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ENGLISH SUMMARY

With the growing development of power electronics technology onboard, ship power
systems can be seen as shipboard microgrids (SMGs), which shows specific features
such as higher torque-dense electric propulsion system, large-power pump motor
loads, and smart power management and monitoring devices. In this background,
power quality issues onboard are of a significant concern caused by the wide
application of variable frequency drives such as bow thruster drives, large power
pumps loads, fans and propellers.

This project provides PQ assessment methods for SMGs under both unbalanced and
harmonic AC bus voltage conditions. The impact of voltage unbalance combined with
harmonics on the SMG behaviors are analyzed, some models and controllable
experimental research are proposed and carried out in a real ship under sea-going
conditions. The experiments are presented considering real non-linear bow thruster
load and high power ballast pump loads at steady and transient conditions. In addition,
the transient impact of voltage dips has been carefully analyzed based on maritime
standards methods. The research work done proposed modelling methods based on
the critical ship system parameters, which can be easily applied for PQ assessment
onboard. Moreover, voltage dips caused by pump loads can lead to generator
unbalanced fundamental current and harmonic current surges, which also have been
analyzed.

On the other hand, an interesting evaluation method for voltage dips is proposed to
estimate the expected severity of voltage dips and generator current transient surges
due to the onboard motor start-ups under real ship sea-going conditions. The PQ
assessment model is based on the Riemann-summation-principle evaluation method.
The methods are validated by measurement data gathered from the practical SMG
during the ballast pump motor starts, which can provide engineers with necessary
information of the actual magnitude/depth of voltage dips and transient peak value of
generator current. In addition, the maximum allowable capacities of power motors can
be estimated, which is beneficial to determine proper motor starter designs and
improve the PQ in real SMGs.

It is worth noting that power quality issues are still challenging for SMGs systemically
analysis. However, the proposed methods are able to obtain simplified models
allowing quick analysis and accurate PQ assessment in practical ships, especially
under unbalanced and harmonic voltage conditions.
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DANSK RESUME

Med den voksende udvikling af stremelek troniksteknologi om bord kan
skibesystemerne ses som typiske mikrofonterminaler (SMGs), som viser specifikke
funktioner =~ som  hejere  drejningsmoment  elektrisk  fremdriftssystem,
storpumpemotorbelastning og smart stremstyring og overvagningsenheder. I denne
baggrund er stromkvalitetsproblemer om bord et vaesentligt problem, der skyldes den
brede anvendelse af frekvensomformere sisom baugpropellerdrev, kraftpumper, fans
og propeller.

Dette projekt giver PQ vurderingsmetoder til SMG under bdde ubalancerede og
harmoniske AC busspandingsforhold. Pévirkningen af spaendingsbalance kombineret
med harmonikere pd SMG-adferd analyseres, nogle modeller og kontrollerbar
eksperimentel forskning foreslds og udferes i et rigtigt skib under havgéende forhold.
Eksperimenterne preesenteres i betragtning af reel ikke-lineser buepropelbelastning og
ballastpumper med hej effekt ved stabile og forbigdende forhold. Derudover er den
transiente effekt af spandingsdykninger blevet omhyggeligt analyseret ud fra
maritime standardmetoder. Arbejdet foreslog modelmetoderne baseret pd kritiske
skibssystemparametre, som let kan anvendes til PQ-vurdering og forbedring om bord.
Desuden kan spandings dybningerne forarsaget af pumpeladninger fore til
generatoren ubalancerede grundleggende og harmoniske stromstigninger, som ogsé
er analyseret.

P& den anden side foreslas en interessant evalueringsmetode til spaendings dybninger
for at estimere den forventede svarhedsgrad af spandingsdykninger og
generatorstrom forbigdende stigninger pa grund af startmotorerne ombord under
egentlige skibsvejeforhold. PQ vurderingsmodellen er baseret pd Riemann-
summation-princippet evalueringsmetode. Metoderne er valideret af maledata
indsamlet fra den praktiske SMG, nér ballastpumpens motor starter, hvilket kan give
ingeniorer nedvendige informationer om den faktiske sterrelse / dybde af
spendingsdykninger og forbigdende topverdi af generatorstrom. Desuden kan de
maksimale tilladte kapaciteter af motorer anslés, hvilket er en fordel at bestemme
rigtige motorstarterdesign og forbedre PQ i reelle SMG'er.

Det er medtaget, at stromkvalitetsproblemer stadig er udfordrende for systematisk
analyse af skibet. Imidlertid er de foresldede metoder blevet forenklet og nemme at
implementere til hurtig analyse og precis PQ-vurdering i praktisk skib, iser under
ubalancerede og harmoniske spandingsforhold.



ACKNOWLEDGEMENTS

The Ph.D. study, entitled ‘Modeling and Power Quality Assessment in Shipboard
Microgrids’ , is carried out from November 2015 until November 2018, under the
supervision of Prof. Josep M. Guerrero, from the department of Energy Technology,
Aalborg University (AAU), Denmark. I would like to thank the department for the
financial support during the period of my study.

I would also like to express my special gratitude and thanks to my advisor Professor
Josep M. Guerrero for the kind understanding and support throughout my whole Ph.D.
study. Especially for the first year, when I was almost lost since I entered a new
research area, he encouraged me and provided constructive suggestions to continue.
His patience, ingenuity and professional guidance on both my research as well as
future career have been priceless. Thanks so much for giving me an opportunity to
work with the Microgrid Family.

My sincerely acknowledge is also given to my co-supervisor Associate Professor
Mehdi Savaghebi, for his careful guidance, explanations, technical suggestions and
continuous encouragement.

I would also like to sincerely thank Associate Professor Tamas Kerekes, Professor
Julio Barros and Professor Janusz Mindykowski for serving as my PhD committee
members. I would like to thank you for letting my defense to be an enjoyable moment,
and for your nice comments and suggestions.

I would also like to sincerely thank Professor Tomasz Tarasiuk and Dr. Mariusz
Gorniak at Gdynia Maritime University. Thanks for the kind help and support during
my PhD study. Thanks for the valuable experimental suggestions and great help.

I would like to show my great thanks to Associate Professor Juan. C. Vasquez and
Postdoc Amjad Anvari-Moghaddam, for their support during my stay in Aalborg.

I would like to acknowledge the other members of Microgrid team who have
contributed immensely to my private and professional time at AAU. The team has
been a source of friendships as well as collaborations. Thank you, Lexuan Meng, Chi
Zhang, Bo Sun, Hengwei Lin, Xin Zhao, Yajuan Guan, Baoze Wei, Renke Han,
Zheming Jin, Jinghang Lv, Yonhao Gui, Mingshen Li, Enrique Diaz, Siavash
Behesthtaein, Saced Golestan, Muzaidi Bin Othman, Nor Baizura Binti Ahamad,
visiting Professor Chun-Lien Su, Professor Zhaoxia Xiao, and all others, for all of
your important support and enjoyable time you gave me.



MODELING AND POWER QUALITY ASSESSMENT IN SHIPBOARD MICROGRIDS

I would like to acknowledge my colleagues and friends in other research group of
AAU, Yanfeng Shen, Haoran Wang, Qian Wang, Xiongfei Wang, Yongheng Yang
Dao Zhou, Weihao Hu, and Yanbo Wang, Yanjun Tian, and all, for the useful
suggestions, kind help and continuous encouragement.

Last but not least, I would like to give my deepest appreciation to my parents Mr.
Liancheng Liu and Mrs. Lanfeng Wang, my wife, Riji Zhao (Diary), my parents-in-

law, and all my family members, for their endless love, constant support and
encouragement.

Wenzhao Liu ( Leo )
Py

Aalborg University
Aalborg, Denmark

1-Oct-2018



CONTENTS

Table Of FIGUIES ...c..eiiieiiiie ettt eeeas 13
Chapter 1. INtrOdUCHION ......eovieeiieeiiieeieeie ettt ettt be e eeneeeneeanas 15
Background and Motivation...........cooceviiiiiiinienieieeieeeee st 15
1.1.1 Shipboard Microgrid CONCEPL.......ceerveerrerrierieriierieeieereeeeereeseeesieeseeseens 15

L. 1.2 MOTIVALION ...ttt sttt s 15

1.2. ThesSiS ODJECHIVES ..c.vvevieiiiieieieriieieeteetesitente et teeeeeaessaesseesseesseansesseennenes 20
1.3. ThesisS OULINE ......oeuiiiiiieiieeieee et e 20
1.4. List Of PUDLICAtIONS ....couiiiiiiiieiiieieeie ettt 21
CRAPLET 2. ittt ettt e st e et eesateesabeessbeeesbaesnbeeesseesnseeenseesnsaeenseenn 25
Summuary of the ContribULION...........ccveevirierieriieie e 25
Proposed Pump Motor Starting Model and Evaluation Method ............c..cc.c....... 26
2.2.1 Evaluation Method ..........cocoiiriiiiiiiiiiiiieencncccceecese e 26
2.2.2 Measurement Calculations Based On Riemann-Summation................... 28
RESUILS ...ttt sttt ettt b e b 29
2.3.1 CaS€ StUAY Aottt 30
2.3.2.Case StUAY B ...oovieiieiieieeeeeeeeee e 31
2.3.3 Results and COMPATISON.........c.cccuerierieerreriesierieesieereereeeeseesseesseeseeneens 33

2.4, CONCIUSION ..uitiniiiiiiiieeieeeet ettt 36
(] 1F:1 o1 1<3 S PRSPPI 37
Summary of the CONtribULION .........ccoeviiiiiiiiiii e 37
Real Shipboard Microgrids and Recent Maritime PQ Standards..............c.c....... 37
3.2.1 HOryzZont II SHiP.....ccoieeiiiieiiesiecieeeeeteetete ettt es 37
3.2.2 Rencent Maritime PQ standards...........c.ccocveeeiieeiieniiecieecieeeie e 39

3.3. Measurement Method and Results ............ccceecveiininininncniiencncnencee 40
3.3.1 Impact on The GeNnerator.............ccceceereerierieeieeieeie e 41
3.3.2 Impact on The Bow Thruster Load ...........ccoevvevvieiiiiinieniceeeeeeee 43

3.4, CONCIUSION ..ttt ettt ettt ettt ettt s esbeeeee 45

1"



MODELING AND POWER QUALITY ASSESSMENT IN SHIPBOARD MICROGRIDS

(] 1T 41 <) 7 SRR 47
Summary of the Contribution............cooieiiiiiiieiet e 47
Bow Thruster Model and Proposed PQ Assessment Mehtod ...........ccocevveenrnnnn. 47

4.2.1 Bow Thruster Model .........ccooiiiieiiieieeeee e 47
4.2.2. Proposed PQ Assessment Method...........ccoeevevieniieniiiiiiienieeeeeeeenene 50
Results and ConcClUSION ........cc.eieeieieriirienininene ettt 52

