case design failure intent (WCDFI). Safely terminating DP involves a controlled shutdown of DP
activity and possibly avoiding an accident. The maximum time and power required to safely
terminate DP must be considered in the DP system design. When an ESS is relied on to provide
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power to safely terminate DP, the ESS needs to be sized to provide sufficient power for the
maximum duration of time required to cease DP operations, including the possibility of increased
electrical loads and intensification of environmental conditions such as wind speed.

In the Marine Technical Society (MTS) DP Vessel Design Philosophy Guidelines, one of the gaps
identified as it relates to time to safely terminate DP is class societies generally do not validate
that the timeline provided to them is sufficient to allow the stated operation to be terminated, only
that the installed hybrid system has the capacity to provide the stated endurance in the defined
conditions. Other factors that contribute to the time to safely terminate DP which class societies
do not consider include time to detect that the propulsion power is being provided by batteries,
time to take action and communicate the need to terminate the operation, and the possibility that
the environmental forces may increase during the time it takes to terminate the operation [9]. A
well thought out verification and validation plan for a hybrid power system on DP vessel considers
the possibility of increased loads on the thrusters due to intensifying weather conditions and
operational activities on the vessel. In the case where an ESS is one of the sources of power in
operation, when that ESS's level of charge falls below the capability to safely terminate, another
source of power must be made available and connected.

2.3 Consequence Analysis

According to IMO MSC.1/Circ.1580, “the DP control system for equipment classes 2 and 3 should
include a software function known as a consequence analysis, which continuously verifies that
the vessel will remain in position even if the worst-case failure occurs.” The consequence analysis
should provide an alarm if the occurrence of a worst-case failure were to lead to a loss of position
and/or heading due to insufficient thrust for the prevailing environmental conditions (e.g., wind,
waves, current, etc.). IMO MSC.1/Circ.1580 also states that alternative energy storage (e.g.,
batteries and flywheels) may be used as sources of power to thrusters as long as all relevant
redundancy, independency and separation requirements for the relevant notation are complied
with. “For equipment classes 2 and 3, the available energy from such sources may be included in
the consequence analysis function" [7]. Due to the limited availability of stored energy in some
ESS installations, in configurations where the stored energy from a battery ESS is relied on to
provide redundancy, it is of pivotal importance that the SOC of the battery system is reported to
the consequence analyzer and included in the analysis. In DP systems that are designed
correctly, the consequence analysis reflects the real-time available energy in the ESS, and an
alarm is provided when the SOC will not allow safe DP operation after the worst-case failure.

3. Segregation

Segregation is one of the pillars of incident free DP operation, as presented in the MTS TECHOP
D-01 “Addressing CE3I2 to Eliminate Single Point Failures.” When hybrid power systems are
installed on DP vessels, if cross connections and common points are included in the system, the
principles of segregation would be compromised, which can lead to fault propagation paths across
redundancy groups. Common points can be hard ties which are obvious to identify such as bus
tiebreakers, or they may be soft ties which are less conspicuous such as direct current (DC) links
in power electronic converters. An example of a configuration where a DC link becomes a
common point that can lead to fault propagation is a dual fed thruster arrangement, where a single
thruster is supplied with power from two different switchboards through AC/DC converters that
are connected to a common DC link, which in turn feeds a DC/AC inverter as shown in Figure 4.
In this example, a fault propagation path can be created through the common DC link even though
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the bus tiebreaker is open [10]. When performing verification and validation activities for a system
of this type, it is essential to prove that failures will not propagate from the common point to the
main switchboards.
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Figure 4: Dual fed thruster arrangement with a common DC link

An example of a high-risk cross connection is common negative supply rails for batteries in
different redundancy groups [10]. This is a known concern in DC circuits in traditional power
systems for low voltage batteries, uninterruptible power supplies (UPS) and controllers. Similar
cross connections can exist in DC circuits for energy storage systems used as main and
transitional sources of power in hybrid power systems, leading to a potential fault propagation
path across redundancy groups.

Another common type of cross connection in DP systems is found in communication networks.
All controllers including DP computers, power management systems, thruster controllers, and
variable speed drives are typically connected to a communication network. A hybrid power system
introduces more controllers into the communications network of a DP vessel, such as battery
management systems (BMSs) and energy management systems (EMSs). Care should be taken
to limit cross connections and common points that could lead to communication failures which
can affect controllers and compromise the redundancy intent of the DP system.

