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Abstract—Electric power quality is an important aspect of increasing concern in power system
networks in ships. A poor power quality not only affects the performance of the ship’s electrical
installations, but it also greatly affects the efficient use of energy, the security of navigation and
the safety of life at sea. This paper presents an extensive critical literature review of the main
contributions in the principal aspects of power quality in ships. Voltage and frequency
fluctuations, voltage dips and swells, transients and voltage notching, fault detection and
classification, harmonic distortion and voltage imbalance are reviewed and discussed. Finally,
power quality instrumentation and power quality regulations for electrical installations in ships

are also considered.
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I.  INTRODUCTION
Power quality is defined as the characteristics of the electricity at a given point in an electrical

system, evaluated against a set of reference technical parameters. International standards define the
nominal conditions and the deviations from these nominal conditions in power supply systems. These
deviations are considered as power quality disturbances, and they are characterized using a set of

indices and measurement methods [1-5].

Power quality is an important factor in shipboard power system networks that, not only has a
significant effect on the correct performance of onboard electrical equipment, with its evident
economical dimension, but should also be considered from the point of view of the security of
navigation and the safety of life at sea, given that a malfunction or failure in a critical equipment, such
as the propulsion system or the navigation equipment, could cause an accident with a high risk for the

crew, the ship itself and for the environment.

Fig. 1 shows a generic diagram of a three-phase ship electric power system [6]. The main
components of the power system are generator sets; i.e. diesel engine (DG), shaft generators (SG),
turbine generators (TG), emergency generators; transformers, switchboards with protection systems,

power cables and loads. In the case of electric propulsion systems, the propulsion motors are generally



connected to the main busbars. In these types of ships, the generalized use of power converters make

the power quality issues of even greater concern than in conventional vessels.

Fig.1. Generic diagram of a three-phase ship electric power system [6]

Several differences between onboard power systems and public distribution networks, make the
effect of poor power quality in shipboard installations more severe. Some of the main specific

characteristics of the onboard power system networks are:

e The limited power generation plant, with subsystems of different voltage and frequency levels,
small numbers of generators of different sizes, prime movers and control systems.

e The significant magnitude of some power loads in comparison to the total installed generation
capacity.

e The relatively high short-circuit impedance of onboard supply generators.

e The generalized use of non-linear loads.

e The parallel operation of generators.

These specific characteristics of shipboard electric power plants produces abnormal voltage and
frequency variations, highly distorted voltage and current waveforms with high magnitude of
interharmonic distortion, transient disturbances or incorrect active or reactive power distribution
among generators working in parallel, making power quality issues more demanding in shipboard
power grids [6-11]. The complete characterization of onboard power quality requires the definition of
new and specific power quality indices and measurement methods, at present not fully addressed in the

international standards and the regulations of marine classification societies [12-17].

Adequate investment in monitoring and control of power quality in onboard power system
networks will: reduce the exploitation costs, improve the efficiency of onboard energy use, reduce fuel
consumption and gas emissions, increase the safety of life onboard and reduce the risk for the

environment.



The purpose of this paper is to present an extensive critical bibliographic review of the main
contributions in the principal aspects of power quality in ships. The paper is arranged as follows:
Section Il reviews voltage and frequency fluctuations, including fault detection. Transient disturbances
and voltage notching are reviewed in Section Ill. Section IV reviews harmonic and interharmonic
distortion in shipboard power system networks and methods for their compensation. In Section V,
dedicated power quality monitoring equipment for shipboard power systems is reviewed. Finally, the
rules and regulations of international standards and the marine classification societies are considered

in each section of the paper.

Il.  VOLTAGE AND FREQUENCY FLUCTUATIONS

The shipboard power system is an isolated network with limited power generation and large power
loads in comparison to the installed generator capacity. This intrinsic weakness of shipboard power
grids is the reason why it is very common to observe abnormal, and commonly simultaneous,
variations of voltage and power system frequency, normally associated with the switching on/off of
large power loads, such as thrusters, pumps, compressors, etc. In addition, the complexity of shipboard
installations, with subsystems of different voltage and frequency levels, generators of different sizes,
prime movers and control systems, affects the control of these magnitudes. Fig. 2 shows an example of
a voltage fluctuation recorded during the switching of a large electric motor and an example of
frequency fluctuation during a ship maneuvering [9].
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Fig.2. a) Voltage fluctuation, and b) frequency fluctuation
In order to avoid the effect of these power quality disturbances, international marine standards and
regulations of the classification societies define limits for these fluctuations in electrical installations

in ships. IEC 60092-101 is the most comprehensive standard that defines the limits of power quality



parameters in shipboard power networks. Table | presents the permissible limits for voltage and

frequency deviations as defined in [12].