Chapter 5. Concluding Remarks ............occeeieriieiiiriienieniee e 59
SUIMIMATY ..ottt ettt ettt et et e et e st e e te et e en e e eneeeseesbeeneeseeneas 59
FULUIE WOTK .. 60

LILETALUTE LISt ... eeneeeietete ettt sttt ettt ettt et b e e enee e nes 61

APPENAIX PAPCIS ...vviviiiiiciieieeie ettt ettt ettt e e teeaeesaessaesaeessaesbeesseensesssenanas 67

12



0. TABLE OF FIGURES

TABLE OF FIGURES

Fig.1.1.Typical shipboard microgrids connected with land-based microgrids... .... 15
Fig.1.2. Queen Elizabeth II cruise ship power system...............cccoovieiininnn... 16
Fig.1.3. An example of AC SMG architecture...............cccooeviieiiiiiiiiiiaen.. 17
Fig.1.4. An example of DC SMG architecture ...............coooeiiiiiiiiiiiiiiiiii, 18
Fig.1.5. Different types of DCSMG.......oooiiiiiiiiii e 19
Fig.2.1. Simplified diagram of the investigated SMG...................cooiiiiina. 25
Fig.2.2. Simplified diagram for the PQ analysis when the pump motor is starting in
the SIMG .o 26
Fig.2.3. Experimental results of SMG incase A...........cooiieiiiiiiiiiiiiiiiiiiianens 31
Fig.2.4. Experimental results of SMGincase B.................ooiit, 32
Fig.2.5. Voltage dips in the tWo Cases..........ooviuiiiiniine i 33
Fig.2.6. Evaluation results based on Riemann Summation for comparison............ 35
Fig.2.7. Maximum allowable motor capacity estimation....................c.cooeuenn.. 36
Fig.3.1. The test environment of the investigated SMG...............c.c.ocooiiint. 38
Fig.3.2. Example of rms voltage dips during RVCevent ..................oooeiinnl. 41
Fig.3.3. Measurement of rms voltage and frequency dips ..............ccoceeiiinnnt. 42
Fig.3.4. Measurement of generator 7ms current and pOWErS .............ceovveveenennn. 43
Fig.3.5. Instantaneous values examples considering the voltage dip................... 43
Fig.3.6. Harmonic impact of the bow thruster current during the voltage dips......... 44
Fig.3.7. THD of the AC bus voltage and bow thruster current........................... 45
Fig.4.1. Bow thruster motor drive onboard.................ccooiiiiiiiiiiiiii, 48

13



MODELING AND POWER QUALITY ASSESSMENT IN SHIPBOARD MICROGRIDS

Fig.4.2. One phase equivalent circuit of bow thruster rectifier .......................... 48
Fig.4.3. Line current of bow thruster under quasi-balanced/unbalanced voltage
Fig.4.4. Harmonic analysis of thruster current under quasi-balanced/unbalanced
VO A O CASC. .. vttt ettt et ettt et ettt e et e et e e 49
Fig 4.5. Simplified SMG model considering the main harmonic source onboard.....50

Fig.4.6. Instantaneous values of (a) AC bus voltage, (b) generator current and (c) bow
thruster current under quasi-balanced voltage conditions...............c.c.oooeinie.n. 51

Fig.4.7. Instantaneous values of (a) AC bus voltage, (b) generator current and (c) bow
thruster current under unbalanced voltage conditions.................ccoceiviiiinin.n.. 54

Fig.4.8. Harmonic spectra of AC bus voltages up to 25th harmonic under full load of
BOW thIUSTET. . ..o 55

14



CHAPTER 1. INTRODUCTION

CHAPTER 1. INTRODUCTION

BACKGROUND AND MOTIVATION

1.1.1 SHIPBOARD MICROGRID CONCEPT

The ship electrical power system can be considered as a typical islanded microgrid
when the ship is out in the sea, which also can operate as a grid-connected microgrid
when connected to the shore power at berth, as shown in Fig. 1.1. So that many ideas
and concepts from traditional land-based microgrids can be converted and adapted in
the ship power system, as so called shipboard microgrid (SMG) [1-6]. Nevertheless,
with the development of all electric ship equipped with more power electronic
devices, power quality (PQ) issues have been an increasingly serious challenge for
ships [7-12]. This is because the ship system stability under failures is in general more
critical than that in terrestrial microgrids, and onboard failures and/or blackouts that
cannot be fixed automatically and cannot be repaired by the maintenance crew in a
very short time during the ship sea-going. Those situations brought potential risks for
the crew and passengers onboard [13-15].

Power Electronic

Energy Storage Systems

]
Flywheel

Cable connection to
main ship switch board

Batteries
Renewable Energy Sources

Circuit
breaker

PV
\T .
&
wind | =
Turbine

= =Communication link Pl

SHORE SIDE SEA SIDE

Fig.1.1. Typical shipboard microgrids connected with land-based microgrids

1.1.2 MOTIVATION

The main motivation of this thesis is to present several solutions and real study-cases
for solving the pressing problems of energy efficiency and power quality in the ship.
This project provides a PQ analysis of the SMGs and justifies the necessity of PQ
improvement considering unbalanced voltage/currents, transient frequency variations,
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distorted waveforms, and power oscillations in ships. Furthermore, expectations and
challenges of PQ can be considered for next generation of intelligent and electrical
ships.

In fact, the development of ships electrification has been started from the early 20th
century. Ships including integrated power system were popular for their outstanding
features, such as less fuel consumption, higher torque dense electric propulsion, and
increased availability and survivability [16-21]. A paradigmatic example was the
Queen Elizabeth II (QEII) whose steam turbines were replaced with a diesel-electric
propulsion plant in 1986 [17]. As shown in Fig. 1.2, the QEII uses an integrated power
system, and its propulsion loads are fed by a high voltage (HV-10kV) distribution
system and service loads such as fans, heaters, lights are fed by a LV distribution
system. The LV bus is fed from the main switchboard HV-AC bus though a step down
transformer.

Main swichboard HV AC bus

- —@)-[vsnH(m )

* Hotel |
ote
e‘» 1! loads ‘

|
,,,,,, J

LV AC sub-bus

|-Ep (m)

o

Eg:

Fig.1.2. Queen Elizabeth II cruise ship power system

After 1980s, with the fast development of power electronic converter technologies,
the variable frequency converters (variable speed drive, VSD) plays an important role
in the electric propulsion or thruster system, often implemented in AC ship systems
[22-24], the power electronic converter system generates variable voltage and
frequency output from the fixed frequency and voltage power supply [25], [26].
Normally, the power conversion can be achieved by using direct AC-AC converters
such as cyclo-converters [27], matrix converters [28], or AC-DC-AC converters with
a dc-link obtained from a rectifier-inverter combination [29-30]. In addition to the
propulsion and thruster drive systems, power electronics still play an important role
in energy storage integration, generation and conversion [31-35].

However, at the same time, power electronics can create some problems related to

power quality issues. Strong voltage and frequency variations, distorted waveforms,
power oscillations, inaccurate load sharing among parallel generators as well as
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transient disturbances are generally produced due to the extensive use of nonlinear
power electronic devices and high power loads with fast dynamic response demand
in SMGs [8-11], [36-40]. These PQ issues can also lead to unwanted power losses in
generators, unpredictable harmonics, and even malfunction or failures in vital
propulsion systems.

Generator | Generator Generator

° ° ° AC bus 690V ° °

| | | - |

k(%(

T 1 I
NN*\A et R R &
230V

Cargo pump " Cargo pump
motors Bow thruster Propulsion Propulsion motors
motors motors

Fig.1.3. An example of AC SMG architecture (Siemens 2017)

Fig. 1.3 shows an example of classical radial AC distribution system, corresponds to
the most common structure for typical industrial AC ships [41]. It can be seen that
every generator onboard is generally driven by a diesel engine, and bow thrusters and
propulsion motors are supplied by variable frequency power electronic converters.
The AC bus is also divided into two buses linked with bus-tied switches, which is
beneficial to isolate buses in case of faults. The sub-bus is then fed from the main
switchboard through step-down transformers to supply other AC consumers, similarly
as in the QEIL In fact, most ships are using the AC system in the marine industry due
to more mature technologies.

In the case of three-phase AC SMGs, during the ship propulsion motor start-up and
brake, sudden and severe bus voltage and frequency fluctuations caused by extensive
use of high power loads may result in power system contingencies and eventually
blackouts [42], [43]. The application of large capacity power electronics devices and
some heavy energy consumers based on switches actions leads to the large harmonic
currents pushed into the power system because of the highly inductance network
impedance [44-46]. Furthermore, since SMGs are autonomous and flexible networks,
due to the power flow through ship electric wire, voltage and current harmonics are
not only causing energy waste but also affecting the communications and management
systems of the electrical equipment onboard [47-50]. In addition, the harmonic
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currents are mainly produced by the connection of non-linear loads such as power
electronic propulsion thrusters, the harmonic currents flow through the main AC bus
that cause voltage distortions, and finally affects the whole power supply system
onboard. However, there are still quite few challenging to analyze the whole ship
system with different maritime standards [51-59]. This requires complex approach,
starting from the ship design stage, involving power quality assessment and
management to achieve the aim of International Maritime Organization (IMO): “safe,
secure and efficient shipping systems on clean oceans” [60]. Therefore, coping with
PQ issues is becoming more and more important for the shipping industry.

Generator

Generator | Generator ° °
ORONO \
Y N Y Y RY

{ {
N N N N N 7 g B NS
Y Y
(NX) - @ @@
AC bus J
Cargo pump " Cargo pump
motors Bow thruster Propulsnon Propulsion motors

motors : AC Consumers : motors

Fig.1.4. An example of DC SMG architecture (Siemens 2017)

Following the recent interests in research on DC grids, developments in power
electronics, renewable energy and its storage systems are supporting the growth of
DC SMGs [61-65]. An example of DC SMG architecture is shown in Fig. 1.4 [41].
Several rectifiers in the VFDs for motor control purposes have been removed, which
is beneficial to reduce the system weight and volume. The DC bus is generated by
rectified power sources. Moreover, the AC sub-bus is fed by the DC bus through
inverters to supply the required power to consumers.

Compared to the AC SMG, in terms of power stability and quality aspects, DC
systems have no frequency nor reactive power, making easy to control the power flow
and increase the power stability [66-68]. On the other hand, DC-based power
distribution systems can reduce the impact of harmonic distortion and increase power
quality onboard [69], [70].

However, it should be noted that the maintenance cost of a DC SMG is much more
expensive than the traditional AC one due to the fact of more complex power
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management and higher requirement of power electronics devices are installed
onboard [71-73]. The rectifiers connected with generators directly also need more
control to maintain the DC bus voltage constant and to help power-sharing
functionalities.

° Generator
Generator G °
e

(&)
& AC bus

DC bus

DC sub-bus

2/

®
© 7

Battery
optional

@7
@
?

