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Abstract: This paper deals with new challenges regarding power quality in ship technology resulting
from the novelisation and implementation of IACS (International Association of Classification
Societies) rules and requirements. These rules, known as IACS E24 2016/2018, address harmonic
distortion for ship electrical distribution systems, including harmonic filters. The reasons for the
legislative changes based on a short overview of power quality-related accidents are discussed,
after which a brief presentation of the updated IACS rules illustrated by a related DNV GL (Det
Norske Veritas Germanischer Lloyd) case study is shown. A key part of this paper includes proposals
concerning harmonics and interharmonics, distortion indices and transient disturbances. The aim
of these proposals is to unify power quality indices and measurement procedures to maintain
effective and comparable criteria for monitoring distortion and establish requirements for ship
owners, designers, shipbuilders, classifiers, and crew members of marine objects.

Keywords: power quality; ship technology; novelisation and implementation of IACS rules

1. Introduction

This paper focuses on the problem of electrical power quality and its influence on
ships and shipping safety. New challenges regarding ship technology resulting from the
novelisation and implementation of IACS rules and requirements will be discussed. Power
quality includes two aspects [1]: continuity of a power supply and appropriate parameters
of delivered and used electrical energy. This sequence is important, as electrical energy
must first be continuously delivered in an appropriate quantity to the supplied system, and,
second, its parameters should be kept within safety ranges. According to IEC Standard
61000-4-30 [2], power quality means ‘characteristic of the electricity at a given point on
an electrical system, evaluated against a set of reference technical parameters’. Usually,
these parameters are voltage parameters. The related IEC Standard [3] and classification
societies” rules [4-7] admit a voltage permanent deviation within —10% to +6%, £5%
frequency permanent deviation, THD (Total harmonic distortion) up to 8% and voltage
unbalance up to 3%. However, aforementioned disturbances cannot be limited only to these
parameters given the distinct features of a ship’s power systems [8-12], which result from
the specific technical solutions and operating conditions of these systems, and concern,
for example, such issues as generating capacity, the power of singular load versus a single
generating set, variable frequency and voltage, the application of large capacity power
electronic devices, leading to a wide extension of power quality deterioration, or parallel
operation of multiple power sources and a need for load-sharing control. Considering
these factors, the electric power quality in ship systems should be understood as a set of
parameters characterising a process of generation, distribution, and use of electric energy
in all operation states of the ship (e.g., manoeuvring, sea voyage, remaining in port, cargo
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handling, etc.). These parameters contain the voltages, currents, and power characteristics.
They were received basing on their measurement expressed by appropriate user-defined
power quality indices, which must be determined. In shipbuilding technologies, it is
recommended to monitor the load distribution between generating sets working in parallel.
Many ship classification societies (e.g., DNV GL, ABS, or LR) define appropriate indices
8Pi and 6Qi as characterising a proportionality of the active Pi and reactive Qi powers
distribution of the i-th generators working in parallel. Usually, this means that the active
or reactive load of any generator is not to differ more than £15% (active load—5P1i) or 10%
(reactive load—0Qi) of the rated output of the largest generator from its proportionate
share of the combined active or reactive load. More information concerning 6Pi and 5Qi
indices, as well as a load sharing in ship electrical networks, may be found in [13]. The
incorrect values of these indices are the most common cause of blackouts in ship systems.
Therefore, the indices 5P and 5Q should be set during the operation of ship.

Although the challenges regarding power quality in ship systems formulated as
power quality assessment and power quality-related safety improvements resulting from
the development of ship technology have already been discussed in the literature [1,9,14,15],
they should be considered again in the wake of the novelisation and implementation of
the TACS E24 2016/2018 rules [16]. These rules address harmonic distortion for electrical
distribution systems, including harmonic filters, and they have been written along with the
recent trend to design more efficient and versatile maritime vessels and offshore objects, and
new solutions have garnered attention for high-penetration power-electronic converters
used in ship electric systems [9]. The availability of advanced solutions in this field have
encouraged an improvement of manoeuvrability, efficiency and compactness, as well
as a reduction in greenhouse gas emissions in marine vessels. Aforementioned power
electronic-based solutions add many advantages to ship systems, but also increase risk
factors associated with power quality and reliability. Consequently, a growing number of
accidents have been registered, which threaten the safety of shipping. This problem was
noticed by maritime regulatory bodies, such as IACS, and caused them to amend—and
develop new—power quality standards.

Unfortunately, the IACS E24 document and other maritime power quality standards
and regulations either do not cover all disturbances expected in ship power systems or
are imprecise regarding the definitions of basic parameters. This concerns mainly voltage
distortion disturbances, such as interharmonics and transient spikes, as there is a lack
of proper indices for their assessment and established limit values. Moreover, many
are doubtful about the definitions of basic factors, such as THD coefficient or reactive
power [13].

Thus, we decided to concentrate on the main problem resulting from the development
and wide usage of power electronic devices on-board. The solution of the main problem
leads to authors’ proposals to extend and unify the power quality indices and measurement
procedures, and is limited only to the measurement aspects of the investigated issue.

Therefore, this paper is organised as follows: Section 2 includes the motivation for
legislative changes, a brief overview of power quality-related accidents and commentary.
In Section 3, a brief presentation of the updated IACS rules illustrated by a DNV GL case
study is discussed. Section 4 includes the authors’ proposals concerning the extension and
unification of power quality indices and measurement procedures for maintaining effective
and comparable criteria for monitoring distortion levels as well as establishes requirements
for ship owners, shipbuilders, designers, classifiers, and crew members of marine objects.
In Section 5, the short discussion and related conclusions are presented.

2. Reasons for Legislative Changes

The legislative changes introduced by IACS were motivated by an increasing number
of well-documented power quality-related ship accidents. Power quality-related ship
accidents [17] are closely connected with electric power quality in ship systems. This
two-component interpretation, covering a risk of loss of supply continuity and a dete-
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rioration of supply quality understood as voltage characteristics in ship systems is im-
portant for analysing ship accidents. However, this does not explain why the legislative
changes address harmonic distortion. A high number of ship accidents have been recently
recorded [18-21], and these accidents were provoked by events, such as navigational
groundings and collisions or technical failures [18-21]; however, in many cases these
accidents were originally classified as power quality-related. Many of these accidents
occurred on passenger ships [18,19], which are the most technologically advanced ships,
often referred to as ‘all-electric ships’ [1,8,9]. The most technologically sophisticated ships
also include large ferries, chemical and gas tankers, container vessels, oil rigs suppliers,
and offshore platforms. In many cases, these are all electric ships, characterised by a rapid
and continuous increase in power converters, which significantly disturb power quality in
ship systems. All-electric ships are demanding in terms of power quality, technological
solutions (e.g., electrical variable speed drives and harmonic filters), and staff competency
(e.g., knowledge about protecting critical systems). Thus, the IACS introduced legislative
changes regarding harmonic distortion for ship electrical distribution systems including
harmonic filters.