Table I. Permissible levels of voltage and frequency deviations in ships — Deviation from rated values

Permanent Transient

Magnitude Magnitude Duration

(%) (%) ©)
Frequency +5.0% +10.0% 5
Voltage +6% ; -10% +20.0% 15

Similar limits are defined in the rules of marine classification societies. Det Norske Veritas (DNV),
Lloyds Register of Shipping (LRS) and American Bureau of Shipping define in [14-16] the same
limits for frequency deviations, but the limit for permanent voltage deviations is £2.5% in [14], being
+20%; -15% in [14, 15] for short duration deviations.

The voltage and frequency deviations in shipboard power systems aren’t very well known or
documented, being specific for each ship. They should be monitored and controlled because they can
be of such a magnitude that they can cause malfunction or failure of equipment, with potential effects
on the whole ship operation. An important aspect to point out is that there is no standard method for
the measurement of frequency in onboard power system networks. According to standard IEC 61000-
4-30, the fundamental frequency should be measured in voltage supply systems during a 10 second
time clock interval, an interval that, as reported in Table I, is not compatible for the measurement of

the long and short-term frequency deviations allowed in shipboard power system networks.

As reported in [18, 19] voltage fluctuation associated with thruster start-ups can be of magnitudes
higher than the + 20% of the permissible variation limits in standards, affecting the maneuvering and
the safety of the ship, and even causing the failure of the whole shipboard power system. Different
methods for detection and classification of these severe voltage fluctuations have been proposed in
[20, 21]. A soft thruster start-up control method is proposed in [22] to reduce severe voltage dips in

ship power grids.

The use of simulation tools for the design, operation and control of shipboard power system
networks allows the estimation of voltage and frequency fluctuations, and the rest of power quality
parameters, in all ship operations [23]. A method for the analysis of the effect of the addition of new
loads or modification of the existing ones in the performance of the whole ship power system is

presented in [24].

Different control methods have been proposed for maintaining the stability of voltage and
frequency in onboard power system. An integrated voltage and reactive power control for
voltage/frequency and VAR control has been proposed in [25, 26]. A control system for improving the

stability of medium voltage dc power systems on ships is presented in [27, 28].



Other control methods using DSTATCOM have been proposed in [29-31], voltage source
converters [32], or in [33-37] in order to mitigate the impact of pulse loads and to maintain the
stability in shipboard electric power system. The use of flywheels and battery energy storage systems
is proposed to improve the efficiency and the quality of voltage supply [38, 39]. Finally, an interesting

view on the role of voltage control in modern all-electric ships is presented in [40].

Fault detection and location is an important issue not fully addressed in shipboard power system
networks. High-impedance grounding or ungrounded power systems are implemented in many
shipboard power system networks to allow continuity of service during a ground fault. The low
magnitude of these fault currents make them difficult to detect. To prevent subsequent phase-to-
ground faults or phase-to-phase faults, it is essential to use accurate methods for fault detection and

classification.

The use of wavelet analysis has been proposed for detection of faults in ungrounded power systems
of ships. The change in the magnitude of the high-frequency coefficient of the discrete wavelet
transform applied on the line to line voltages, from the prefault to the fault condition, are used in [41]
for fault detection and classification in an integrated power system of a ship. The method is only tested

under simulation and no experimental results are provided.

The energy variation of the fault signal, with respect to the prefault signal at different resolution
levels of wavelet analysis, is taken as a feature vector for fault detection in [42] and an integrated
approach using wavelet analysis and artificial neural networks is proposed in [43] for fault detection
and automatic classification. For feature extraction the authors use a 9-level discrete wavelet transform
with Daubechies 10 as the mother wavelet and 5 kHz sampling frequency for the analysis of short
circuit faults, and 40 kHz for the analysis of ground faults. For automatic detection a three-layer
feedforward neural network is used with the energy variation in the 9-level DWT from prefault to fault
as inputs and there are only two outputs. The integration of wavelet analysis and artificial neural
networks is promising but more research is necessary in the extraction of distinctive and unique
features of the fault signals in different system configurations, with a tradeoff between the number of

candidate features and the computing time for the on-line and real-time implementation of the method.