Battery
Thruster motor optional Thruster motor

(a) Main-bus type (b) Sub-bus type

DC bus I

~_ — L —_ — Battery option
/ | Zone 1l |Zone 2| |Zone 3l |Zone 4]

LLoad ] LLoad | LLoad | LLoad |

Generator Generator

(c) Zonal type

Fig.1.5. Different types of DC SMG

Furthermore, DC SMGs can be divided into main-bus type, sub-bus type and zone
type [74], [75] as shown in Fig. 1.5. The main-bus type and sub-bus type are still
common with two-split buses and applied to different ships based on their power
requirements. In addition, in the zonal type, all loads in a compartment receive power
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from its zone or DC bus, which improve the survivability as it can prevent the spread
of power damages. Therefore, the system is with higher redundancy, and has been
applied to some naval ships [76], [77], which may also in combination with the battery
control and management system to improve the energy efficiency and power quality
onboard [78-80]. In other words, the DC SMGs technologies can also be seen as
improved power quality solutions for future ships.

1.2. THESIS OBJECTIVES

Until now, for the ship industry, AC SMGs are still the most common structures.
Therefore, the research objectives mainly considered the PQ issues in the AC
SMGs. This project’s objectives are listed as follows.

» To review previous studies on power quality aspects for shipboard power system
and to determine their challenges and achievements.

»  Since high-power pump motors start draw a large amount of power in short time,
they cause significant frequency and voltage transients onboard. To propose new
evaluation methods for voltage dips and assess the maximum allowable motor
capacity onboard.

» To study and analyze the industrial ship operations under quasi-balanced and
unbalanced voltage conditions and to compare with the PQ parameters based on
maritime standards.

» To model and analyze the transient AC bus voltage dips, and to analyze its actual
impact on generators and bow thruster motors.

» To verify the main harmonic sources in ships and to propose power quality
assessment methods to analyse their impact.

» To study the PQ aspects on main architecture of SMGs.

1.3. THESIS OUTLINE

The outcomes of this project are documented in this Ph.D thesis, including an
introduction of the project and a collection of the relevant articles published through
the entire study period. In addition, the thesis is organized as follows:

Chapter .1 presents an introduction of the project background, motivation and
objectives.

Chapter 2 presents the first paper, submitted to the JEEE Transactions on Industrial

Electronics, which introduces an evaluation method for voltage dips in a shipboard
microgrid under quasi-balanced and unbalanced voltage conditions. The proposed
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method can provide ship electrical engineers the necessary information about the
actual magnitude/depth of voltage dips. Accordingly, the maximum allowable
capacities of high-power motors can be estimated, which is beneficial to determine
proper motor starter designs and to improve the power quality in real SMGs.
Furthermore, two selected study-cases are carefully presented in order to analyze the
SMG operations under sea-going conditions.

Chapter 3 presents the second paper, published in /[EEE [ECON 2017, which
introduces deals with highlighting the actual impact of the voltage dips caused by
starting high power pump motors in a real ship called Horyzont II. These adverse
impacts are part of the power quality assessment, which includes the SMG frequency
deviations, diesel generator current transient surges, bow thruster current harmonic
components, and short-term disturbances. Furthermore, the paper presented the recent
maritime electric standards, measurement methods and potential power quality
improvement solutions for ship power systems.

Chapter 4 presents the third and fourth papers, published in /EEE Transactions on
Industry Applications and IEEE APEC 2018, respectively. In this chapter, a simple
power quality assessment models are proposed, while several controlled experiments
are carried out in a real SMG. The assessment mainly considers non-linear bow-
thruster drive motor and other pumps as the main harmonic sources onboard under
unbalanced voltage conditions. Furthermore, the voltage/current distortions of
working generator, thruster and pump loads are carefully analyzed and calculated
based on the proposed models. This paper provides a valuable analysis for coping with
PQ issues in the SMG.

Chapter 5 concludes the thesis contents and introduce the future works.
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CHAPTER 2.

AN EVALUATION METHOD FOR VOLTAGE DIPS IN A
SHIPBOARD MICROGRID UNDER QUASI-BALANCED AND
UNBALANCED VOLTAGE CONDITIONS

This Section is based on the work done in paper 1, which has been submitted to IEEE
Transactions on Industrial Electronics. More detailed information can be found in the
attached publications of the Appendix.

SUMMUARY OF THE CONTRIBUTION

High power motor loads are widely applied to the shipboard microgrids (SMGs),
which consuming about 70% of generated electrical power onboard [81]. Voltage dips
caused by the starting current of high power motors are one of the main causes of
onboard sensitive electrical equipment dropout [82], [83]. This phenomenon should
be carefully considered in design of SMGs to comply with several maritime standards
such as IEC61000-4-30 [84].

In this chapter, a fast evaluation method is proposed to estimate the expected severity
of voltage dips due to the onboard motor start-up operation. The evaluation results are
validated by measurements gathered from the ballast pump motor start-up in the SMG
under real sea-going conditions. In addition, the SMG operations under quasi-
balanced and unbalanced AC bus voltage cases were carefully selected to present the
actual impact of the voltage dips in real SMG. The structure of the investigated ship
can be seen in Fig.2.1.
AC Bus 3x400V/50Hz

YN Y Yy

TR#1 TR#2
G1 G2 G3 400/230V  400/230V ~
376kVA | 376kVA | 376kVA 20KVA 20KVA D
Power
converter
MS#1 MS#2
3x230V/50Hz . 3x230V/50Hz M
E H H ¢ ¢ ¢ jo e L ¢ L 10kw (3~
iConsumers! iConsumers: BT
E1 E2 E3 { : i :
3E7TkW  357KW 357kw  Ee-2raRdM {M3:230VM 125kW

Fig.2.1. Simplified diagram of the investigated SMG [85]

25



MODELING AND POWER QUALITY ASSESSMENT IN SHIPBOARD MICROGRIDS

The proposed method can provide ship engineers with necessary information about
the actual magnitude/depth of voltage dips. Accordingly, the maximum allowable
capacities of high power motors can be estimated, which is beneficial to determine
proper motor starter designs and improve the power quality in real SMGs.

PROPOSED PUMP MOTOR STARTING MODEL AND EVALUATION
METHOD

For the sake of modeling and analysis simplicity, the voltage dips caused by the
starting-up action of pump motor in a SMG, by considering only one generator and a
ballast pump motor, as shown in Fig. 2.2. The main harmonic source is the bow
thruster drive. It should be noted that the situation in which only one generator is
working can be considered as a worst-case from the harmonic distortions point of
view in the onboard real ship [85], [86].

AC bus
400V/50Hz

Other
Loads / eg. Bow Thruster
125KW

376kVA

Z, =R, + jX, BallastPump
10kW

Fig. 2.2. Simplified diagram for the PQ analysis when the pump motor is starting in
the SMG

In Fig. 2.2, in order to calculate the voltage dip magnitude at the AC bus during the
starting-up process of a large motor, such as the ballast pump, the impedances between
the generator and the ballast pump, Z, and Z,, must be identified. Z; represents the
generator source impedance at the AC bus and Z; is the impedance between the AC
bus and the ballast pump motor, including the line impedance and the motor internal
impedance.

2.2.1 EVALUATION METHOD

The voltage dip magnitude at the load terminal approximately equals the voltage drop
at the AC bus, which can be expressed as the rated voltage of AC bus minus the
voltage at the load when the pump is starting up. For a sake of simplicity, the rest
loads currents can be ignored, being the voltage dip expressed as [81]:

z z
V(%) = (1-—22 )% 100% = — 21— x100% (2-1)
W) =0=2""27) T4z ’

1 2 1 2

In order to explicitly present the relationships between the voltage dip and the pump
starting current, the voltage dip in (2-1) can be rewritten as (2-2):
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X IX, )
v, (%) = ——=—x100% = —2—5—x100% 2-2)
I, I X +1
X, +— e s
g

where X, is the reactance (in percentage) of the generator during motor starting-up
process, which is calculated as the average of the generator transient reactance X, and

sub-transient reactance X , as shown in (2-3):

_ Xa+ Xq
¢ 2
where I, represents the generator rated current and /,, is the current of ballast pump
motor during the starting period, which can be determined as follows:

Km*P
[, =—F—"— (2-4)
V37, cosg,
where K is the ratio of the motor starting current to its rated current. Py,, V3, and cosgy,
represent the rated power, rated voltage, and power factor of the ballast pump motor,
respectively. In addition, m is the ratio of motor and system rated voltage during the
start-up by applying starting methods such as connecting with transformers [81].

X (2-3)

The generator current /, can be expressed as:
P

[ =—5—

¢ \/ng cos g,

where Pg, V, and cosg represent the rated power, rated voltage, and power factor of
the working diesel generator.

(2-5)

However, during the motor starting period, the voltage dips will affect the actual
generator output current; hence the transient generator current surges can be
calculated as

Vo<V, (%)

I =—° 5
surge_g \/g X

g
It should be noted that the impacts of the voltage dip magnitude depend on the loading
of power generator during motor starting. In other words, when a large power motor
is enabled, the preloaded engine generator effect cannot be neglected due to the already
existing high-power demands and the limited power generation.

(2-6)

Assuming that there is a protective voltage limit Vimi; or a fault ride through (FRT),
when the voltage is below this threshold, motors continue working, otherwise, it will be
tripped [84]. Hence, the residual voltage can be calculated as

I
V-V, %)=V, (————
1=V, (%0)] g(IngHg)

v

4 2-7)

imit
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The motor capacity must be taken into account during voltage dips. By substituting (2-
7) into (2-2) and considering a given power generation, the maximum allowable motor
capacity can be calculated as
(Pm ) I/m cos ¢m Vg B I/limit
—_— = X
P.™  Km'V cos¢p =~ XV
g g

g g limit

(2-8)

For a given limited voltage, the maximum installed motor capacity can be easily
estimated from (2-8). It is indicated that the maximum motor capacity decreases when
the voltage limitation is increased. However, noted that under some unbalanced
voltage faults, the lowest voltage magnitude must be determined to ensure that the
actual voltage will not go below the limited value. In such a case, equation (2-8) can
be replaced by (2-9)

1)"’ Vm cos ¢m V[OWBY[ — Kin]it
(2 s =5 — (29)
Pg Km Vg cos ¢.§' Xg I/limit
Viewes =min(V,, V. V,.) (2-10)

where Vg, Ve Ve are the three-phase output voltages of the generator.

2.2.2 MEASUREMENT CALCULATIONS BASED ON RIEMANN-
SUMMATION

In order to verify the prediction method for voltage dips, the results obtained basing
on the model should be compared with the real measurements onboard. However, the
direct comparison of evaluation results with experimental results is quite difficult,
because the typical motor starting current are quite different from the assumption for
an average starting current of pump motor in the models. In order to solve this
problem, IEC Standard 61000-4-30 [84] defined the measurement methods and
interpretation of PQ assessment.