To illustrate the threats connected with the impact of technological solutions and staff
competencies on power quality-related accidents, an analysis of selected cases with the
authors’ research and professional experiences, as well as a brief overview of the existing
case studies [22-25] was carried out. The results of this analysis are shown in Table 1.

Table 1. Analysis of select power quality accidents [17,22-24].

Type and Name of Ship, Type of Ship . . Accident Reasons
Case Stud
y Year of the Event Power Plant Kind of Accident Direct Indirect
Engine room of The catastrophic
Passenger cruise liner, CODLAG failure of }211 . A lack of
(combined diesel capacitor in the aft The initial continuous

RMS Queen Mary 2, 2010
Figh

electric and gas

harmonic filter
room, and

degradation of

monitoring of
electric power

turbine), . harmonic filter -
. . explosion in the aft . quality;
integrated electric . . capacitor A
opulsion: main switchboard; construction shortcomings in
propusion; temporary loss of ship tests, and
&5 all-electric ship, 11 .
KV network vessel operation
manoeuvrability
A lack of analysis
Passenger ship, MS Diesel-electric- Arc-flash event in Dead short caused of damage
Statendam, 2002 generation system a main circuit the failure of DG2  symptoms; a lack
F' cooperating with breaker. and fire circuit breaker, of sufficient
I & azipods/propulsion acci de1’1 tin the causing an qualifications of
motors; All-electric . . explosion and fire marine engineers,
: main switchboard . . . :
ship, 6.6 kV room in the main including
network switchboard room electricians
on-board
Platform electrical
Oil platform, Tern Alpha, distribution ..
2006 system is based on E;(g) igi;orlel:szgz
all-electrical ship & p High level of

system solution.
Technical data
concerning power
generation module
are not publicly
available

module, fire,
personnel
evacuation,
stopping of the
drilling process

Overheating of a
high-voltage
electrical motor

distortion in the
platform electrical
distribution system

The categories related to capacitor failures in various circuits and systems, respectively,
either to arc accidents or to malfunctions of protection relay systems can be assigned
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considering a brief overview of the power quality accidents. Explosion, fire, or loss
of the main propulsion and manoeuvrability had occurred in the cases analysed. This
resulted with at least the economic losses. Loss of the main propulsion was a factor in
numerous investigations, and the probability of power loss in the ship electric propulsion
system (SEPS) was evaluated [26]. The proposed probability-evaluation method to access
SEPS power losses is based on Bayesian Belief Networks (BBNs). The BBN structure of
power loss in an SEPS considers five main components under disruption: input power,
cables, transformer, inverter and motor. Because this paper is focused on the power loss
contingency, we considered only disruption contingencies leading to power loss. In the
presented case study, the estimated value of the power loss probability and degree of
importance of all components are shown, classifying the inverter component as one of the
most sensitive components for disruption elements in the SEPS structure. Considering that
the authors of the discussed paper [26] are aware of the need for further validation and
adjustments of the model, the proposed method to evaluate the probability of SEPS power
loss is promising.

Only hypothetical technical causes of the accidents were indicated in some cases by the
authorities competent to investigate the circumstances and causes of ship accidents [22,27]
(Table 1). Other cases concluded that the reasons were ambiguities regarding IMO (Inter-
national Maritime Organization) meanings [28] and the KUP (knowledge, understanding,
and proficiency) competencies of watchkeeping officers [22,23]. In some cases, both techni-
cal and competence-related components appeared jointly [22]. In the third case (Table 1),
concerning a fire alert on the North Sea Platform (“Tern Alpha’ [24]), more general con-
clusions were formulated. The authors of those papers state that ‘electrical power quality
is absolutely fundamental to the safety and operational integrity of drilling rigs, offshore
platforms and installation worldwide’.

This opinion is justified by the related case studies [29,30]. In the aforementioned
papers, Evans presents well-documented cases concerning typical power quality issues,
high-frequency harmonics, and the operation of explosion-proof motors, large main AC
propulsion drives, PWM drives with active front end (AFE) as variable frequency drives
(VFD), and common-mode voltage (CMV) in VFDs. Moreover, in other works by this
author, the themes of continuous power quality monitoring and power quality issues
on existing ships are discussed. The first observation led to conclusions that electrical
variable speed drives are fundamental to most operations in the oil and drilling industries.
Consequently, harmonic voltage distortion offshore can exceed the recommended limits
by a factor of 4-7. Finally, unacceptable power quality level can negatively impact safety,
productivity, and profitability. Accident investigations can last for years and the results are
usually not publicly available, so drawing conclusions from recent events is based solely
on a deductive analysis of the causes and effects of ship accidents. Therefore, regulatory
authorities, such as IACS should implement and oversee these processes.

The above is only a confirmation that the problems related to the marine power quality
should be solved. This can also be added that authors has conducted research on board of
fifteen ships and minor or serious power quality problems were detected on four vessels.

3. Updated IACS Rules and a Related DNV GL Case Study

The introduced changes are described in the document IACS E24 2016/2018 [15]
and address voltage harmonic distortion for ship electrical distribution systems including
harmonic filters. This document contains five sections. The first section defines the scope of
the unified requirements (UR) as applied to these ships, where harmonic filters are installed
on the main busbars of electrical distribution systems, excluding those installed for single-
application frequency drives, such as pump motors. The second section (‘General’) defines
a fundamental issue—that is, “the total harmonic distortion (THD) of electrical distribution
systems does not exceed 8%’.