A method for fault location in high-impedance grounded DC shipboard power distribution systems
using wavelets and fractal dimension analysis is used in [44], and, finally, a method based on pattern
recognition of high-frequency noise associated with the switching events of converters in an
ungrounded DC system is presented in [45]. An experimental DC system is used to test this proposal.
The energies of coefficients in different levels of the wavelet analysis applied to the voltage waveform

are used to obtain the frequency-domain information for fault ground detection and classification.



I11. TRANSIENT DISTURBANCES AND VOLTAGE NOTCHING

Transient disturbances are defined as “pertaining to or designating a phenomenon or a quantity that
varies between two consecutive steady stages during a time interval that is short compared to the time
scale of interest” [3, 5]. Transient disturbances are difficult to detect because of their short duration,
normally less than one fundamental period, and the high-frequency components involved, requiring
high sampling rates and real-time operation. The development of real-time methods and instruments for
their detection and analysis is a major concern in power quality analysis in order to prevent harmful

effects on shipboard electrical equipment.

Transients in shipboard power system networks are normally produced by switching on/off of large
power loads or by pulsating loads. Fig. 3 shows a transient disturbance in the voltage waveform

recorded in a 400 V sub-system of an all-electric ship [10].
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Fig. 3. Transient disturbance in voltage waveform in an all-electric ship [10].

There is no standard method for their detection and analysis. There are different methods proposed
in the literature, both in the time domain or in the frequency domain, although none of them is
dominant. The magnitude of the high-frequency coefficients of the discrete wavelet transform applied
on the voltage samples is proposed in [9], [46] for detection and analysis of transient disturbances and
notching in shipboard power system networks. On the other hand, a real-time implementation of the
discrete wavelet transform, based on the use of multiple-constant multiplication, is presented in [47] for

detection of transient disturbances.

Voltage notching is a type of periodic waveform distortion produced by the normal operation of
power electronic converters, extensively used in shipboard power system grids, especially those
equipped with electric propulsion systems. Voltage notches occur when the current switches from one
phase to another in a power converter. During this period, there is a momentary short circuit between
two phases. The severity of the notch is determined by the source inductance between the converter
and the point being monitored. Fig. 4 shows an example a voltage waveform with voltage notches due

to the operation of a six-pulse converter.
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Fig. 4. Voltage notching produced by a six-pulse converter

Voltage notching is a power quality disturbance that falls between transient and harmonic
distortion. Since notching occurs continuously and periodically, it can be characterized using the
voltage harmonic distortion, but the frequency components associated with notching can be quite high
so that they cannot be characterized using conventional harmonic measurement equipment. As in the
case of transient disturbances, the international marine standards and the rules of the marine
classification societies do not specify any method for detection and analysis of voltage notching. IEEE
Std.519:2014 [4] defines a method for characterization of voltage notching and limits for commutation
notches and total harmonic distortion factor, but no reference is made to any measurement method. As
is shown in Fig. 5, voltage notches are defined using two parameters, the depth and the area. The depth
d is defined as the average depth of the line voltage notch from the sine wave voltage and is expressed
in percent as d/v - 100%. Notch area, Ay, is the product of the notch depth in volts times the width of

the notch, t, measured in microseconds (An=d-t). Table 1l shows the limits for commutation notches
according to [4].

<t=psec

Fig. 5. Definition of notch depth and area

Table Il. Recommended limits on commutation notches

Special General | Dedicated
applications system system
Notch depth 10% 20% 50%
Notch Area (Ay) 16400 22800 36500

The value Ay have been developed for 480 V systems. It is necessary to multiply the values given by /480 for application at
all other voltages.

Special applications include hospitals and airports.
A dedicated system exclusively supplies a specific user or user load.