The evaluation method based on Riemann Summation was proposed to evaluate the
starting voltage and/or current of the high-power pump motor. In addition, the
Riemann Summation calculations are employed to approximate the total area of the
motor starting current curve during the time between pump motor starting and
switching off. The interval is equally divided into N,, subintervals and accordingly, the
average value of the motor starting current . me. can be expressed as

ms_mea

L% J?
N ms_rms_i

m =l

(2-11)

where N,, is the number of Riemann subintervals and /s ;s ; 1s the r.m.s value at the
ith subintervals current.

In a similar way, the interval is equally divided into N, subintervals to calculate the
generator current surges Igs meq as
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| &
2
Ig.s-_mea = N Z (]gref - Igsirmsii) (2_12)
g i=l
where N, is the number of Riemann subintervals, g is the reference current and the
Igs yms i 1s the rms value at the i-th subinterval current.

IEC 61000-4-30 standard characterizes the dips by depth and duration. The depth is
equal to the difference between the reference voltage and the residual voltage, the
duration is calculated from the time that voltage falls below a predefined threshold until
it rises above the threshold plus a hysteresis [84]. The voltage dip is usually expressed
as a percentage of reference voltage and calculated as

1 M
Vdipimea = \/ﬁzl (I/;ef - I/dz‘])7;~;715~71')2 (2-13)

where M is the number of Riemann subintervals, V. is the reference voltage and the
Viip s i 1 the rms value at the ith subinterval voltage.

RESULTS

The voltage dips were monitored for two cases:

#Case A: Quails-balanced AC bus voltage
#Case B: Unbalanced Ac bus voltage

TABLE 2.1. CASE STUDIES IN SHIP MICROGRID

Ship microgrid Case A Case B
Diesel generator enabled enabled
Ballast pump load starts three times to starts three times to
pump generate voltage dips generate voltage dips

Bow thruster load power increasing until power increasing until

full load full load
Fresh water pump normal operations normal operations
Heater load normal operations unbalanced operations

Other ship electrical | real SMGs contain hundreds of electrical devices
devices working at the same time

As shown in Table 2.1, the ship experiment processes are designed as the followings
steps. Only one generator was enabled and the bow thruster power has step changes
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to full load. The ballast pump started three times to generate voltage dips. Although
the voltage dips were moderate, this condition can represent the typical behaviors in
SMGs. The consumption of other loads remained unchanged. In Table 2.1, note that
the only difference is the heater load with phase A disconnected and working with
phases B and C, which emulate the case of fuse breaking to obtain voltage unbalance
in Case study B.

2.3.1 CASE STUDY A

As mentioned in the above study-case of SMG. The detailed SMG behaviors under
quasi-balanced voltage conditions depicted in Fig. 2.3.
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Fig.2.3. Experimental results of SMG in case A

Figs. 2.3 (a) and (b) show the rms value of ship AC bus quasi-balanced voltage during
ballast pump start-up. The voltage unbalance indices remained quite low and in the
range of 0.2%-0.43% with the mean value equal to 0.3%.

The reason of the voltage dips is the ballast pump starting current effect, shown in
Figs. 2.3 (c) and (d), which can reach 120A, if measured on the basis of a ten-cycle
window. It reached even 148A within only 0.03s, which is about 6 times the rated
current. The latter value was obtained by calculating the current 7ms value over one
cycle and refreshing it on each half cycle, following the voltage dips assessment in
the standard IEC 61000-4-30 [84].

2.3.2 CASE STUDY B

Standard maneuvering behaviors of the SMG were monitored similarly as in case A.
However, the voltage unbalance were caused by the heater loads operating with phase
“a” disconnected. The detailed operations of the SMG can be seen in Fig. 2.4.
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Fig.2.4. Experimental results of SMG in case B
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Figs. 2.4 (a) and (b) show that unbalanced voltage dips occur three times due to the
pump motor start-up condition. The bow thruster starts at 120s and increases the
voltage unbalance factor from 1.5% to 1.8%.

On the other hand, the pump working currents are slightly unbalanced as shown in
Figs. 2.4 (c) and (d). Furthermore, Figs. 2.4 (e)-(h) show that the generator and bow
thruster currents are severly unbalanced. The sudden surge produce large generator
currents in the respective line currents which can reach 120 A (22% of generator rated
current), which may trigger the overcurrent protection system onboard and possibly
endanger shipboard operation.

Moreover, the bow thruster currents are also unbalanced and the fundamental negative
sequence component is about 40A. The individual maximum rms value is obviously
higher than the value in case A, which means unequal thermal stress for generator
windings under unbalanced voltage conditions.

2.3.3 RESULTS AND COMPARISON
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Fig. 2.5. Voltage dips in the two cases.

Fig. 2.5 shows the voltage dips in cases A and B. The depth of voltage dip is about 5%
of the pre-event voltage in both cases. The differences between values for respective
three phase voltages under quasi-balanced conditions remain quite low up to 0.5%,
but the differences increase up to 2.5% under unbalanced conditions.

However, the depth of unbalanced voltage dip in case B is larger, reaching 8.35%, and
the residual voltage is lower than those values of case A. Therefore, it is indicated
that the unbalance affects the AVR operation, which sets only highest line-to-line
voltage to rated value especially during the transient dips. This may bring hazards to
some sensitive electrical equipment in case of severe voltage dips.

The measurement results of the voltage dips parameters and generator output currents

are calculated according to the IEC 61000-4-30 standard (Class A measurement
method) as can be found in Table 2.2.
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TABLE 2.2 VOLTAGE DIPS AND GENERATOR CURRENT DETERMINED ACCORDING TO

THE MEASUREMENTS
AC bus voltage . o Generator current
[Vims] Dip depth [%] peak value[A]
Parameters % of % of Pre- Max
Pre- . Pre-
Residual rated event surge
event event

voltage | Current | current
voltage

Case Va | 395.72 | 37598 4.99 6.00 482.21 685.21

A Vb | 39640 | 376.66 4.98 5.84 482.37 681.54
Ve | 394.01 374.18 5.03 6.45 480.34 682.79
Va | 394.82 | 375.33 4.94 6.17 478.62 656.10
Vb | 38521 366.77 4.79 8.31 646.53 784.25
Ve | 38547 | 366.61 4.89 8.35 666.83 845.64

Case
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Fig.2.6. Evaluation results based on Riemann Summation for comparison

Fig. 2.6 presents the evalution results for the voltage dips, ballast pump motor start
current and generator transient current surges under quasi-balanced voltage (case A)
and unbalanced voltage (case B) conditions. The predicted values are calculated based
on the proposed model (2-2)-(2-6), and the experimental results are calculated by
Riemann Summation based on (2-11)-(2-13).

Fig. 2.6 (a) shows that the predicted value based on (2-4), for the ballast pump motor
starting current is about 102 A, which almost matches the Riemann summation results
from (2-11) for experimental measurements. The maximum error is only 4.8%. Fig.
2.6 (b) shows that the voltage dips calculated by (2-2) are about 1.68%, and the
Riemann summation evaluation results based on equation (2-13) are in the range of
1.63-1.71% with the maximum error of 3.0%. It worth noting that the voltage dips
mainly depend on the capacity and start current of the pump motor and the dips depths
with respect to the pre-event voltages are almost the same for quasi-balanced and
unbalanced cases.

As it can be seen in Fig. 2.6 (c), the generator current surges calculated by (2-6) is
42.65A, which also matches the Riemann summation experimental results from (2-
12), and the maximum error is 4.9%. In addtion, it should be noted that the generator
current surges are relevant to the actual voltage dip depth, and the individual phase
current peak value are more likely to trigger the overcurrent protection devices
onboard due to the unbalanced waveforms in case B.

On the other hand, considering the unbalanced voltage dip may have extra impact on

the SMG. In Fig. 2.7, the lowest voltage should be above the dip threshold value,
otherwise, the calculated capacity of the motor will be a negative value which is
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unacceptable. In the studied cases, for a given voltage dip limit value (e.g. 20% of
generator rated volage [84], [87]), the lowest voltage dip is about 360V, and the
voltage limit is 320V. Therefore, the total maximum motor capacity can be estimated
as 90kW according to (2-9), which provided the proper design information to the
allowable motor capacity. However, it should be noted that the maximum allowable
motor capacity will fast decrease when decreseing the voltage values.

300
200

100

-100

-200
380

Max allowable motor capacity [kW]

320
Unbalanced lowest voltage [V]

Voltage dip threshold [V] 300 300

Fig.2.7. Maximum allowable motor capacity estimation

2.4. CONCLUSION

In short, the proposed methods can be used to assess the voltage dips caused by direct
starting of motors and its impact. The experimental analyses in SMG were focused on
the magnitude/depth of voltage dips and actual impact including transient generator
current surges. The results indicated that the voltage dips mainly depend on motor
power, and the generator transient current surges are caused by voltage dips for both
study cases. On the other hand, the maximum allowable motor capacity can be
properly determined and noted that the motor capacity will be decreased even more
when the unbalanced low voltages are considered.
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IMPACT OF THE VOLTAGE DIPS IN SHIPBOARD
MICROGRID POWER SYSTEM

This section is mainly based on the work of paper 2 [85], which has been published
in IEEE IECON 2017. More detailed information can be found in the attached
publications.

SUMMARY OF THE CONTRIBUTION

Transient voltage and frequency variations are very common power quality (PQ)
issues in shipboard microgrids (SMGs). In this chapter, the impacts of voltage dips
induced by pump loads start-ups are carefully analyzed in a SMG. Here, the transient
impact of SMGs frequency and harmonic components is presented and the recent
relevant maritime PQ standards are introduced. The experimental results from a real
ship to show the actual impact of moderate voltage dips on the selected working
generator and bow thruster drives.

The contribution of this work is focused on the analysis of the impact of voltage dips
in the investigated SMG.

REAL SHIPBOARD MICROGRIDS AND RECENT MARITIME PQ
STANDARDS

3.2.1 HORYZONT Il SHIP

For the experimental tests for the impact of voltage dips, a research-training ship
called Horyzont II in Gdynia was selected as shown in Fig. 3.1. The ship is employed
to conduct specialized marine training, research and regular cruises to Polar Regions
with supply for Polish polar bases [88].

The ship electrical test platform consisted of three generators, a variable speed drive
with power converter (bow thruster motor and propeller), a ballast pump motor and
auxiliary loads such as fresh water pump in the main engine cooling system, fans and
heater loads etc. The pumps driven by induction motors are common electrical energy
consumers onboard [89-91]. The system parameters can be found in Table 3.1.

The voltage and current samples were registered by a controller (NI PXIe-8106)
equipped with three DAQs (NI PXIe-6124) and anti-aliasing filters (LTC-1564). The
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Rogowski’s coils (PEM LFR 06/6) and LEMs CV3-1500 were used for signal
conditioning.