Authors’ note: unfortunately, this appointment is not comprehensive and should be
clarified. The cited statement is imprecise, as it does not explain how to define the THD
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indices. Generally accepted approaches define the indices as the ratio of the RMS value of
the sum of given harmonic components of h order to the fundamental component expressed
in percentage. However, these approaches are often ineffective and lead to significant
errors [1,8,14]. Two questions, then, must be answered: what kind of disturbances (not
only harmonics in the limited frequency band) could be considered? Which frequency
band is to be considered? The authors’ proposals concerning these points are presented
in Section 4 of this paper. The third section of the IACS UR is dedicated to monitoring
harmonic distortion levels for a ship including harmonic filters. Subsection 3.1 states that
‘the ships are to be fitted with facilities to continuously monitor the levels of harmonic
distortion experienced on the main busbar, as well as alerting the crew should the level
of harmonic distortion exceed the acceptable limits, where the engine room is provided
with automation systems, this reading should be logged electronically, otherwise it is to be
recorded in the engine log book for future inspection by the surveyor’. Subsection 3.2 states
that harmonic distortion levels of the main busbar on board such existing ships are to be
measured annually under seagoing conditions as close to the periodical machinery survey
as possible so as to give a clear representation of the condition of the entire plant to the
surveyor. Harmonic distortion readings are to be carried out when the greatest amount of
distortion is indicated by the measuring equipment. An entry showing which equipment
was running and/or filters in service is to be recorded in the log so this can be replicated
for the next periodical survey’.

Additionally, information concerning the necessity of distortion measurements and
their records following any modification to the ship’s electrical distribution system or
associated consumers by suitably trained ship’s personnel (or from a qualified outside
source) are formulated. Point 4 of the note in this section states that the UR E24 Rev.1—
except for Subsection 3.2—is to be uniformly implemented by IACS ‘for ships contracted
for construction on or after 1 January 2020 or for ships where an application for a periodical
or occasional machinery survey after the retrofit of harmonic filters is dated on or after
1 January 2020’. This point substitutes point 1 concerning the same issue but with the date
changed from June 2016 to ‘on or after 1 July 2017’. Point 2 of the note states that ‘Subsection
3.2 is to be uniformly implemented by IACS for ships contracted for construction before
1 July 2017, at any scheduled machinery periodical survey having a due date on or after
1 July 2017’. Finally, point 3 explains the term contracted for construction in the context of
the related date.

Section 4 of IACS UR 2016/2018 is referred to as the mitigation of the effects of
harmonic-filter failure on a ship’s operation, or “where the electrical distribution system
on board a ship includes harmonic filters, the system integrator of the distribution system
is to show, by calculation, the effect of a failure of a harmonic filter on the level of har-
monic distortion experienced’. Then, ‘the system integrator of the distribution system is to
provide the ship owner with guidance documenting permitted modes of operation of the
electrical distribution system while maintaining harmonic distortion levels within accept-
able limits during normal operation as well as following the failure of any combination of
harmonic filters’.

Finally, there is an important additional requirement that “The calculation results and
validity of the guidance provided are to be verified by the surveyor during sea trials’. The
last point of the IACS UR under discussion is devoted to protection arrangements for
harmonic filters, and the requirements are as follows: ‘Arrangements are to be provided
to alert the crew in the event of activation of the protection of a harmonic filter circuit.
A harmonic filter should be arranged as a three phase unit with individual protection of
each phase. The activation of the protection arrangement in a single phase shall result
in automatic disconnection of the complete filter. Additionally, there shall be installed a
current unbalance detection system independent of the overcurrent protection alerting the
crew in case of current unbalance’.

Information about the consideration of additional protection for the individual capaci-
tor element is also added to this section.
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Author’s note: these new regulations are in line with and correspond well to safety
lessons included in the Marine Accident Investigation Branch report [22]: * ... Regular
monitoring of electrical networks should be undertaken to provide early warning deteri-
oration. Monitoring equipment should be capable of detecting transient voltage spikes,
resonances, and excessive harmonic distortions levels (either continuously or periodically).
... Protection systems for critical equipment must “fail safe”, and should be thoroughly
tested at regular intervals to prove that all sub-components are functioning correctly. In
particular, harmonic filters with current unbalance protection systems should be thoroughly
checked by a competent person at the earliest opportunity’. The recurring reference to

‘competent person’ is consistent with the description ‘by suitably trained ship’s personnel’

(Subsection 3.2), and they respond well to the need to compensate for the gap in staff
qualification competencies shown in the analysis of reasons for power quality-related
accidents (Table 1). This problem has been solved by the novelisation of the IMO Interna-
tional Convention on Standards of Training, Certification, and Watchkeeping for Seafarers.
The STCW "78/2010 [28] Convention and is described, in the part concerning minimum
standards of competence for Electro-Technical Officer (ETO). More information about this
issue in particular reflects competence in terms of power systems in excess of 1000 V, being
one of the most important competencies related to power quality [31]. The response of the
marine sector represented by marine classification societies was to update their rules and
implementation procedures regarding electrical installations for new ships, and survey
requirements for existing ships.

An illustration of how the IACS UR E24 2016 /2018 rules are introduced and imple-
mented in a DNV GL case study is presented and discussed below. The implementation of
the IACS Unified Requirements is illustrated in Table 2, based on comparative analysis of
the IACS UR E24 [15] and the DNV GL Rules for Ships [6], respectively.

In addition to the changes in the marine classification societies rules shown in Table 2,
which are focused mainly on improving technological solutions and their verification
(Part 4, 7, and 8, DNV GL 2019), staff competency is also being improved (Subsection 3.2,
updated IACS rules). Finally, the requirement to implement on or after 1 July 2017, has
been postponed to on or after 1 January, 2020. This shows that implementing the rules was
difficult, resulting from, among other things, a lack of unification of power quality indices
and measurement procedures in accordance with maintaining effective and comparable
criteria for monitoring harmonic distortion levels.

Table 2. Implementation of the IACS UR E24 2016/2018 rules [5], based on a case study of DNV GL 2019 [6].

IACS UR E24 2016/2018 Rules DNYV GL Rules for Ships, 2019

Place of Description

Considered Issue Place of Description Way of Implementation

Section 1

Documentation related to system design shall be
submitted when more than 20% of connected load
is by semiconductor assemblies, in relation to
connected generating capacity; also required

Scope where the electrical distribution system on board a
To what kind of ship are  Part 4, Chapter 8, ship includes harmonic filters. In such cases, the

the requirements of this ~ Section 1, point 2.2 effects of a filter failure shall also be calculated. At
UR applied? the same time, in Part 4, Chapter 1, Section 2, point

1.2.8 (c), a related exclusion is placed. Harmonic
filters integrated in frequency converters, or
installed for single consumers, such as pump
motors, may be excluded from these requirements.
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Table 2. Cont.