4. Fault Tolerance

The ABS Guide for Dynamic Positioning Systems defines single fault tolerance as the ability of a
system to continue its function, following a single fault, without unacceptable interruption. ABS
requires single fault tolerance to be achieved by the design of redundant systems [2]. The degree
of redundancy required to meet the requirements of single fault tolerance is based upon the single
failure concept, which accepts that failures may occur but only one such failure is likely at any
time [11]. According to the ABS Guide for Dynamic Positioning Systems, the station-keeping

MTS DP Conference — Houston October 8-9, 2024 Page 8



Denny Raymond, Jude k. Tomdio, Evidence Based Verification and Validation of
Jin Wang Comprehensive Verification Hybrid-Electric Power Systems
and Validation for DP Applications

capability of a DP system after a single fault is to be achieved by providing control, electric power
and thrust, without reliance on operator intervention [2].

The MTS Technical and Operational Guidance TECHOP D-11 lists fault tolerance as one of the
seven pillars of incident free DP operations [12]. The established principles of single fault
tolerance for diesel electric power systems in DP applications should be followed when hybrid-
electric power systems are installed onboard DP vessels. Vulnerabilities introduced into DP
systems by the incorporation of non-traditional power sources, including battery ESSs and ETDs
such as fuel cells should be given special attention for potential failure modes which are not
typically present in diesel electric power systems. Some of the unique characteristics of hybrid
systems are discussed in the following sections with an emphasis on vulnerabilities that can
compromise the DP redundancy intent.

5. Fault Ride Through

Fault ride through (FRT) is referred to as low voltage ride through (LVRT) or under voltage ride
through (UVRT) in some literature such as the IEC 61400-21-1 standard because voltage dips to
near zero are a common characteristic of short circuit current faults. FRT is a critical functional
aspect of small, isolated power systems such as hybrid power systems used in DP applications,
due to the sensitivity of smaller networks to system disturbances.

The ABS Guide for Dynamic Positioning Systems defines FRT as the capability of a vessel’'s DP
system, power plant and control systems (for a closed-bus operation) to recover from the effects
of a fault anywhere on the main and distribution systems (e.g., on a main switchboard bus
segment or on a major feeder circuit) without significant malfunction before the bus-tiebreaker
opens to isolate the faulted side of the system during a "limited" time or voltage drop. “Limited”
time is to be defined by the designer in order to make the system stable. The severe voltage
excursions associated with the operation of over current protection is a very typical example of a
condition which requires ride through capability [2]. It is worth noting that the ABS definition of
fault ride through applies to the entire DP system’s ability to ride through any type of fault, whereas
the context of fault ride through for a power generation plant refers to the ability of a generator to
stay connected during low voltage dips [13]. Protection schemes are based on the philosophy
that generators and other contributors of fault current need to ride through a fault, remaining
connected long enough to allow protective devices to clear a fault in accordance with the
protection coordination scheme. Table shows an example of LVRT requirements that a generator
needs to comply with, defining the voltage and time specifications for which it should ride through
a disturbance.
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Figure 5: Requirements for generator LVRT capability [14]

An effective hybrid power system for DP should consider FRT from both perspectives, such that
DP is not affected by any system fault, and generators stay connected throughout the low voltage
dips caused by a fault. During a short circuit fault event, voltage dips can cause motor starters for
thrusters and other equipment critical to DP operation to drop out. The ABS Guide for Dynamic
Positioning Systems requires all equipment essential for dynamic positioning to have fault ride
through capability, allowing for a short circuit condition to clear before under voltage protection is
actuated. Low voltage transients during a short circuit condition are not to cause the motor starter
to drop out, or other drives to fail [2]. Thruster motor starters dropping out due to voltage dip and
not reconnecting automatically will lead to a loss of DP.

A vulnerability in DP systems that can be triggered by voltage dip is highlighted in the International
Maritime Contractors Association (IMCA) publication: Introduction to Hybrid Battery Systems for
DP Vessels, which states “one of the main reasons of drift off or loss of DP in earlier DP vessel
designs during a voltage dip, is that thrusters can drop out. This can happen due to the DC link
under voltage or close to zero volts on thrusters’ auxiliary systems.” [6].

Inverter-based generation from power sources such as battery systems do not have the same
FRT capabilities as synchronous generators due to their lack of inertia [15]. Inverters can be
sensitive to system disturbances whereby they trip offline during a disturbance, rather than riding
through a fault. Sudden disconnection of an inverter-based generation source can lead to power
system instability. In addition, if the inverters trip offline in an uncoordinated manner during a fault
condition, inverter-based generators will not contribute to the fault current. Insufficient fault current
contribution can cause the protection scheme to fail, leading to uncleared faults, sudden
termination of DP and an unsafe operation.