(d) Diesel generator (e) Pump load
Fig.3.1. The test environment of the investigated SMG [85], [88]
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TABLE 3.1 SHIP PARAMETERS

Ship microgrid parameters Value Ship microgrid parameters Value
Vabe [Vims] 400 Bowl:)l:;luster P, [kW] 125
Main AC bus Fresh water pump
voltage f[Hz] 50 load Pe[kW] 11
Uf [%] 0.35 Heater load Py [kW] 90
Ve [Vims] 400 Vineabe [Vims] 400
P, [kW] 300.8 P, [kW] 10
Diesel generator X [%] 10.6 Ballast pump motor COSPm 0.85
X4 [%] 7.6 k 6
COS¢g 0.8 m 1
Main engine P. [kW] 1280 Fresh water tank tons 60
Speed Knots 12 Fuel tank Weight [t] 265.6

3.2.2 RENCENT MARITIME PQ STANDARDS

The limitations for voltage and frequency transients and total harmonic distortion
(THD) are defined by several maritime standards to ensure the reliability of power
electronic devices and the safety of crews on shipboard. Most general standards such
as Polish Register Standard IEC60092-101, Lloyd’s Register Standard, American
Bureau of shipping (ABS) 2008 and the IEEE Coordinating Committee Standard 45-
2002 that imposed a lot of peculiar voltage and frequency requirements that must be
respected in the shipboard power system. However, the different versions of standards
are still not unified and may cause some misunderstanding.

Until recent years, in the rules of amended unified requirements of International
Association of Classification Societies (IACS) and its members, which clearly defined
the allowable voltage transients due to sudden changes of loads are +20% of the pre-
event voltage with 1.5 seconds of recovery time. The frequency transient variations
are about +10% of the pre-event frequency with 5 seconds of recovery time. In
addition, for the military ship system, the STANAG1008 standards are stricter with
the demands of £16% for voltage transient conditions and +4% variations for SMG
frequency.

Regarding the harmonics occurred at SMGs, most societies agreed on that THD of
ship switchboard voltage (up to the 50th order harmonic) should remain below 8%.
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TABLE 3.2. THE PERMISSION LEVELS OF VOLTAGE AND FREQUENCY FOR SHIP

Instruments and Parameter Variations

Standards Range of The
Standard Voltage Frequency THD
Polish Electrical
Register Installations in ships. +6%,-10% 5% 5%(40th)
IEC 60092- Definitions and +20%(1.55) +10%(5s) ’
101 general requirements
Selection and Use of ) 0
Lloyd’s +6%,—10% +5%
4 for Naval 8%(50th
Register Sta“darg;igr WA 120%(1.5s) | £10%(5s) o(350th)
American Rules of International
Bureau Ship Classification +6%,-10% 5% 596(40th)
of shipping Societies, eg +20%(1.5s) +10%(5s) °
2008 PRS/25/P/2006
IBEE | o s for Blocrical | 5% 2% | s%@ot)
Std.45-2002 ractice for Electrica 116%(25) £4%(25) o
Installations in ships
IACS Members
ABS (2016), DNV (2016) PRS(2016) 120%. 1 +109 o
IEEE Std.1662-2016 (2016) £20%, 155 | £10%, 5 876(50th)
IEC Std.61557-12 (2007)
STANAG1008 (Ed.8, Ed.9) 116%, 25 +4%, 25 5%(40th)

for the naval ship

3.3. MEASUREMENT METHOD AND RESULTS

The IEC61000-4-30 standard defined using rms value to calculate the rapid voltage
changes (RVC) event, such as voltage dips that are not beyond the voltage threshold,
as shown in Fig. 3.2. Voltage dips as RVC examples are characterized by four main
parameters: start time, duration, AU and AU, The detailed measurement method
based on class A for evaluations can be found in the IEC61000-4-30 standard [84].

However, it should be noted that the rms voltage is measured in steady-state
conditions, so that if all the immediately preceding 100/120 Usms2) values remain
within the RVC threshold from the arithmetic mean of those 100/120 Upng(1/2) values
(100/120 means 100 values for SOHz or 120 values for 60Hz nominal).
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“voltage is-steady-state” logic signal
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Fig.3.2. Example of voltage dips in rms value during RVC event [84]

The voltage dips caused by pump starts measured in the ship are shown as in Fig. 3.3.

410 ~
—Va —\b Ve 49.7
305 1 -3 496
> -
&400 | : Z 495
8395 - l z ;
5 ! € 494 - ,
>390 - | E 1 0.72%frequency dip
2 I 7.59% voltage dip g 493 - :
g 385 1 | : fluctuations ~ w= 1
-l=le
375 T T T T T T T 1 49.1 + J ! J ! ! ! !
4 5 6 7 8 9 10 11 12 4 5 6 7 8 9 10 11 12
Time (s) Time (s)
(a)Voltage dips (b) System frequency

Fig.3.3. Measurement of rms voltage and frequency dips

3.3.1 IMPACT ON THE GENERATOR

On the other hand, Fig.3.4 shows the rms value of generator current with different
power levels considering the thruster power increasing until full loaded. As it can be
seen that the currents were severely increased with 95A or more during each voltage
dip (caused by the 10kW ballast pump starts), which brought significant risks to the
reliability of the SMGs.
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Noted that the transient current surges are not occurred at power step times, which
means the transient current surges are not caused by thruster load power increasing.
This is because the thruster motors with largest powers are installed with soft-starters
devices to decrease the inrush currents. However, this research is focus on analyze the
impact of voltage dips caused by the direct starting process of pump loads.

500 -+ — PR —
Iga Igb Igc 300 | P (kw) Q (kvar) S ‘[kVA]
g 450 ‘
£ 250 -
3 '\ 200 4
S 350 2™ |
g 5
© 150
g =00 g
c =
[} [T}
O 250 © 100
200 T T T T 50 I . . . i
20 o 20 A0 0 20 40_ 60 80 100
Time (s) Time(s)
(a) Generator current (b) Generator active reactive and
apparent powers

Fig.3.4. Measurement of generator rms current and powers

In addition, Fig. 3.5 shows the instantaneous values of the generator voltage/current,
which were registered for bow thruster full load during the voltage dip. The voltage
dip is about 20V, but the generator output current surges from S00A to 740A in a short
time. Furthermore, the THD of voltage changed from 1.1% (bow thruster switched
off) to 6.7% (bow thruster full load). Accordingly, the distortions of generator and
bow thruster currents were symmetrical and mainly containing Sth, 7th, 11th and 13th
harmonics. The THD of generator current changed from 1.5% (bow thruster switched
off) to 12.8% (bow thruster full load). Bow thruster current remained balanced but
highly distorted (up to 39.6% for full load conditions).
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(c) Bow thruster current

3.3.2 IMPACT ON THE BOW THRUSTER LOAD

In fact, the bow thruster is equipped with a 6 pulse rectifier in the ship and its current
mainly contains 5%, 7% 9% and 11"...and low-order harmonics components.
Therefore, the research is focus on the transient impact on the bow thruster harmonic
current components.

Fig.3.6 shows the transient impact on the 5" and 7" harmonics of the bow thruster
current of the three voltage dips at different thruster power levels, as an example.
These harmonic components are increasing obviously during the dip intervals.
However, for the higher power levels, more harmonics will appear around the
individual harmonic components of the bow thruster current. In fact, the current
harmonics might affect the stability of the SMGs, especially under high power
conditions.
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Fig.3.6. Harmonic impact of the bow thruster current during the voltage dips

On the other hand, Fig.3.7 shows the THD of AC bus voltage and bow thruster current
with different power levels. It can be observed that the THD of bow thruster current
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is decreased with the power levels steps up obviously. Furthermore, the voltage dips
have short-term variations on the assessment for THD index and the transients of THD
even can achieves 1% for AC bus voltage and 3% for bow thruster current in the dip
durations, which means that the conventional calculations of THD factor needs further
research and considering the transient impact of voltage dips.
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(a) THD of AC bus voltage (b) THD of bow thruster current

Fig.3.7. THD of the AC bus voltage and bow thruster current

3.4. CONCLUSION

In a short, this chapter deals with highlighting the actual impact of the voltage dips in
areal SMG. Although the dips were not too severe (due to necessity of avoiding risky
conditions during sea-going conditions), our findings indicate that the voltage dips
have adverse impacts on the electrical installations onboard. These adverse impacts
include the SMG frequency deviations, diesel generator current transient surges,
increase of bow thruster current harmonic components and short-term disturbances
that were found out along the power quality assessment.
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CHAPTER 4.

POWER QUALITY ASSESSMENT IN SHIPBOARD
MICROGRIDS UNDER UNBALANCED AND HARMONIC AC
BUS VOLTAGE

This section is based on the main research work done in paper 3 [92] and paper 4 [86],
which have been published in IEEE Transactions on Industry Applications and IEEE
APEC conference 2018, more detailed information can be found in the attached
publications.

SUMMARY OF THE CONTRIBUTION

Nowadays, power quality issues are becoming more and more critical in shipboard
microgrid systems (SMGs) with the development of power electronic technology.
However, the impact of unbalanced voltage combined with harmonics on the
behaviors of SMGs are still needs further research and developed.

In this chapter, power quality assessment models are proposed and several controlled
experiments are carried out in a real SMG. The PQ assessment is presented by
considering a non-linear bow thruster drive motor, and other pumps and heater loads
under unbalanced and harmonic voltage cases. Furthermore, the voltage/current
distortions of the generator in operation, the thruster and pump loads are carefully
analyzed. This paper provides a valuable analysis for coping with PQ issues in the
SMG.

BOW THRUSTER MODEL AND PROPOSED PQ ASSESSMENT
MEHTOD

4.2.1 BOW THRUSTER MODEL

Typical characteristics of SMG includes isolated power generators with limited
capacities, varying voltage/frequency levels, high short-circuit impedance of the
power network, and the extensive use of high-power nonlinear and pulsating loads
[10], [94]. Based on these characteristics, the SMG is more prone to many PQ issues,
such as unbalanced or distorted voltage/current waveforms, transient disturbances,
and strong frequency variations [95].

On the other hand, for ships, even moderate unbalanced voltage form AC bus has

enormous impact on the uncontrolled rectifiers, typically as a part of the bow thruster
drive onboard, as can be seen in Fig. 4.1. In fact, the double-phase and single-phase
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rectification modes appear when the loads decrease under unbalanced cases, which
cause drawing large unbalanced and harmonic currents from the generator [96]. The
effect can affect dramatically the AC shipboard weak-grid performances. Therefore, it
is necessary to analyze the bow thruster drive and the whole system operation under
unbalanced and harmonic conditions.