IACS UR E24 2016/2018 Rules

DNV GL Rules for Ships, 2019

Place of Description

Considered Issue Place of Description

Way of Implementation

Section 2

General

The limit of the total
harmonic distortion
(THD) and possibilities
of its relaxation

Part 4, Chapter 8,
Section 2, point 1.2.7

The DNV GL rules concerning the requirements
connected with limit values and operation
conditions of operating harmonic distortion as
well as some recommendations concerning the
relaxation conditions are included in Part 4,
Chapter 1, Section 2, point 1.2.7:

“1.2.7 Harmonic distortion

(a) Equipment producing transient voltage,
frequency and current variations shall not cause
malfunction of other equipment on board, neither
by conduction, induction or radiation.

(b) In distribution systems the acceptance limits for
voltage harmonic distortion shall correspond to
IEC 61000-2-4 Class 2. In addition, no single order
harmonic shall exceed 5%.

Guidance note: IEC 61000-2-4 Class 2 implies that
the total voltage harmonic distortion shall not
exceed 8%.’

Authors’ note: THD is a ratio of the RMS value of
the sum of all the harmonic components up to the
50th order to the RMS value of the fundamental
component.’

(c) The total harmonic distortion may exceed the
values given in (b) under the condition that all
consumers and distribution equipment subjected
to the increased distortion level have been
designed to withstand the actual levels. The
system and components ability to withstand the
actual levels shall be documented.

(d) When filters are used for limitation of harmonic
distortion, special precautions shall be taken so
that load shedding or tripping of consumers, or
phase back of converters, do not cause transient
voltages in the system in excess of the
requirements in [1.2.4].

Guidance note: the following effects should be
considered when designing for higher harmonic
distortion, refer to (c):

- Additional heat losses in machines, transformers,
coils of switchgear and controlgear;

- Additional heat losses in capacitors for example
in compensated fluorescent lighting;

- Resonance effects in the network;

- Functioning of instruments and control systems
subjected to the distortion;

- Distortion of the accuracy of measuring
instruments and protective gear (relays);
-Interference of electronic equipment of all kinds,
for example regulators, communication and
control systems, position-finding systems, radar
and navigation systems. A declaration or
guarantee from system responsible may be an
acceptable level of documentation.’
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Table 2. Cont.

IACS UR E24 2016/2018 Rules

DNV GL Rules for Ships, 2019

Place of Description

Considered Issue

Place of Description

Way of Implementation

Section 3

Monitoring of harmonic
distortion levels for
ships including
harmonic filters
Subsection 3.1; for new
ships, facilities to
continuously monitor
the levels of harmonic
distortion experienced
on the busbar as well as
alerting the crew should
this level exceed
acceptable levels

Part 4, Chapter 8,
Section 2, point 1.2.8

Implementation of the related IACS UR
concerning continuous power quality monitoring
with alarm procedures is directly placed in Part 4,
Chapter 1, Section 2, point 1.2.8 (b): “Where the
electrical distribution system on board a ship
includes harmonic filter units, the levels of
harmonic distortion experienced on the main
busbar shall be continuously monitored. Should
the level of harmonic distortion exceed the
acceptable limits, an alarm shall be given at a
manned location. For ships with class notation EO,
the alarm shall be logged.”

Subsection 3.2; for
existing ships, as
minimum harmonic
distortion levels of main
busbar are to be
measured annually
under seagoing
conditions as close to the
periodical machinery
survey.

Part 7, Chapter 1,
Section 2, point 3.1.5

Implementation of the related IACS UR
concerning harmonic-distortion-levels control,
together with measurement and their records
conditions, in reference to existing ships, is in Part
7, Chapter 1, Section 2, point 3.1.5:

‘For electrical installations the survey shall include:
- Examination of main source of electrical power
with respect to general condition, fire hazard and
personnel safety, i.e., generators, main
switchboards, distribution boards, control gear,
consumers,

chargers, and battery /UPS systems.

- For all EO, AUT, or AUT-nh vessels (built at any
time) and all vessels constructed on or after 1 July,
1998

where electricity is necessary for propulsion and
steering, test of automatic start and connection to
the switchboard of the standby generator set, shall
be carried out.

- Where the electrical distribution system on board
a ship includes harmonic filters (with exception of
pumps’ prime movers):

- Harmonic distortion levels of main busbar on
board such existing ships shall to be measured
annually under seagoing conditions as close to the
periodical machinery survey as feasible. Records
of all the above measurements shall to be made
available to the surveyor.

Each measurement shall be taken at maximum
distortion levels and identical conditions.
Guidance note:

This requirement applies for ships contracted for
construction before 1 July 2017.’




Energies 2021, 14, 3151

9of21

Table 2. Cont.

IACS UR E24 2016/2018 Rules

DNV GL Rules for Ships, 2019

Place of Description

Considered Issue

Place of Description

Way of Implementation

Mitigation of the effects
of harmonic filter failure
on a ship’s operation.
The system integrator of
the distribution system
with harmonic filters is
to show, by calculation,
the effect of a failure of a
harmonic filter on the
level of harmonic
distortion experienced.
The system integrator of
the distribution system
is to provide the ship
owner with guidance

Part 8, Chapter 8,

Implementation for the related Section of IACS UR
is in Part 4, Chapter 1, Section 2, point 1.2.8 (a):
‘Passive and active harmonic filter
assemblies/units:

(a) Where the electrical distribution system on
board a ship includes harmonic filter units, the
system integrator of the distribution system shall
show, by calculation, the effect of a failure of a
harmonic filter unit on the level of harmonic
distortion experienced. The system integrator of
the distribution system shall provide the ship
owner with guidance documenting permitted
modes of operation of the electrical distribution

Section 4 documenting permitted  Section 2, point 1.2.8 and ; o s .
modes of electrical point 3.13 system while maintaining harmonic distortion
distribution svstem o levels within acceptable limits. The system
while maintai}r’ﬁn ’ integrator shall also calculate the harmonic
harmonic distor ti%) 0 distortion that will be experienced in case of a
within acceptable limits failure of a harmonic filter, and provide guidance
durin diffri* nt on mitigating actions as operating modes or

urnng erent reduced power levels’

operation conditions of .. L . . .

the system for any This information is also in point 3.1.3:

combination of “Harmonic distortion

harmonic filters. The (a) All equipment shall be constructed to operate

calculation resuits and at any load up to the rated load, with a supply

validity of the euidance voltage containing harmonic distortion as given in

provi e 1o b Section 2, point 1.2.7.

verified by the surveyor

during sea trials.