Modeling and power system simulation techniques can be used to evaluate the performance of
inverters in hybrid power systems to verify they exhibit the needed fault ride through
characteristics for a stable and safe power system. LVRT tests are available in literature such as
the IEC 62910 standard [16]. These tests are applicable for verifying photovoltaic systems LVRT
compliance with grid codes, but insights may be drawn where applicable for verifying LVRT of
inverters used in hybrid power systems installed on DP vessels. For some traditional systems
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powered by diesel electric generators, live short circuit testing has been accepted as a method
for proving LVRT. ABS requires live short circuit testing or an equivalent FRT live test to prove
fault tolerance of the DP system. Industry has learned from experience that live short circuit testing
is not practical for some systems; particularly low voltage systems where high currents can lead
to unsafe situations and cause damage to equipment. Alternative testing methods for proving
LVRT in lieu of live short circuit testing can be considered [17].

6. Electrical Protection

Power systems used in DP operations can be susceptible to various types of electrical faults
including, but not limited to fault currents, excitation system faults and fuel related faults.
Considerations for verification and validation for types of faults are discussed below.

6.1 Fault Currents
In power systems, various types of current related faults can occur, including short circuits,
overload, earth faults, and reverse current. Short circuits are the most common type of current
related fault. Comprehensive verification and validation of hybrid electric power systems for DP
should account for characteristics of different types of generation resources, particularly short
circuit current behaviors. Marine class society Rules and DP guidelines require protection against
current related faults by means of automatic current interrupting devices such as breakers, fuses,
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Figure 6 below shows a typical short circuit current characteristic for a synchronous generator.
The fault current contributed by a synchronous generator during a short circuit event can be orders
of magnitude larger than the normal operating current [18]. The magnitude of short circuit current
produced by a generator depends on the generator’s reactance.

MTS DP Conference — Houston October 8-9, 2024 Page 11



Denny Raymond, Jude k. Tomdio, Evidence Based Verification and Validation of
Jin Wang Comprehensive Verification Hybrid-Electric Power Systems
and Validation for DP Applications

(als

— Crrent,

AL | QRHF
AR R UUU

Saila-lransian| Tige el 3 ai-
Maorrnal = pericd .:'.-'--'.-:l ':-:f;f}f; ?I:d Ii;-l
+ ¥ LR
QReratimg - ot
conditicn -

—le ol —

Figure 6: Short circuit current characteristic of a synchronous generator [15].

Short circuit current faults that occur near synchronous machines such as generators consist of
an AC symmetrical component and a DC offset component both of which are cascading
throughout the fault event. The combined effect of the AC and DC components results in an
asymmetric total fault current. The power industry has established three reactance variables for
synchronous machines, namely sub transient, transient and synchronous reactance [19]. The sub
transient reactance determines the short circuit current for about 0.1 seconds after the fault
occurs. The transient reactance determines the current for the next 0.5 to 2 seconds, and the
synchronous reactance determines the current flow after a steady state condition is reached [15].
These fault current patterns are well known and understood by electrical engineers for
synchronous machines in traditional power systems, such as diesel electric power systems
installed on DP vessels.

When alternative forms of power such as battery storage, fuel cells and supercapacitors are
integrated into hybrid electric power systems with AC distribution networks, the DC voltage output
needs to be inverted to AC by power electronic converters. These power electronic converters
are power semiconductor-based devices that use microprocessor and signal processor
technologies with control and communications algorithms to allow ESSs and ETDs to connect to
AC distribution networks with synchronous machines and loads. Since power generation from
ESSs and ETDs needs to be inverted to connect to an AC network, these types of power
generation sources are known as inverter-based generation [20].