AC choke DClink

G ) ~ — J<

Rectifier Inverter

Fig.4.1. Bow thruster motor drive onboard

Lisr o ® AC choke Diode

L D()

@ Visouree el ::c H R

L

Fig.4.2. One phase equivalent circuit of bow thruster rectifier [92]

For a simplified analysis, one-phase equivalent rectifier circuit of bow thruster is
shown in Fig. 4.2. The capacitor voltage of a rectifier is derived as:

d[BTis (tl) >0

dt
(4-1)
dl t
BT75(2)<0
dt

[h,BT_a (tl) =0,
I//1,0 (t) = Vh,xuurce !f
Ih,BTia (tz) =0,

The bow thruster line current /i g (t) can be approximated by solving a second order
differential equation as expressed by:

) dz[h‘BTJ(t) LI dIh,BTia ®

R -L-C
v dr* dt

+R, -Ih’B,Jl(t) =V(t+t)+R-C-

dV(t+t) )
= @)

It can be observed from (4-2) that I; 57 () depends on the values of inductor L,
capacitor C, and load R;. The voltage unbalance leads not only to changes of
respective voltage values but also asymmetry between times #; and #. It enables
approximate assessment of bow thruster current distortions under quasi-balanced and
unbalanced voltage conditions. In addition, the comparison between current
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calculations and measurement of bow thruster under quasi-balanced and unbalanced
cases are illustrated in Fig. 4.3.
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Fig.4.3. Line current of bow thruster under quasi-balanced/unbalanced voltage case

As can be seen in Fig. 4.3(a) and (b), the calculation of bow thruster current almost
matches the measurement from the ship experiments. However, the differences
between respective times and magnitudes show different results for the two cases. For
the quasi-balanced case with Unbalance Factor (UF) of 0.39%, the thruster current
contains mainly 5% and 7" harmonics. However, with UF of 1.63%, the differences
between conduction time of respective diodes increases and higher-order harmonics
appear.
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Fig.4.4. Harmonic analysis of thruster current under quasi-balanced/unbalanced
voltage case
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Fig. 4.4 shows the harmonic analysis of thruster current. The calculations were done
by using Fourier series up to the 49"%-order harmonic, DFT decomposition and
following the IACS maritime standards [51], [59], [95]. Note that the 3™ harmonic
components will increase obviously when voltage unbalances occur.

4.2.2. PROPOSED PQ ASSESSMENT METHOD

For the harmonic analysis and THD calculations of the AC bus voltage, assuming that
only one generator is operating in the ship, the thrusters using power converters are
the largest harmonic source onboard. The use of the ballast pump is to test the dynamic
performance of the SMG. The harmonic analysis in SMG are simplified as Fig 2.5.

AC bus ; T )
400V/50Hz BP ransient Load
—————— —-> eg. Ballast pump
10kW
X;,{ ; I/x g

Generator Nonlinear Load

376kVA  impedance Line impedance £, 5r eg. Bow thruster
e Y — 125kW
N ; Linear
T | Loads

Line impedance Z,,

(a) Harmonic flow between the generator, nonlinear and linear loads

Z, 51 Z,.
]h
.8
1
h,BT I/,'L
IE;I Nonlinear loads
N
h,source Vh,Luatls /\> Zh,Loads
Harmonic )
Ideal & current source Linear
voltage eg. Bow thruster loads
source drive

(b) Simplified SMG model with harmonic current flow

Fig 4.5. Simplified SMG model considering the main harmonic source onboard [92]

In Fig. 4.5, the voltage harmonic distortion is mainly caused by the bow thruster due
to injecting harmonic currents 7, zr to the generator and to other linear loads. The
harmonic current passes through the system impedance including the generator
internal reactance X and the line impedances Z ;. , Zs r. The negative and positive
sequence harmonic voltages, V; and V1, can be expressed as [97]
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" 4-3
Viea h+2 . s hA2 IM} (4-3)
7'(Xq—Xd)'€] ]7'()‘:,+Xd)

AP B s
|:Vh} JE'(XﬁX,z) JE‘(Xq—X,z)'e’Z) {1
J
where X q' is quadrature-axis sub-transient reactance of generator, X, ; is direct-axis
sub-transient reactance of generator, 4 is the individual harmonic order, and Jis rotor
angle. [, and [,+; represent the harmonic currents flow to the generator and mainly
from the bow thruster.

The harmonic currents of the bow thruster drive with six-pulse diode-bridge rectifier
is expressed as [98]:

Zh IthT,a Sin(hw t+ 9}:,57)

I/1,BT7a 271_
Lige =\ Lhpr s |= zh]h,BTib sin(hot+6, 5 _T) (4-4)
I/I,BTJ: 2

D Lsr  sin(hot+6, 4, +T)
Vhe{6k+l|k=123.}

where 1,57 o, 15,87 » and I, pr . represent the magnitude of the bow thruster harmonic
components, for each line. w and 6, pr are the angular frequency and original phase-
shift respectively.

The generator short circuit current /. can be determined as:

1

I

I, =1.,—',.><100 4-5)
5.(Xq+Xd)

where 7, represent magnitude of the generator rated current.

After neglecting effect of the generator cross couplings from negative-sequence
harmonic currents to positive-sequence harmonic voltages and impact of other loads.
The equivalent AC bus voltage harmonic magnitudes can be obtained as:

[h,g ~ [h,BT
- hxV,xI,, (4-6)
Vh,g = —I

sc

where V, is the rated voltage of generator and /;, ; represents the harmonic current flow
through the generator.

Then, the AC bus voltage THD, % can be calculated as

A 'Z I;hz,g
THD, = ~1——x100% 4-7)

g
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On the other hand, in order to calculate the power flow under unbalanced voltage
cases, IEEE Standard 1459-2010 [99] suggest using the definition of effective
apparent power to maintain the active power loss constant, especially considering the
voltage unbalances in AC SMG. The effective apparent power S, is defined as

S, =3xV,xI, (4-8)

where for three wire AC systems

Vo=V +vz+vi)io

(4-9)
L=J(1+1;+1)/3
The active harmonic power to separate active power components as
P=P+B =V]I, cos91+VOIO+ZV~'hfh cos g, (4-10)

h#1

Considering the distorted and unbalanced voltage/current waveforms onboard, the
total active power of the AC system is calculated as the sum of individual powers.
The fundamental reactive power is defined as:

In addition, the non-active power Qy is defined for reactive power assessment under
non-sinusoidal waveform conditions as follows

Oy =S -(B+B) (4-12)

RESULTS AND CONCLUSION

For the comparative harmonic analysis of SMG with full load of bow thruster, two
cases were selected. First case was SMG under normal operations and the second case
was based on having unbalanced voltage, which was produced by connecting a short-

circuited heater load.
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(a) AC bus voltages
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Instantaneous generator

Time (s)

(b) generator currents

Instantaneous bow thruster

(c) bow thruster currents
Fig.4.6. Instantaneous values of (a) AC bus voltage, (b) generator current and (c)
bow thruster current under quasi-balanced voltage conditions
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Instantaneous bow thruster

Time (s)

(b) bow thruster currents

Fig.4.7. Instantaneous values of (a) AC bus voltage, (b) generator current and (c)

bow thruster current under unbalanced voltage conditions
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Fig.4.8. Harmonic spectra of AC bus voltages up to 25" harmonic under full load of
bow thruster

The detailed power quality assessment under two cases can be found in Table.4.1 and
the description of Table 4.1 can be found in the attached paper 3 and paper 4 in this
thesis.

TABLE 4.1 PQ ASSESSMENT FOR SMG UNDER QUASI-BALANCED AND UNBALANCED

VOLTAGE CONDITIONS
Shipboard microgrid
Network
parameters Quasi-balanced Unbalanced AC
AC bus voltage bus voltage
Main AC bus voltage unbalance factor 0.35% 1.75%
Val[V] 395.2 394.9
Main AC bus voltages Vb [V] 3963 385.2
Ve [V] 393.9 385.9
0,
THD _va [%] 6.43 6.08
measurement
THD_ va [%]
Main AC bus voltage calculation 6.74 6.38
. . 0,
dlStOl‘th.Il factors THD vb [%] 6.23 6.60
[calculations from measurement
Eq.(4-6), (4-7) and real THD _vb [%]
. 6.66 6.41
generator current calculation
H 0,
harmonics] THD_vc [%] 6.44 726
measurement
0,
THD_ve [%] 6.59 7.24
calculation
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Shipboard microgrid
Network
parameters Quasi-balanced Unbalanced AC
AC bus voltage bus voltage
Active power
(kW] 234.7 253.2
Harmonic active
power [kW] 0.3 -0.62
Nonactive power
[kvar] 106.8 100.0
la[A] 371.0 341.3
Generator parameters
Ib[A] 373.9 4559
Ic [A] 385.4 4477
THD ia [%] 11.99 14.92
THD _ib [%] 12.11 10.13
THD _ic [%] 11.41 13.31
Active power
(kW] 110.1 109.0
Harmonic active
power [KW] -0.99 -1.26
Nonactive power 4832 5788
[kvar]
Ta [A] 172.1 160.0
Bow thruster
parameters Ib [A] 177.1 213.3
Ic [A] 177.7 172.4
THD _ia [%] 35.41 42.9
THD _ib [%)] 34.88 29.81
THD _ic [%] 35.46 47.38
Active power
(kW] 6.46 6.32
Harmonic active
power [W] 6 124
Nonactive power 417 442
[kvar]

Fresh water pump la[A] 11.00 13.35
parameters Ib [A] 11.61 1134
calculations

Ic [A] 11.08 9.34
THD _ia [%] 15.69 15.68
THD _ib [%] 14.97 13.76
THD _ic [%] 15.81 24.93

The calculation of maximum voltage THD of the SMG and the proposed models under
quasi-balanced and unbalanced voltage conditions can be found in Table 4.2.
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CONSIDERING GENERATOR AND BOW THRUSTER LOAD OF109KW

Quasi-balanced Unbalanced
Parameter voltage case voltage case
(UF=0.39%) (UF=1.63%)
measured
Based on value[%] 6.47 718
THD generator Icalculation
assessment harmonics value[%] 6.69 756
of AC bus “calculation
voltage Based on bow value[%] 8.32 755
hthruste.r 3calculation 838
armonics value[%] . 8.56

1- based on real generator current harmonics, 2- based on real bow thruster current
harmonics 3- the proposed model of (4-2),(4-6), and (4-7)

In short, this chaperter provides an assessment method to obtain PQ parameters in the
SMG. It can be concluded that the permissible voltage unbalances should be tied with
the voltage distortions for PQ assessment in real time. On the other hand, the
differences between critical parameters under quasi-balanced and unbalanced
conditions are different. THD increases for some line-to-line voltages, which can
adversely affect the operation of sensitive loads. Finally, the proposed calculations
may led to overestimation of voltage THD, but the experimental results verified the
proposed models for quick PQ assessment in SMGs.
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CHAPTER 5. CONCLUDING REMARKS

SUMMARY

This part is the conclusion of the present PhD project and the contribution of this
thesis can be summarized as follows:

o  This project carefully analyzed the actual impact of voltage dips produced by the
pump motor start-ups in a SMG under quasi-balanced and unbalanced voltages.
In a real SMG, the experimental analyses were focused on the magnitude and
depth of the voltage dips and their impact including transient generator current
surges and AC bus voltage harmonics.