A simple method, implemented in a low-cost virtual measurement instrument, is proposed in [48],
for detection and estimation of voltage notches using the peak magnitudes and the energy of the high
frequency coefficients of the wavelet analysis. A one-level discrete wavelet transform is applied over
sampling windows of one-cycle width, using db4 as the mother wavelet and 40 kHz sampling
frequency. The magnitude of the high-frequency coefficients of DWT shows a long series of peaks
exactly corresponding to the notches in voltage supply. The beginning, the end and the duration of
voltage notches can be determined with a time resolution of 0.196 milliseconds (double that of the
sampling period of the signal due to the downsampling by two associated with the computation of
these coefficients). In addition, the total energy of these coefficients can be used for the assessment of
the energy associated with voltage notches, improving the estimation when using higher sampling

frequency.

IVV. HARMONIC DISTORTION

Harmonics in voltage and current waveforms are frequency components that are integer multiples
of the power system frequency. Harmonics are produced by the connection of non-linear loads, these
loads draw non-linear currents which when flowing through the power system impedances produce

distortion in the voltage waveform, that finally affects the whole power system.

An important aspect of shipboard power systems is the massive use of non-linear loads in
comparison to power system network on land. The generalized use of any type of power converters in
marine applications, such as main propulsion, thrusters, compressors or pumps, has increased in such a
way that the non-linear loading in current merchant and navy vessels can reach up to 80% of the
onboard generation capacity [49]. A description of the main harmonic producing loads in ship power
systems is given in [50] and a simulation model in ATP to study the voltage and current distortion on
the low voltage busbars caused by many frequency converters in a naval system is presented in [51].
In addition, the relative high source impedance of onboard supply generators, with respect to the
inland transformer power, can cause excessive levels of voltage distortion for a given harmonic load.
As is reported in [52], the magnitude of the total voltage distortion on shipboard power systems can be

over 20%.

As another consequence of the massive use of power converters, shipboard power system networks
present high frequency distortion and a high magnitude of interharmonic distortion in voltage and
current waveforms, higher than the one existing in inland power networks. Interharmonics are
frequency components that are not an integer multiple of power system frequency. In the case of
shipboard power system networks, and as is reported in [53], these interharmonic components can
cover the whole frequency spectrum and greatly deteriorate the voltage and current waveforms,
affecting the entire power system. An example of voltage waveform with high harmonic and

interharmonic distortion is shown in Fig. 6.
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Fig. 6. Voltage waveform recorded on the main switchboard busbar during bow thruster operation [11]

A method based on the modulation theory is used in [53] to evaluate the interharmonic components
generated by current type AC-DC-AC converters in ship propulsion systems. The interharmonic
frequencies generated in these power converters are dependent on the propulsion motor speed and can
bear any frequency. According to the authors, this method allows the prediction of currents in the
network, transformers, power generators and all network impedances. The cross power spectrum
method between voltage and current at any node of a power system is used in [54] to determine the
magnitude and direction of real and reactive power flow at any frequency of interest, including

fundamental, harmonic and interharmonic frequencies.

The effect of harmonic and interharmonic distortion on equipment is well known [50]. It produces
additional losses in rotating electric machinery, transformers, cables or capacitors, resonance effects in
the power system, malfunction of measurement and control equipment, malfunction of protective
devices or interference with electronic equipment, including communication and navigation
equipment. A method using the hardware-in-loop simulations is presented in [55] for analyzing and

understanding harmonic distortion effects in all-electric ship systems.

Harmonics can be an especially serious problem in explosion-proof motor installations, such as
those encountered in LPGs, oil and chemical tankers or oil production platforms, where an increased
risk of explosion can result from the overheating produced by high harmonic distortion [52]. To avoid
this problem the IEC requires a 2% or 3% distortion level for certification of explosion-proof motors,
depending on the type of the specific protection concept [56], the motor losing its certification if these

limits are exceeded.

Harmonics are difficult to measure in shipboard power networks because of the frequency
variations and the high magnitude of interharmonic distortion. According to standard IEC 61000-4-7,
the maximum permissible synchronization error between the sampling window and the power system
frequency should not exceed * 0.03% for harmonic measurement, and this synchronization should be
possible within a range of at least = 5% of the nominal power system frequency [2]. As is reported in
[18, 19], frequency variations in shipboard power networks are normally higher than the standard
synchronization requirements, so standard harmonic measurements are really difficult in these non

stationary conditions.