Protection arrangements

for harmonic filters.

Arrangements are to be

provided to alert the

crew in the event of

activation of the

protection of a The references in the DNV GL rules to comply

harmonic-filter circuit. with the related Section 5 of the IACS UR are

The constructional included in the Chapters 8 and 1, of Parts 4 and 7,
Section 5 contains as a three-phase respectively. Additionally, the DNV GL rules for

unit with individual

protection of each phase,

as well as the conditions
concerning a current
unbalance detection
system independent of
the overcurrent
protection alerting the
crew.

ships in some places are cited by the guidance note
‘See IACS UR E24/, and this indicates planned
accordance of both documents.

4. Authors’ Proposals and Future Works

Considering the need for unifying power quality indices and measurement procedures
in accordance with maintaining effective and comparable criteria for monitoring distortion
levels, we propose to consider the unified, extended interpretation of THD indices, as
well as introduce the parameters describing interharmonics and transient phenomena to
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unified power quality standards. The reasons for these proposals result, first, from the
IACS general philosophy that ‘... regular monitoring of electrical networks should be
undertaken to provide early warning of deterioration. Monitoring equipment should be
capable of detecting transient voltage spikes, resonances, and excessive harmonic distortion
levels (either continuously or periodically)’. Second, it is a pragmatic point of view, which
reflects the need to design and implement new solutions for power quality-monitoring
devices. In this context, the future challenges and expectations concern the implementation
of a newly designed and commonly accepted power quality module, installed in the
main switchboard for continuously monitoring distortion and the implementation of a
portable measuring instrument for the realisation of the same task. The former, stationary
option is generally dedicated to the current-detection of power quality deterioration and
corresponding threats. This option should be linked with the ship alarm system. The
latter, portable option is linked to routine control and power quality troubleshooting,
as well as to the periodical realisation of continuous monitoring of harmonic distortion,
such as the stationary version. A new design of the measuring devices will be a good
opportunity to cover other power quality measurements—for example, hitherto avoided
by the classification societies, a detection of transient disturbances or interharmonics issues.

4.1. Harmonics, Subharmonics, and Interharmonics

The continuous distortion of voltage and current waveforms can be modelled by
the Fourier series as harmonics, interharmonics, and subharmonics (subsynchronous
interharmonics). However, the current maritime power quality requirements cover only
the harmonics. Most of the rules of ship classification societies require that ‘no single-
order harmonic shall exceed 5%’ [6]. However, if the maximum harmonics order is not
determined, the 50th order is considered [7]. The exception is IEEE Standard 45.1-2017,
which stipulates that ‘for parallel active filters or active PWM front-end type VSDs (PWM
type), related harmonics often exceed the 49th order. Therefore, when this type of VSD
is used, calculations and measurements should take into consideration harmonics up to
the 100th order” [32]. However, this provision is insufficient, and this problem will be
discussed in the next subsection.

Still, the problem of subharmonics and interharmonics (SI) may exists. In this
study, these are understood as components of the frequency less than or greater than
the fundamental harmonic, being not its integer multiple (although other definitions
are used [33]).The problem with this most popular definition is related to the frequency
resolution of measuring algorithms.

First, on-board installation contains appliances that can generate SI of significant
values. SI are produced by power-electronic equipment connecting two AC systems of
various frequencies through a DC link. Examples of such equipment are inverters [33,34].
The output current of the inverter causes voltage ripples in the DC link, which can be
transmitted to the input side. Consequently, the supply network may produce SI of
frequencies equal to the multiple of the output inverter frequency [33,34]. For instance, in
a 60-Hz power system supplied from diesel-driven generators (DG) feeding high-power
inverters, the SI of the following frequencies were reported [35]: 45 Hz, 135 Hz, 225 Hz,
and 405 Hz of values 0.9%, 1.17%, 0.89%, and 0.931%, respectively. This SI contamination
was observed in a land power network, which shows some similarities to the ship network
because of the application of DG and the high-power converters. DG may produce SI if
one of the cylinders works improperly, especially if the frequency of torque pulsations
corresponds to the resonant frequency of the generator (the first natural frequency of the
rigid-body mode) [35].

Another significant source of SI are AC motors working with the load of the pulsating
anti-torque—for example, reciprocating compressors [35,36]. Even the motor of relatively
low power can inject into the grid SI of comparatively high values. For instance, according
to [36], the work of a 7.5-kW induction motor driving an air compressor resulted in the
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occurrence of SI of values up to 0.4% and frequencies equal to 37.5 Hz and 62.5 Hz. Sl are
also produced by cycloconverters and time-varying loads [33].

Further, SI are particularly harmful power quality disturbances. They exert noxious
impacts on various components of power systems, like synchronous generators, trans-
formers, power electronic equipment and measurement and control systems [33,37-40].
An energy receiver that is especially sensitive to SI is an induction motor. SI—notably,
of the frequency less than the doubled fundamental frequency—cause local saturation
of the magnetic circuit [41], an increase of power losses [42], overheating [43], excessive
vibration [44,45], and pulsation of the rotational torque [45]. For an exemplary low-power
induction motor [44], the voltage subharmonic greater than 0.2%may cause excessive vibra-
tion. Moreover, extraordinary vibration was observed for voltage interharmonics [45]. The
particularly detrimental effect of SI is torque pulsations. For high- and medium-power mo-
tors, their frequency may correspond to the natural frequency of the first elastic mode [45].
Possible torsional resonance may amplify torque pulsations as much as 50 times [46];
consequently, excessive torsional vibration due to SI may destroy a clutch or a shaft.

At the same time, failure of an induction motor in a land system will incur high
economic losses whereas in a marine system, it may also threaten the safety of ships, the
environment, passengers or crew. For example, a breakdown of an auxiliary motor in
the propulsion subsystem (for instance, a motor driving a fuel pump) may stop the main
engine. Thus, SI contamination in a marine power system is unacceptable.