Inverter-based generators exhibit different electrical behaviors than synchronous generators. The
National Renewable Energy Laboratory paper on Understanding Fault Characteristics of Inverter-
based Distributed Energy Resources describes inverters as “not having rotating mass and
therefore, they do not develop inertia to carry fault current based on inherent electro-magnetic
characteristics. Power electronic inverters have a much faster decaying envelope for fault currents
because the devices lack predominately inductive characteristics that are associated with rotating
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machines” [15]. For those reasons, the fault current contribution from inverters is significantly
lower than the contribution from synchronous generators, with a shorter decay time. Traditional
protective relaying strategies have depended on high fault current contributions from rotating
machines such as generators and motors, with a decay pattern similar to the example shown in
Figure 6. Short circuit protection philosophy is based on the inertia of conventional generators to
ride through short circuit faults and contribute current to feed the fault so that protective relays
signal breakers to trip according to the programmed time current curves (TCC) of the relays and
breakers. The TCCs of the current interrupting devices are the result of a coordination study and
determine the settings to which relays and breakers should be programmed. The unique
characteristics of inverter-based generation with low fault current contributions and limited ability
to ride through faults make protective relay coordination challenging for protection engineers.
Careful consideration should be given to the protection philosophy for hybrid power system in DP
applications with inverter-based generators to ensure that new failures are not introduced
because of incorrect discrimination of the protection system [6].

Specific measures can be taken by power system design engineers to account for the limited
amount of fault current contribution from inverters. One strategy for addressing this is to
implement an adaptive protection scheme that allows relays to automatically adjust their
protection settings as the configuration of the power system changes during operation. In so
doing, relays can automatically lower current time settings to trip for fault currents contributed by
inverter-based resources and increase their current time settings to trip for fault currents
contributed by conventional generators. One disadvantage of this strategy is inappropriate
reduction of the current threshold of the protective relays may cause unnecessary tripping under
normal load [21].

Alternatively, dedicated protective relays can be programmed for tripping for high and low ranges
of short circuit current. This method may be costly and cumbersome, requiring more protective
relays to be installed with additional system integration efforts.

Another approach to mitigate the challenges associated with the short circuit characteristics of
inverter-based generation is to locate ESSs and ETDs downstream of thrusters or rectifiers that
feed the thrusters. In such system topologies, the inverter-based generation resources do not
feed a distribution side fault [2] and the ESS or ETD may continue to provide power to the thrusters
after a worst-case failure.

In traditional power systems with synchronous generators, the main generators are typically
connected to a main switchboard and supply power to the loads through feeder circuits. In hybrid
power systems, batteries may be connected to the main switchboard, or they may be connected
to other segments of the distribution network. Because of these varying topologies found in hybrid
power systems, current direction can vary depending on the configuration of the power system.
In addition, batteries go through charging and discharging cycles. When charging, a battery
system is a load and current flows to it. When discharging a battery system is a power source and
current flows from it. Charging and discharging of battery systems results in bidirectional currents
within the hybrid power system. Bidirectional current flow is a factor for electrical engineers to
consider when designing hybrid power systems for DP.

6.2 Ground and Bonding
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In hybrid power systems for DP, grounding and bonding play an important part in the safe
integration of the power system. The design of the system earth, protective earth and bonding
should be appropriate for the hybrid power system configuration, considering the intricacy of such
systems. Integrating hybrid power into DP vessels adds a tremendous amount of complexity
which can result in suboptimal grounding and bonding with safety related consequences.

Some of the ground faults commonly found in hybrid systems result from common mode voltages
in power electronic converters. Bonding is known to provide a defined path for such common
mode currents.

Another aspect of grounding and bonding that is of critical importance for plugin hybrid DP vessels
is the grounding of shore side battery charging connections. Conventional shoreside power
supplies are typically wired in a wye configuration whereas marine and offshore units are wired in
a delta configuration. In addition, some marine and offshore systems are ungrounded, whereas
shoreside systems are typically impedance grounded through a neutral grounding resistor or
direct grounded. These differences between marine and shoreside grounding practices need to
be thoroughly accounted for in the design, verification and validation of grounding and bonding
installations as it pertains to shoreside battery charging connections on DP vessels. The IEC
80005-1 and IEC 80005-3 standards contain requirements for high and low voltage shore
connections respectively, some of which are applicable for the safe design, installation and
operation of shoreside battery charging. The ABS Rules for Building and Classing Marine Vessels
Section 6-4-2/5 lists requirements for grounding and bonding of shore power connections for high
and low voltage systems, in alignment with the IEC 80005-1 and IEC 80003-3 standards which
can be used to support verification and validation efforts.
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Figure 7: Example of ship to shore connection with equipotential bonding [22].
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6.3 Stray Currents

Self-discharge is a characteristic of batteries which is known to affect all battery types. The rate
of self-discharge of a specific battery depends on various factors including battery chemistry and
battery temperature. Marine battery installations are subject to self-discharge. Without
appropriate mitigation measures within the grounding and bonding system, self-discharge can
cause damage to a vessel's hull and critical components. Investigation findings from a study
published by the Norwegian University of Science and Technology revealed damage to rotating
machinery, corrosion in cooling water systems, corrosion on hull structures, shortened life of vital
system components, poor power quality, and earth currents on some hybrid vessels with relatively
large battery packs and extensive use of variable frequency drives [23]. The risks associated with
self-discharge in hybrid power systems can affect the safety and reliability of a DP vessel if not
mitigated appropriately. Some mitigation measures integrators can consider include designing the
grounding system to prevent stray currents from causing damage and installing sacrificial
electrodes to prevent corrosion of the hull and critical components.