To cope with this problem different proposals have been made in the technical literature. A
comparison of different methods for harmonic estimation in shipboard power networks using Fourier
analysis with different sampling windows, synchronization and different interpolation methods is
presented in [57]. A special property of the Hanning window is applied in [58] to accurately detect the
fundamental frequency of a signal in the presence of harmonic and interharmonic distortion. After
obtaining the fundamental frequency, the paper applies the same procedure to all possible harmonics
to be filtered for further analysis of interharmonics. The use of distortion indices, other than the
standard total harmonic distortion index, more appropriate for the complete characterization of

harmonic distortion in shipboard power systems, is proposed in [59-61].

Another important aspect, at present not fully taken into consideration in marine regulations, is the
measurement of the waveform distortion over the harmonic range (> 2 kHz). This frequency range is
not normally covered by commercial power quality analyzers. It is of increasing concern because the
high-frequency nonsynchronous switching techniques used in power converters is increasing the
distortion levels in frequency ranges from over 2 kHz up to 50 kHz and beyond. Reference [62]
presents the results obtained in the measurement of harmonic distortion up to 50 kHz in an all electric
ship, applying the discrete Fourier transform, using rectangular non-synchronized data acquisition
windows and grouping the output coefficients in 200-Hz bands. The results obtained are very different
when computing the THD index using the standard definition up to harmonics of 40" harmonic order,
as in [1], or when using a new extended index covering frequency components beyond this frequency

range.

Marine classification bodies are highly concerned with the problem of harmonic distortion and its
effect on shipboard installations, introducing strict limits for this disturbance in order to ensure the
reliability of marine electric equipment and the safety of crews [52]. According to IEC 60092-101
[12], the THD in voltage supply shall not exceed a 5% limit, with no individual harmonic greater than
3% of the fundamental voltage, no matter what the harmonic order, for ship distribution systems. The
same limits are required in [14, 17]. In both cases higher limitations, up to a 10% limit, are allowed in
dedicated systems, such as dedicated propulsion switchboards, if all consumers and distribution
equipment subjected to the increased distortion level is certified to withstand those harmonic distortion
levels. Most of the classification societies have adopted voltage distortion limits similar to DNV and
ABS [63]. In contrast, LRS uses a THD limit of 8% of the fundamental voltage at the switchboard or
section boards, measured for harmonics up to order 50, but establishes a strict limit of only 1.5% for
any individual voltage harmonic above the 25" order. Table 11l summarizes the limits for voltage
harmonic distortion under all operating conditions for shipboard electrical installations of the

international organizations and the marine classification societies.



Table IlIl. Maximum voltage distortion under all operating conditions for shipboard electrical

installations.

IEC |IEEE DNV ABS LRS
Total harmonic distortion 5% 5% 5% 5% 8%
Single harmonic 3% 3% 3% 3% | 1.5%"

*for harmonics over 25" order
**up to 10% in dedicated systems

However, in spite of the high interharmonic distortion in shipboard power grids (especially in those
equipped with electronic converter subsystems), no interharmonic limits are considered in the
regulations of the classification societies. The same applies for subharmonics, frequency components
under the fundamental frequency, also produced by the normal operation of power converters, and for
voltage notching, which, as was mentioned in a previous section, can also be characterized by the

high-frequency harmonic distortion produced.

As an alternative to the existing harmonic limits, reference [64] proposes the use of higher harmonic
limits than those suggested in the marine regulations, if the electrical ship equipment is documented to
withstand those higher limits, or the use of probabilistic harmonic indices as in [65]. On the other
hand, the use of different limits depending on the ship operation states (maneuvering, port, navigation) is

suggested in [61], because distortion levels change significantly, especially during maneuvering.

Harmonic compensation

Active and passive filters, multipulse drive systems, active front end drives, and others have been
used in the marine industry for harmonic compensation in ships to meet the strict limits of the

classification societies.

References [50, 52, 63, 66, 67] discuss different harmonic mitigation methods used in the marine
industry to meet harmonic limits in ships. The design of passive harmonic filters for different ship
systems are presented in [68, 69]. The use of a wide spectrum passive harmonic filter to mitigate voltage
and current harmonics is presented in [63, 66, 70]. The advantages of active filters over passive filters in

typical marine networks are discussed in [71].