Our findings indicate that the voltage dips induced by the sudden-load of ballast
pump have adverse impacts on the electrical installations onboard. These adverse
impacts include the diesel generator transient current surge, system frequency
deviations, bow thruster current individual harmonics increase and the short-term
disturbances for accurate power quality assessment.

e Proposed evaluation methods for voltage dips, pump motor starting current and
generator transient current surges under quasi-balanced and unbalanced AC bus
voltage for SMGs.

The evaluation and analysis results indicated that the voltage dips mainly depend
on the motor capacity, and the generator transient current surges are calculated
considering the voltage dips for different study cases. The proposed methods are
validated by Riemann summation calculations based on the measurements in a
real SMG and the maximum error was less than 4.9%.

e Proposed assessment for the maximum capacity of motors that can be installed
onboard under unbalanced voltage conditions.

The research indicated that the maximum allowable motor capacity still will be
decreased more when the unbalanced voltages are considered. In such cases, the
individual phase voltage and/or current may violate the threshold limits as
suggested with maritime standards and consequently, transient dip originates at
the lowest voltage, which means smaller powers of motors are allowed in
comparison to normal operations of the SMGs.
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e  Proposed simplified PQ assessment model for SMGs, the model confirmed the
main harmonic source onboard is the nonlinear bow thruster motor (125kW) in
the investigated ship.

The proposed models can be easily applied to assess PQ parameters in the ship
power system. Noted that the differences between critical parameters under
quasi-balanced and unbalanced conditions are quite different. THD increases for
some line-to-line voltages, which can adversely affect the operation of sensitive
loads, which must be taken into account by the system operator.

On the other hand, the permissible voltage unbalances should be tied with the
voltage distortions for PQ assessment in real time, which means more flexible
threshold of the unbalance factor and/or harmonic should be adopted in future
maritime standards. Finally, it can be stated that the proposed calculations based
may led to overestimation of voltage THD but the experimental results verified
the proposed models for quick PQ assessment in real shipboard power systems.

FUTURE WORK

e Power quality improvement for the traditional AC SMGs still needs further
research. Control strategies base on active and/or passive power filters can be
developed for SMGs. Power-sharing or load-sharing controllers based on
distributed control strategies can be also applied to SMGs to realize unbalance
compensation and harmonic suppression when considered more generators or
thruster loads working in parallel. This need further research and developing
based on the proposed PQ assessment.

e  Stability of SMGs is another trendy topic [100-102]. In fact, the harmonics of
thruster with higher power levels may affect the stability of the SMGs, especially
considering the transient voltage dips. The AC SMGs presented the
characteristics of typical weak grid, so that the stability analysis should be
explored to achieve higher stable operation ranges, even under SMGs fault
conditions.

e The power management strategies based on energy storage systems can be
investigated to achieve higher energy efficiency onboard. More power quality
aspects can be also considered for AC and DC SMGs, and hierarchical control of
multiple MG clusters can be used to enhance PQ in larger ships.

e SMGs can be extended as a part of the land-based grid when connected to the
shore power at berth, so how to realize the control and management between the
shore power and ship power and energy is an important issue to be researched in
the near future.
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Abstract— High power motor loads are widely used in
shipboard microgrids (SMGs) consuming about 70% of
generated electrical power. Voltage dips, which are usually
caused by the starting current of high power motors, are
one of the main causes of onboard sensitive electrical
equipment dropout. This phenomenon must be considered
in design of SMGs to comply with maritime standards. In
this paper, an evaluation method is proposed to estimate
the expected severity of voltage dips and also generator
current transient surges due to the onboard motor start-ups
under real sea-going conditions. This is based on the
Riemann-summation-principle evaluation method. The
quasi-balanced and unbalanced AC bus voltage cases were
carefully selected to present the actual impact of the
voltage dips in real SMG. The evaluations are validated by
measurements gathered from the ballast pump motor start
-up in the SMG. The proposed method can provide ship
engineers with necessary information about the actual
magnitude/depth of voltage dips. Accordingly, the allowable
capacities of high power motors can be estimated, which is
beneficial to determine proper motor starter designs and
improve the power quality in real SMGs.

Index Terms—shipboard microgrid;
unbalance; power quality

voltage dips;

I. INTRODUCTION

ith the growing development of power electronics
technology onboard, shipboard micrognds (SMGs)
display specific features such as higher torque-dense electric
propulsion system, large-power pump motor loads and smart
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power management and monitoring devices, which are required
for the improvement of power supply continuify and reliability
[1-3]. In this background. power qualify issues onboard is a
significant concern caused by the wide application of variable
frequency drives such as bow thruster motors, pumps loads, fans
and propellers.

Generally, due to the limited power generation, extensive use
of non-linear power electronic devices and fast-response
demand in SMGs, serious voltage and frequency variations
including voltage dips. harmonics, power oscillations and
incorrect power sharing among parallel generators are easily
produced [4], [5]. To assess the scope of the voltage or
frequency variations and possible harmonic impacts, especially
during large motors framsient starts, existing isolated power
systems are a good choice as testing grounds [6]. Modem SMGs
can be seen as smart microgrids with capabilities for
self-diagnosis and self-reconfiguration [7]. It can be stated that
the characteristics of the SMGs. including the voltage or
frequency variations, match with those of the islanded-based
microgrids [8]. Hence, under normal operating conditions, the
ship can be considered as a typical isolated microgrid [9].

However, it is difficult for the SMGs to provide the required
ride through capability in the case of faults [10]. On the other
hand. marine engineers and researchers have faced the rising
number of ship accidents related to the power quality issues, like
the AC bus voltage dips, transient excessive harmonics, etc[11].
Voltage dips are mainly originated from the short-term faults
and starting of larpe motors onboard [12]. The voltage
unbalances and harmonics are easily generated by three phase
devices malfunctions and faults, might not be promptly cleared
and lead to the fripping or malfinction of sensitive electric
devices onboard [13]. Therefore. the voltage dips and their
impacts on the real SMG under quasi-balanced and unbalanced
voltage combined with harmonic distortions need to be further
studied.

The voltage dips are normally divided info balanced and
unbalanced cases and characterized by depth and duration. The
maritime standards required that the depth of voltage dips
should remain below 20% of the rated voltage [14]. [15]
However, the unbalanced voltage dips are difficult to investigate
in real ships due to the clear lack of reguirements regarding
voltage unbalances in the mles of recently amended unified
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requirements of Intemational Association of Classification
Societies (LACS) and its members [16-19]. In fact, only IEEE
Standard 45.1-2017 defines that the line-to-line voltage
unbalance onboard should not exceed 3%, otherwise, it nmst be
mitigated or protection system should be triggered [14]
Furthermore, the voltage dips can be caused by the transient
current harmonic flow through the cables (mainly produced by
non-linear loads such as thrusters), which not only causes the
energy losses, but also affects the commumication and
management of electrical devices especially under unbalanced
voltage dips [20].

Several works in the literature confirmed that voltage dips
mitigations at the main switchboard AC bus are required in
severe conditions [21], [22]. A straight-forward solution is using
motor starters, which reduce the motor terminal voltage for a
short time and then supply the full voltage value, but necessary
information about the actual magnitude and depth of voltage
dips are required [23]. The mitigation of voltage dips can also be
achieved by series compensation but extra power electromc
converters should be installed on the limited shipboard system
and the dip information is required [24]. There are a few
methods for voltage dips calculations and characterization [25],
which reguire various quantitative data for calculations. A root
mean square (rms) calculation method based on sliding window
to detect the voltage dip has been proposed in [26], but the
method needs a remarkable amount of memory. In addition a
fast calculation method for voltage dips caused by pump motor
was proposed in [27], but this approach has not considered the
actual impact of the voltage unbalances and harmonics in
SMGs. Furthermore, in general standards, the voltage dips are
calculated for each cycle or half cycle [15].

In this paper, an evaluation method for voltage dips
assessment under unbalanced and harmonic cases has been
proposed for the SMG. The method only requires the motor
capacity and main parameters of the SMG, which can be easily
obtained. Furthermore, the dynamic impacts of voltage dips
have been carefully analyzed in a real SMG and the maximum
allowable motor capacities fo be installed can also be
determined. The performance of the proposed method is
validated using Riemann Summation calculations based on the
gathered experiments in the SMG under various quasi-balanced
and unbalanced voltage conditions

Il. PROPOSED EVALUATION MODEL FOR VOLTAGE DIPS IN
SHIPBOARD MICROGRID SYSTEM

A. Shipboard microgrid sysfem description

For the simplified analysis, the simplified diagram of the
investigated SMG is shown in Fig. 1. The typical radial
architecture is implemented on the research ship. It consists of
three identical synchronous generators with the rated power of
376 kVA connected to the main switchboard AC bus directly,
using three 3x120 mm? cables with XLPE insulation and copper
wires for each generator. Each generator is dmven by a
four-stroke diesel engine with the rated power of 357 kW. The
generating sets are equipped with Automatic Voltage Regulator
(AVR) (Stamford type M¥341), power supplied by a separate
permanent magnet generator. and mounted on the rotor shaft of
generator. The typical response time of the AVR is 10 ms.

The load with the greatest power onboard is the bow thruster
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motor (125kW), supplied by a variable frequency power
converter. The ballast pump load is used to hold the sea water in
order to balance the ship body and ensure its stability. Being
high-power loads both, bow thruster drive and ballast pump
motor, are supplied directly from the main switchboard.
Different AC voltage levels for consumers such as lights or
small hotel appliances onboard can be achieved through
different transformer conversion ratios. Normally, the rated AC
bus voltage of SMG 1s 400V and the system frequency is 5S0Hz.

T T 7 T0J

iy

TR#
400230V
20KVA

TRa2
400230V
20KVA

usst uss2
IX2IOVSOHZ . 3230V /I50Hz]
E oKW
i

= =) e

E2
357K 35TRW 35TEW

X230V

e 4

Fig.1. Simplified diagram of the investigated SMG (G1, G2, G3: diesel
generators; E1, E2, E3: four-stroke diesel engines; BT: bow thruster; TR:
transformer; MS: main switchboard; BP: Ballast Pump motor)

B. Proposed prediction mode for the voltage dips

For the sake of analysis and modeling, the voltage dips caused
by the sudden start of pump motor in SMG is analyzed
considering only one generator and ballast pump motor. The
main harmonic source is the bow thruster drive. It should be
noted that the situation in which only one generator works can
be considered as the worst case from the harmonic distortions
point of view onboard a real ship [21]. [28]. The simplified
diagram for ballast pump motor starting in the SMG can be seen
asFig2.