6.4 Fuel and Excitation System Faults

Fuel system faults in diesel electric generators typically result in frequency deviations beyond
acceptable limits, and can lead to over frequency, under frequency or unstable frequency trips. In
a parallel configuration, fuel systems can exhibit different behaviors than when operating in a
standalone configuration because of the dependencies between multiple generators, or
generators and battery systems. In the Ride Through Testing Equivalence Study published by
One Step Power, it is recommended that proving of the fuel system be done in the parallel
arrangement and the non-parallel arrangement to ensure thorough validation of the fuel system
[17]. Similarly, efficacy of excitation systems to mitigate over voltage, under voltage and unstable
voltage faults should be proven in a parallel and non-parallel arrangement in hybrid power
systems.
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7. Paralleling of Synchronous and Inverter-based Generation Resources.

In a conventional power system, paralleling of generators is typically accomplished by one of two
methods, either: by load sharing where all connected generators share the load in proportion to
their rating or by base loading where generators contribute a fixed amount of active power and
reactive power. Generators in load share mode are said to be grid forming or swing generators.
Generators in baseload mode are said to be grid following. In the case of inverter-based
generation, inverters are designed to be either grid following, grid forming or both. In a marine or
offshore unit power system, some of the generation sources must function as swing generators
which establish the frequency and voltage of the power system. If all the generation sources are
grid following, the frequency and voltage may not be well regulated.

When inverter-based generators are operated in parallel with synchronous generators in a hybrid
power system, the parallelling mode of each type of power source must be clearly understood.
Table 1 below summarizes combinations of paralleling modes for synchronous generators and
inverter-based generators. Note that a scenario where both generator types are in base load
mode is not included because operating a power plant in this manner will result in system
instability. A typical use case for hybrid power systems is to operate the synchronous generators
in base load mode with constant active and reactive power outputs and operate the batteries as
swing generators for load following.

Table 1: Paralleling Modes for inverter-based generators and synchronous machines

Synchronous Invertor Based
Generator Generator
Swing Generator Swing Generator

Base Load Swing Generator
Swing Generator Base Load

Table 1 lists various operating modes for consideration when paralleling an inverter-based
generator with a synchronous generator in a hybrid system. In such systems, generators operated
as swing generators can be considered load sharing. In practice, load sharing is typically done
using either droop or isochronous methods. Droop has the advantage of allowing power
generation sources more autonomy by not requiring load share lines to participate in load sharing.
Load share lines can create cross connections between and within redundancy groups in DP
systems that can lead to failure propagation.

However, generators that are operated in droop are more easily affected by system disturbances,
as droop operation inherently causes generators to reduce their frequency when load is applied,
and increase their frequency when load is rejected. See Figure 8 below which shows how
frequency drops as power increases from no load to full load. Similarly, when generators operate
in voltage droop, their voltage is reduced when reactive load is applied, and their voltage
increases when reactive load is removed.
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Figure 8: Frequency verses power plot with speed droop

Another challenge associated with paralleling different types of power generation sources in droop
mode is the droop settings need to be compatible across generation sources to ensure smooth
and stable operation. For example, in Figure 8 inverters x and y have different droop parameters
which causes inverter y to be more heavily loaded than inverter x. Incompatible droop settings
can result in unstable and unreliable operation with the possibility of generation sources tripping

offline and loss of DP.

Table 2 summarizes some of the advantages and disadvantages of operating power plants in

droop and isochronous modes.