The design of harmonic filters for variable frequency drives in marine vessels is introduced in [72,
73]. The use of parallel active power filters for improving the filtering performance is proposed in [74].
Different control methods of shunt active filters for marine applications are presented in [75, 76]. A
combination of passive and active filters is discussed in [77]. Different methods for the optimal
placement and sizing of harmonic filters in shipboard power networks are studied in [78, 79]. Finally, the

use of reconfigurable induction motor drives with harmonic cancellation features is presented in [80].



V. VOLTAGE IMBALANCE

In a polyphase system voltage imbalance is defined as a condition in which the r.m.s. values of the
line voltages or the phase angles between consecutive line voltages are not all equal [3]. Voltage
imbalance can be produced by asymmetrical impedances of distribution lines, unbalanced three-phase
loads, asymmetrical transformer winding impedances, open wye and open delta transformer banks or
non-uniform distribution of single phase loads. The three-phase voltages are never perfectly balanced

because of the continuous switching of single and three-phase loads in power system networks.

Three-phase induction machines, power electronic converters and drives are the most sensitive
equipment to voltage imbalance. The detrimental effect of voltage imbalances on induction motors
derives from the fact that small imbalances in the three-phase voltages can result in a large imbalance
in phase currents, increasing the heating effect and losses, reducing the efficiency and the lifetime of
the motor [81-83]. According to NEMA 3.5% of voltage imbalance can result in 25% added heating in
different types of induction motors [84]. The mechanical losses and the thermal effects on induction
motors can be of such a magnitude that NEMA recommends the de-rating of the motor as a function of

the percentage of the voltage imbalance.

According to [5], voltage imbalance of greater than 2% should be reduced, correcting the
malfunction causing it. Voltage imbalance greater than 5% can be caused by single-phasing
conditions, during which one phase of a three-phase circuit is missing or de-energized. Phase monitors

are often required to protect three-phase motors from the adverse effects of single phasing.

VI. POWER QUALITY ANALYZERS
The monitoring and analysis of power quality in ships, both for evaluation of conformity with the

respective standards as well as for trouble-shooting applications, requires dedicated instrumentation
adapted for the specific conditions of onboard power quality. Some of the new methods and indices

required for the complete characterization of onboard power quality are the following:

e New methods for measurement of the instantaneous power system frequency.

¢ New indices for characterization of voltage and frequency fluctuations.

e New methods for detection and characterization of transients and voltage notching.

e New methods and new indices for measurement of harmonic and interharmonic distortion in
the non-stationary conditions of shipboard power system networks.

o New methods and indices for the estimation of harmonics over the harmonic range.

e Methods for measurement of active and reactive power distribution between generators

working in parallel, both in stationary and dynamic conditions.

A number of dedicated power quality analyzers have been proposed in the technical literature to

cope with these specific requirements. Reference [85] describes the structure and performance of what



is probably the first specialized power quality analyzer for shipboard power systems. A DSP-based
instrument designed for proper operation under power frequency fluctuations is described in [86-89].
The chirp z-transform and the complementary use of the discrete wavelet transform and the discrete
Fourier transform are proposed in these references for the most accurate estimation of power quality
indices in shipboard power system networks. An onboard power quality monitoring system designed

to manage and optimize the power consumption of electrical loads is described in [90].
Finally, Table 1V summarizes the different proposals reviewed in this paper.

Table 111. Power quality in ships

References
Power quality regulations [1-5, 12-17, 56, 84]
Power quality in ships: general [6-11]

considerations
Voltage and frequency fluctuations | [18-45]
Transient disturbances and voltage [9, 46-48]

notching

Harmonic distortion [49-65]

Harmonic compensation [50, 52, 63, 66-80]
Voltage imbalance [81-84]

Power quality analyzers [85-90]

CONCLUSIONS
The specific characteristics of shipboard power electric power plants make electric power quality a

critical factor in the correct performance of onboard electrical equipment. This paper presents a
comprehensive, critical literature review of the main contributions in the principal aspects of
monitoring and analysis of power quality in ships. Voltage and frequency deviations, transients and
voltage notching, fault detection and classification, harmonic distortion, harmonic compensation,
voltage imbalance, dedicated power quality instrumentation and power quality regulations are
considered, discussing the performance of the different proposals and highlighting the important role
that power quality has in modern ships in improving the efficient use of energy, the security of

navigation as well as the safety of life at sea.
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