These considerations demonstrate the necessity for imposing limitations on voltage
Sl in marine power systems. The simplest way to do this is to adopt admissible SI levels
from standards concerning land power systems. Unfortunately, the standards generally
do not impose limitations on SI, as ‘levels are under consideration, pending more experi-
ence’ [47]. The task of determining SI levels to include them in power quality standards is
complicated [33,45]. Separate limitations should be determined according to the criterion
of correct work on various electrical equipment—for example, power converters, modern
light sources, induction motors—and the lowest of them should be introduced into power
quality standards. The limitations should also consider harmful phenomena of a different
nature. For example, in the case of induction motors, the limits should consider vibration
and torque pulsations; and for subharmonics, excessive winding heating [43-45]. Deter-
mining appropriate SI limits may take a long time; however, for safety reasons, temporary
limits could be introduced into the rules of the ship classification societies. The limitations
should first concern the most harmful SI—namely, the frequency less than the doubled
fundamental frequency.

These temporary limits may be based on the incomplete research results of SI as well as
on previous proposals for SI limitations. De Abreau et al. [48] and Fuchs et al. [43] proposed
limitations on subharmonics or interharmonics to 0.1%. The proposals were justified by
the detrimental SI impact on induction motors. Other considered levels are 0.2%, 1%,
3%, and 5% [33]. However, some of these levels do not ensure that induction motors
work correctly. As mentioned previously, subharmonics exceeding merely 0.2% may cause
excessive vibration [44]. Consequently, to provide effective protection for induction motors
against vibrations due to SI, the temporary limit should consider wide safety margins.
Further, it is not clear which values of SI are admissible regarding torsional vibration.

Considering the above advisement as well as the previous proposals [43,48], the most
appropriate temporary limit is 0.1% for any SI (or their sub-group) of the frequency less
than the doubled fundamental frequency.
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4.2. Distortion Indices

The current ship classification rules and IACS requirements introduce distortion
parameters designated as THD, without providing a proper definition of THD, except for
Lloyd, who introduces the traditional definition by the following formula:

n
Vv
h=2
THD, = ———-100 (1)
Vi
where: V}, is RMS value of voltage h order harmonic, V' is voltage fundamental component
RMS value.

The calculation of THD should cover all harmonics up to the 50th order [7]. Two main
drawbacks of this formula are that it covers only harmonics, and the frequency band is not
determined or is insufficient for systems with active PWM front-end drives. The topology
of such a drive is presented in Figure 1. The authors’ original research concerning such
a system is presented in Figure 2 (voltage and current waveforms) and Figure 3 (voltage
spectrum). The example was registered on-board of DP ship with electrical propulsion.
During the research two generators worked in parallel with rated power of 425 kVA and
200 kVA. Rated voltage was equal to 400 V and rated frequency 50 Hz. The two AFE PWM
drives with the rate power of 300 kW were used for the ship propulsion but the actual
load was equal to 90 kW for each drive (sea going with reduced speed—half ahead). What
is important, the switching frequency of each drive was equal to 3.6 kHz. This results in
the distortions in the frequency band around the switching frequency, which is clearly
visible in Figure 3a. For comparison reason the voltage spectrum registered during harbour
manoeuvring of ship with drive containing 6-pulse rectifier was shown (bow thruster with
rated frequency of 125 kW) in Figure 3b. The generator with rated power of 376 KVA
worked during the registration. For both ships the computer with DAQ board was used.
The sampling frequency was 30 kHz and cut-off frequency of anti-aliasing filter was set to
10 kHz.

e K 4G Kﬁs 1
AC side 4@ ‘I@S + ' + v {@S {@ Load side

Figure 1. Application of an IGBT ‘Active Front End’ to an AC PWM drive.

As seen in Figure 3, the operation of the input IGBT input bridge rectifier significantly
reduces the waveform distortions of conventional AC PWM drives with 6-pulse diode
bridges or 12-pulse bridges. However, it can also introduce significant high-order distor-
tions, above the 50th order. The voltage THD calculated for the example in Figures 2a and 3
is equal to 1.86%, and it does not cover the visible distortions above 50th-order harmonics.
Unfortunately, most of the available harmonic-monitoring devices cover this frequency
band. However, extending the typical THD definition to 100th-order harmonics, as rec-
ommended by [33], is not a solution, as the calculated THD increases up to merely 1.88%,
whereas the actual level of distortions reaches 2.65% combining both: harmonics and
interharmonics (Equation (2)). Therefore, the authors have proposed [49] a more traditional
definition of the distortion factor as the ratio of the RMS value of the residue, after elimi-
nation of the fundamental, to the RMS value of the fundamental component, expressed
as a percentage. This is directly related to the concept of distortion factor introduced in
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the last century [50]. Some authors proposed to designate such a distortion factor as total
waveform distortion (TWD) [51]. The definition is expressed as follows:
Vrzms - V12
TWD, = *+————-100 )
Vi

where: Vs is voltage RMS value, V7 is voltage fundamental component RMS value.
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Figure 2. ‘Active Front End’ input current and voltage waveforms at main bus bars.
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Figure 3. Voltage spectra at main bus bars of the maritime systems with AC PWM drives with an “Active Front End’ (a)
and at main bus bars of the maritime systems with 6-pulse diode bridge (b). Note the distortions above the 50th order,
marked by the green dashed line. Cg is the content of higher frequency components in relation to fundamental voltage, both
harmonics and interharmonics.

This Equation (2) assumes values equal to or greater than THD defined by (1). There-
fore, a comparison of the results of the calculation by both formulae enable a rough
assessment of the interharmonics or components above the assumed harmonic frequency
range. Further, detailed analysis can be carried out by the following formula (version for
systems with a rated frequency equal to 50 Hz).

|4
TWD;5-10kHz = —rmsfz‘f*wkHZ -100 ®3)
1
where: Vius-2.5-10 kr1z 15 RMS value of combined voltage component in the frequency range
from 2.5 kHz up to 10 kHz, V; is voltage fundamental component RMS value.
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In fact the factor is similar like TWD described by Equation (2), but narrower frequency
band. This can be defined as ratio of RMS value of components in the frequency band
above harmonic frequency range up to 10 kHz and RMS value of fundamental component
expressed in percentage. The interpretation is similar like in the case of THD, which com-
bines harmonics in harmonic frequency range. The TWD,.5_1¢ k1, combines components
above the harmonic frequency range, and this can be considered as combined distortions
in sub-bands of 200 Hz like proposed in IEC 61000-4-7 [52]. The new factor enables rough
identification of frequency band affected by distortions and provide additional information
for diagnosis and troubleshooting.