Table 2: Load sharing in droop verses isochronous

Method kW Sharing Communication Advantages Disadvantages
Interface
Frequency Does not' depend on Cannot maintain
communications frequency and
Droop dro_ps_ as None voltage throughout
resistive load load brofile
increases P
Can parallel More sensitive to
synchronous and disturbances
inverter-based
generators
Frequency
Isochronous | remains Analog/Digital . Depends_ on
Frequency is communications
constant NI
maintained
throughout load Communications
profile must be compatible
between various
resources
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Generation sources operating in isochronous mode are not as susceptible to system disturbances
because speed and voltage controllers cause the frequency and voltage to return to their rated
operating points after the application and rejection load. However, isochronous load sharing
requires the use of load share lines, either analog or digital. These load share lines introduce
additional connection points which in some designs can cross redundancy groups. Failure of load
share lines can result in a loss of redundancy in DP systems. In addition, when different types of
generation sources are operating in isochronous load share, the load share line type and signal
needs to be compatible between the different resources. In the case of digital load share lines,
the communication protocol may have to be identical amongst all generation sources for load
sharing to function effectively.

The method of paralleling, whether load sharing or base loading, and if load sharing, whether
droop or isochronous are considerations for the design of hybrid electric power systems.
Regardless of the methods chosen by system integrators, effective verification and validation
should be done to minimize opportunities for failure that can compromise the redundancy intent
of the DP system.

8. Power Quality

Power quality plays a vital role in the reliability of a power system. Hybrid power systems for DP
operations typically have a significant proportion of non-linear loads such as power electronic
converters installed throughout the power system because of AC/DC and DC/AC conversions.
Power electronic converters inherently produce harmonics which can impact power quality. In the
case of a hybrid system installed on a DP vessel, the harmonic contributions from power electronic
converters are summed with the harmonic contributions from variable frequency drives.
Substantial harmonic currents can result in overheating of electrical equipment such as
generators, motors, which can eventually lead to failures and loss of redundancy. ABS has
published the following requirement for total harmonic distortion (THD) in the voltage waveform
limits in the ABS Rules for Building and Classing Marine Vessels 4-8-2/7.21: “The THD in the
voltage waveform in distribution systems is not to exceed 8% and any single order harmonics is
not to exceed 5%” [11]. IEEE-519 is also an industrial best practice for mitigating the effects of
harmonics in power systems.

The ABS Guidance Notes on Control of Harmonics in Electrical Power Systems offers several
mitigation techniques for consideration on marine vessels and offshore units, including passive
filters, active filters, line reactors, and phase shift systems [24]. The effectiveness of mitigation
measures should be proven by measurements of harmonic distortion levels conducted onboard
using a test protocol developed according to industry best practice.

9. Blackout Recovery

Blackout recovery is critical to safe DP operations. IMO MSC.1/Circ.1580 section 3.2.8 states
“Sudden load changes resulting from single faults or equipment failures should not create a
blackout” [7]. Marine class societies have published requirements for automatic blackout recovery
that meet or exceed this IMO requirement. For example, section 8/3.1.4 of the ABS Guide for
Dynamic Positioning Systems states: “The power management system is to be able to re-
establish the functioning of the power plant automatically, without any human intervention, within
60 seconds after blackout, generators and thrusters for DP are also to be available within 60
seconds. The system is to be able to re-establish the needed power for maintaining position and
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heading control within the specified envelope. The power management system is to be able to
start all available generators after a blackout and to connect them to the electrical network.” As
part of the verification and validation process for hybrid power systems on DP vessels, the
blackout recovery function should be tested for all possible scenarios, bearing in mind some of
the unique system states of hybrid systems. For example, a design strategy may require a battery
system to be the first energy resource online after a blackout due since batteries can be connected
to loads very quickly. If the battery system was previously operating in base load mode, the power
management system needs to adjust its operating mode to load share mode so that the battery
system establishes the frequency and voltage of the bus. Otherwise, bringing the battery system
online after a blackout in baseload mode can cause system stability issues.

Other well-established principles for managing blackout recovery in DP systems apply to hybrid
power systems; for example, minimizing inrush currents by pre-magnetization of transformers and
sequential starting of large motors to avoid recurring blackouts. Refer to section 8 of the ABS
Guide for Dynamic Positioning Systems [2] and the ABS Advisory on Blackout Awareness and
Prevention [25] for more information on blackout recovery.

10.Conclusion

Hybrid power with ESSs and ETDs can offer significant benefits to DP, such as fuel economy,
cost reduction and dynamic response to step load changes. However, hybrid power systems
constitute inverter-based generation which inherently exhibits electro-magnetic characteristics
that are different from synchronous machines, which if not account for can lead to vulnerabilities
when integrated into DP systems. Verification and validation approaches should be
comprehensive in following the established, class Rules, statutory regulations and industry best
practice for DP, while considering additional risks to be mitigated when integrating hybrid power
systems into DP applications.
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