However, analysis of all the above distortion factors may be insufficient for this case
analysis. This concerns the waveforms with low-level interharmonics, but which are still
above the threshold values of 0.1-0.2% suggested in Subsection 4.1. As such, it is advisable
to measure the total interharmonic distortion factor (TIHD), defined as follows:

TIHD, = —> 100 4)

where: Vy, is the RMS value of the interharmonic subgroup, V; is voltage fundamental
component RMS value.

The interharmonic subgroup is defined in the IEC 61000-4-7 standard [52], as the
square root of the sum square of the RMS values of the interharmonic frequency bins.
For example, the spectrum of the original voltage registered at the navigation equipment
terminal on-board a ship with AFE PWM drives is shown in Figure 4. This was registered
on-board of above mentioned DP ship. The only difference is place (230 V 50 Hz system
and time (before propulsion converters replacement).

In the presented case, the components above the 50th harmonic were dominant.
This effect was due to poor design of the system and the choice of low-cost drives. The
distortions are caused by the operation of the AFE power converters with a declared
switching frequency of 3.6 kHz. Therefore, an appropriate analysis of this case requires
covering the frequencies above the 50th harmonic, including interharmonics. The authors
calculated the above proposed distortion indices, and the results are in Table 3.

F

55 2525.6 5051.1 10000
frequency [Hz]

(a)

Figure 4. Cont.
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Figure 4. Exemplary waveform of supply voltage; (a) the analysed frequency sub-band is marked
with yellow; the dashed line marks the frequency of the 50th harmonic whereas the dotted line
marks the frequency of the 100th harmonic; (b) the extended frequency sub-band 2843.8-4157.1 Hz
is marked with yellow; the dashed lines mark the harmonic frequencies as integer multiples of the
fundamental frequency equal to 50.51 Hz [1]. C¢ is the content of higher frequency components in
relation to fundamental voltage, both: harmonics and interharmonics.

Table 3. Distortion indices calculated for the example from Figure 4.

Distortion Factor Value

THD (up to the 50th harmonic) 1.39%

THD (up to the 100th harmonic) 1.61%

TWD (up to the 100th harmonic frequency range) 8.30%
TWD (up to 10 kHz) 8.37%

TWD2.5-10 kHz 8.22%

TIHD (up to the 50th harmonic frequency range) 0.68%
TIHD (up to the 100th harmonic frequency range 8.14%

Proper assessment of this case requires determining at least the following combination
of the distortion factors:

e  TWD up to the 100th harmonic frequency range or 10 kHz, TWD2.5-10 kHz, TIHD up
to the 50th harmonic frequency range;

e  THD up to 50th harmonic frequency range, TWD2.5-10 kHz, TIHD up to the 50th
harmonic frequency range.

The above proposal is a necessary minimum for properly assessing waveform dis-
tortions at maritime microgrids. For an extension of the diagnosis capabilities, detailed
information about harmonic subgroups and interharmonic subgroups should be provided.
Moreover, the frequency range from the 50th harmonic to 10 kHz can be divided into
subranges (e.g., 200-Hz wide, as proposed in the IEC 6100-4-7 standard [52]). Unfortu-
nately, appropriate measuring devices do not exist; however, the authors have constructed
a prototype device [53,54], which, after a minor software update, will be able to perform
the task in real time.

4.3. Transient Disturbances

According to a Marine Accident Investigation Branch report [22], ‘Monitoring equip-
ment should be capable of detecting transient voltage spikes’. Unfortunately, this recom-
mendation was not included in the Unified Requirements of IACS, as only the requirement
for continuously monitoring the THD factor was introduced [15], despite voltage spikes
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also being present in maritime microgrids. The occurrence of these spikes on shipboards
is related to switching generators, harmonic filters and large receivers on and off as well
as malfunctioning power-electronic equipment. The consequences of these spikes can
be dangerous for ships, crew and the environment. For instance, the possible reason for
the harmonic filter failure aboard Queen Mary II was ‘being exposed to frequent voltage
transients due to increased number of switching cycles’ [22]. A similar situation was
observed aboard a chemical tanker; due to a malfunction in the automatic voltage reg-
ulator (AVR), the random transient was observed during idle run of the generator with
rated power of 1062 kVA, an example of which is shown in Figure 5. The rated voltage
was equal to 440 V and rated frequency to 60 Hz. The voltage waveform was registered
with sampling frequency equal to 150,375 Hz in the frequency band up to 50 kHz (cut-off
frequency of anti-aliasing filter). It must be stressed that the phenomena are usually hard
to capture and determining their magnitude strongly depends on frequency bandwidth of
registering device.
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Figure 5. Example transient registered in a ship network [55].

The transient shown in Figure 5 also led to a failure of the capacitor in the generator
AVR. Figure 5 also indicates the main problems with continuously monitoring such a
phenomenon. These are related to their random nature, short duration, high amplitudes,
and high frequencies. According to the IEEE 1159 standard [56], the transients are cat-
egorised as conducted high-frequency phenomena and can be divided into impulsive
and oscillatory transients. The duration can be even below 50 ns, and frequencies above
a few MHz. Typical magnitude can reach 4-8 p.u. [56]. Thus, ordinary power system
performance-monitoring instruments are not appropriate for detecting and evaluating
transient spikes.

Next, there are no commonly accepted indices for evaluating these phenomena. Never-
theless, some popular methods are listed in IEC Standard 61000-4-30 [2]. The most common
are peak value, the rate of rise of the leading edge, frequency parameters, duration, the
frequency of occurrence and energy. Hitherto, the standards related to maritime microgrids
rarely deal with transient spikes. One exception is IEEE Standard 45.1-2017 [32], which
states that voltage spikes should be below 2500 V for 380-600 V systems. Unfortunately,
the required minimal frequency band for transient detection was not proposed, which
is vital for the results of the voltage spike magnitude measurement. For instance, the
result of a magnitude measurement of the transient spike presented in Figure 5 increases
linearly with an increase of the upper limit of the input frequency band of the measuring
instrument [55].

The next problem concerns methods for detecting transients, for which there are many
solutions. These are based on original signals or the extracted transient. The IEC 61000-4-30
lists the most common (e.g., based on absolute instantaneous value, envelope analysis after
removing fundamental component, the sliding window method based on a comparison
of instantaneous values with corresponding values of previous cycles or dv/dt method,
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etc. [2]). The authors have conducted research on the methods of transient detection in mar-
itime microgrids. Finally, a simple solution based on a wavelet transform combined with
absolute-value analysis and the dv/dt method was proposed [55]. The method consists of
preliminary wavelet decomposition and partial synthesis and subsequent implementation
of the following formula (5):

(|Sk—Sk_1)|>i’r1U|Sk|)>i’1’2 5)

where the sy is an instantaneous sample of the extracted transient signal, sx_1 is the previous
sample and trq and tr; are threshold values. If condition (5) has the logical value ‘true’, then
an impulse occurs. The simplicity of the formula allows fast, real-time transient detection,
in fact starting and ending points of spike. This is the necessary condition for determining
a number of transient spike indices, e.g., duration, energy. The threshold values trq and frp
were chosen after experimental investigation in maritime microgrids, as tr; = 0.2Vn and trp
= 0.06Vn, where Vn is the nominal voltage amplitude [56]. The results of the application
of the proposed solution for the transient depicted in Figure 5 is graphically presented in
Figure 6.
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Figure 6. Extracted transient using wavelet transform and formula (5).

The proposed solution enables fast transient detection and determination of its dura-
tion. Next, the proper transient indices can be determined on the basis of instantaneous
values si. This can be easily implemented in measuring instruments designed for power
quality online monitoring. However, some precautions characteristic of the input channel
of the measuring device, such as the sampling frequency and utilising an analog-to-digital
converter input range, must be considered. The authors have constructed such a device,
called an estimator-analyser of power quality, which is capable of measuring typical power
quality indices in the frequency band up to 9 kHz, and online monitoring of voltage spikes
in the frequency band up to 60 kHz [55]. For each detected transient, three indices are
determined: voltage peak-to-peak value, duration, and energy. This method of detecting
transients enables easy extension of the measuring device functions to add more transient
parameters, including absolute peak values (with fundamental), rate of rise, and duration
above predefined threshold values.

In summary, it is necessary to amend the Unified Requirements of IACS to include
the requirement of the detection of transient spikes concurrently with measuring the THD
factor. However, more research is yet to be done, namely, the requirements for the minimal
frequency band of monitoring devices should be introduced, and threshold values for
the proposed indices should be determined. This will require analysing typical voltage
transient spikes in maritime microgrids as well as the susceptibility of installed equipment
to detect both singular and accumulated, long-lasting spikes.
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5. Discussion and Conclusions

The present regulations of ship classification societies do not provide sufficient pro-
tection of on-board equipment against malfunction due to excessive power quality distur-
bances. Considering numerous power quality-related ship accidents, the modification of
rules of ship classification societies is proposed. The modifications concern determination
of power quality indices for the assessment of voltage waveform distortions, as well as
admissible levels of voltage subharmonics and interharmonics.

The presented case study and related discussion show (Section 4.2, Table 3) that
implementation of IACS E24 rules encountered some difficulties, resulting from, among
others, a lack of unification of power quality indices and measurement procedures in
accordance with keeping the effective and comparable criteria for monitoring of harmonic
distortion levels.

Additionally, the IACS E24 document and other maritime power quality standards
and regulations do not cover all disturbances expected in a ship power system or are
imprecise in basic parameter definitions at best. This concerns mainly the voltage distortion
disturbances, such as interharmonics and transient spikes. There is a lack of proper indices
for their assessment and established limit values. Moreover there are even doubts about
precise definitions of such a basic factor like the THD coefficient.

Bearing in mind the aforementioned state-of-the-art, the authors decided to concen-
trate on the main problem resulting from technology development and wide usage of
power electronic devices on the shipboard, and present their proposals concerning har-
monics and interharmonics (Section 4.1), distortion indices (Section 4.2), and transient
disturbances (Section 4.3). The main conclusions concerning the authors’ proposals and
future works in the discussed power quality-related matter may be formulated as follows:
because of extraordinary harmfulness of voltage SI, limitations concerning these power
quality disturbances should be introduced to the rules of ship classification societies. At the
same time the investigations on the impact of SI on electrical equipment are still incomplete
and for the reason determination of the target SI limitations may last for comparatively
long time. Nevertheless, because of the safety when afloat, the temporary admissible
limits of SI could be established, at least for the SI of the frequency less than the doubled
mains frequency. Considering the considerations presented in Section 4.2, as well as the
previous proposals [44,49], the most appropriate temporary limit is 0.1% for any SI (or their
sub-group) of the frequency less than the doubled fundamental one.

Careful analysis of results laid in Table 3 (Section 4.2) leads to the conclusion that
proper assessment of the discussed case requires determining at least following combina-
tion of the distortion factors:

e  TWD up to 100th harmonic frequency range or 10 kHz, TWD2.5-10 kHz, TIHD up to
50th harmonic frequency range;

e  THD up to 50th harmonic frequency range, TWD2.5-10 kHz, TIHD up to 50th har-
monic frequency range.

The above presented detailed proposal can be considered as the necessary minimum
for proper assessment of waveform distortions at maritime microgrids. For extension of
diagnosis capabilities, more detailed information about harmonic subgroups and inter-
harmonic subgroups should be provided. Moreover, the frequency range from the 50th
harmonic to 10 kHz can be divided into subranges, e.g., 200 Hz wide as proposed in IEC
6100-4-7 standard [52]. Unfortunately, the measuring devices with required functionalities
do not exist on the market. The construction of the desired power quality monitoring
device for maritime microgrids is necessary and will be easy. The authors have constructed
a prototype of an appropriate device [53,54], which, after a minor software update, will be
able to perform the task in real time.

With regard to transient disturbances analysis (Subsection 4.3), it seems of utmost
necessity to amend the Unified Requirements of IACS and include the requirement of
detection of transient spikes concurrently with measurement THD factor. However some
research is yet to be done. Namely, the requirements for the minimal frequency band of
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monitoring devices should be introduced and threshold values for the above proposed in-
dices should be determined. This will require the analysis of typical voltage transient spike
characteristics in maritime microgrids and analysis of installed equipment susceptibility
for the phenomena, both singular spike as well as accumulated effect of long lasting spikes.

It is worth emphasising that all of the highlighted power quality issues can be re-
solved and/or prevented if the correct and comprehensive technical guidance is obtained.
Specialist marine power quality consultants and experts can assist ship owners, designers,
shipbuilders, surveyors, and crew members in these matters, but this must go hand-in-hand
with a comprehensive upgrade of marine classification society rules.
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