Eallast Fump
10kwW
Fig.2. Simplified diagram for analysis of pump metor starting in the SMG
According to Fig.2. in order to calculate the voltage dip
magnitude at the AC bus during the starting of a large motor
such as ballast pump, the impedances between the generator and
the ballast pump, Z1 and Z>mmust be identified. Z) represents the
generator source impedance at the AC bus and Z: is the
impedance befween the AC bus and the ballast pump motor
including the line impedance and the motor internal impedance.
The voltage dip magnitude (in percentage) at the load
terminal equals the voltage decrease at the AC bus, which equals
the rated voltage of AC bus minus the voltage while the pump
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starting. if other loads currents are ignored. The voltage dip can
be expressed as
Z,
700y = (1— 2 x o —
V=01 Z +le 100% 7
The cables between the AC bus and generator and/or ballast
pump motors are quite short, so that the output impedances of
the generator and motor are predominant, in which the reactance
are significantly larger than the resistances (X1==R1. Xi==Ra).
On the other hand, some marnitime standards requires that the
drop in voltage from each generator to its switchboard should
not exceed 1% [14], [19]. Furthermore, the generators are
usually located in proximity of main switchboard due to the
limited space onboard. In this way, the impedance of the
connection lines and resistance of the generator and motor can
be neglected. In order to explicitly present the relationships
between the voltage dip and the pump starting cument, the
voltage dip in (1) can be rewntten as (2):

x100% (1)

X 11X
v, (%)= 81 x100%=—"%_100% (2)
X +-£ " z+‘r§
£
XS=XJ'£X¢ G)

where X 1s the reactance (in percentage) of the generator during
motor start, which is caleulated as the average of the generator
transient reactance X and sub-transient reactance X as shown
in (3). I¢ represents the rated current of generator and I is the
current of ballast pump motor during the starting period which
can be determined as follows

KWP

J_V cos ¢,

where K is the ratio of the motor starting current to its rated
current. Py, Fy and cosdy, represent the rated power, rated
voltage, and power factor of the ballast pump motor,
respectively. m is the ratio of motor and system rated voltage
during the start-up by applying starting methods such as

connecting with transformers [27].

On the other hand, generator cument [ can be expressed as
P
£

=-J_V COS(,{J

where Pg, Iz and cosg. represent the rated power, rated voltage.
and power %aﬂor of the working diesel generator.

However, during the motor starting period, the voltage dips
will affect the actual generator output current, the transient
generator current surges can be calculated as follows

%
_ RALS (%) ©
B,

It should be noted that the impacts of the voltage dip
magnitude depend on the loading of power generator during
motor starting.  In other words, when a large power motor is
enabled, the preloaded engine generator effect camnot be
neglected due to the already existing high-power demands and

)

®)

g
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the limited power generation For example. a 50% preloaded
engine generator may lead to additional 2% voltage dips [29].

‘Assume that there is a protective voltage lumit Fiy of fanlt ride
through (FRT) voltage threshold above which the mofors
confinue working, otherwise, will be tripped [15]. The residual
voltage is expressed as

L OO1-T, ()27,

I, X +I @

It should be noted that the motor capacity nmst be taken into

account durmng voltage dips. By substituting (7) into (2) and

considering a given power generation, the maxinmm allowable
motor capacity can be calculated as

-,

A veosp, VeV
="y ;f Vlm ®
] z COS% g it

For a given limited voltage, the maumum mnstalled motor
capacity can be easily estimated from (8). It is indicated that the
maximum motor capacify decreases when the voltage limifation
is increased. However. it should be noted that under some
unbalanced faults, the lowest voltage magnifude mmst be
considered to ensure that the actual voltage will not go below
the limited value. In such a case, equation (8) can be replaced by

]

P V. cos Ve = Vi
(_,..)m _ ,: [ st Pl ©)
P EmV,cosg, XV,
Vw‘auar = mm(Vgx Vg& :Vgc) (10)
where Ve Vs Ve are the three phase output voltages of the

generator. The lowest voltage can be calculated by several
methods [30], [31]. However, detailed explanations in this regard
are beyond the scope of the present paper.

C. Evaluation method based on Riemann-summation
principle

In order to verify the prediction method for voltage dips, the
results obtained basing on the model should be compared to the
real measurements onboard. However, direct comparison of the
evaluation results with experimental results is difficult. because
the typical motor starting current are quite different from the
assumption for an average starting current of pump motor in the
models. In order fo solve this problem [EC Standard
61000-4-30 [15] defined the measurement methods and
interpretation of PQ parameters assessment, the evaluation
method based on Riemann Summation principle was developed
to evaluate the starting voltage and current of the pump motor.

In addition. the evaluation method based on Riemann
Summation principle is emploved to approximate the tofal area
of the motor starting current curve during the time between pump
motor starting and switching off. The interval is equally divided
into N subinfervals and accordingly. the average value of the
motor starting current [ me Can be expressed as

(11

where Ny, 1s the mumber of Riemann subintervals and s ms ; 15
the rms value at the ith subintervals current.
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In a similar way. the interval is equally divided into Ne
subintervals to calculate the generator current surges or me a3

1 ¥ )
v 2 Uor o e )’
Vg il

where N is the number of Riemann subintervals, ey is the
reference current and the I ny ; 1S the rms value at the ith
subinterval current.

IEC 61000-4-30 standard characterizes the dips by depth and
duration. The depth is equal to the difference between the
reference voltage and the residual voltage, the duration is
calculated from the time that voltage falls below a predefined
threshold until 1t rises above the threshold plus a hysteresis [15].
The voltage dip is usually expressed as a percentage of reference
voltage and calculated as

12

Vi e =

1 M
g Z (I’:qr - Vd‘p_nm_i)z (13)
M el

where M is the mumber of Riemann subintervals, I is the
reference voltage and the Vi m ; 1s the mms value at the ith
subinterval voltage.

Il EXPERIMENTAL RESULTS AND COMPARISONS

For the experimental tests, a research-traiming ship
Horyzont-II was selected. The ship is employed to conduct
specialized marine training, research and regular cruises to polar
regions with supply for Polish polar bases. More information
about the ship can be found in [32].

The ship electrical test platform consisted of a generator, a
variable speed drive with power converter (bow thruster motor
and propeller), a ballast pump motor and auxiliary loads such as
fresh water pump in the main engine cooling system. fans and
heater loads etc. The pumps driven by induction motors are
common electrical energy consumers onboard. The ship and its
main parts are shown in Fig 3 and the system parameters can be
found in Table L

(g) Pump load
Fig.3 Horyzont-ll ship test environment [20], [32].

(d) Diesel generator
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TABLEL SHIP MICROGRID SYSTEM PARAMETERS
Ship microgrid | parameters Value
Vibe [Vie] 400
Main AC bus £[Hz] 50
voltage
U] 035 (Cased)
- 1.5-1.8 (CazeB)
V, [Vl 400
P, [kW] 008
Diezel _—
generator K06l 106
5% 76
cosdy 08
Visate [V 400
P [EW] 10
Bnu:]:ﬁ:mp COSm 0.85
k &
m 1
Bow thruster | V-l Vel 400
lead P, [W] 125
Frechwater | Vra[Via] 400
pump load BEW] 11
Viate [Views] 400
Heater load
B kW] %0
Mainengine | B.[KW] 1280
Fuel tank Weight [ 2656
Speed Kuots 12
TABLEIL (CASE STUDIES I SHIP MICROGRID
Ship microgrid Case A CaseB
Diesel generator enabled enabled
Ballast pump starts hree times fo starts three times to
generate voltage .
load dips generate voltage dips
Bow thruster power increasing powWer increasing
load until full load until fiull load
Fresh water normal operations nomal operations
pump
Heater load normal operations 1mbﬂapced
operations
Ofbhership | 1eal SMG contain hundreds of electrical
devices devices working at the same time

The mvestigated voltage dips were monitored for two cases:
quails-balanced voltage (Case A) and unbalanced voltage (Case
B). The ship experiment processes are designed in Table I. For
each case in Table II, only one generator was enabled and the
bow thruster power has step changes to full load. The ballast
pump started three times to generate voltage dips. Although the
voltage dips were moderate, this condition can represent typical
behaviors in SMGs. The consumption of other loads remained
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unchanged. It should be noted that the only difference is the
heater load with phase A disconnected and working with phases
B and C , which emulated the case of fuse breaking to obtain
voltage unbalance in Case B.

A. Case A SMG under quasi-balanced volfage condition

As mentioned in the above study case in SMG. The detailed
SMG behaviors under quasi-balanced voltage conditions can be

found in Fig_ 4.
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Fig.4. Experimental results of SMG in Case A

Figs. 4 (a) and (b) show the rms value of ship AC bus
quasi-balanced voltage during ballast pump start up. The voltage
unbalances indices (ratio of negative and positive sequence
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components as defined m [15]) remained quite low and in the
range of 0.2%-0.43% with the mean value equal to 0.3%.

The obvious reason of the voltage dips is the ballast pump
starting current shown in Figs. 4 (c) and (d), which can reach
1204, if measured on the basis of ten cycle window. It reached
even 148A within only 0.03s, which is about 6 times of the rated
current. The Iatter value was obtained by calculating the current
s value over one cycle and refreshed each half cycle,
following the voltage dips assessment m IEC 61000-4-30.

Other voltage dips during the starting of the ballast pump are
quite similar, which depends on the ratio of impedance between
the pump motor and generator, and independent of the actual
power level of bow thruster load.
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(c) Bow thruster currents
Fig.5. Case A-lnstantaneous values of AC bus voltage (a) and currents:
generator (b) and bow thruster (c) during voltage dips
Fig 5 shows the instantaneous values of the generator output
voltage/current and bow thruster current, which were registered
for bow thruster full load during the voltage dip. The voltage dip
is about 20V, but the generator output current surges from 5004
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to 740A in a short time. Furthermore, the THD of voltage
changed from 1.1% (bow thruster switched off) to 6.7% (bow
thruster full load). Accordingly the distortions of generator and
bow thruster currents were symmetrical and mainly contaiming
5% 7% 11% and 13® harmonics. The THD of generator current
changed from 1.5% (bow thruster switched off) to 12.8% (bow
thruster full load). Bow thruster current remained balanced but
highly distorted (up to 39.6% for full load conditions).
B. Case B SMG under unbalanced voitage condition
Standard maneuvering behaviors of the SMG were monitored
like Case A. However, the voltage unbalances were caused by
the heater loads working with phase A discomnected. The
detailed behaviors of SMG can be seenin Fig. 6.
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Fig.6. Experimental results of SMG in Case B

It can be seen in Figs 6 (a) and (b) that the unbalanced voltage
dips occur three times doe to the pump motor start. The bow
thruster starts at 120s and increases the voltage unbalance factor
from 1.5% to 1.8%. On the other hand, the pump working
currents are slightly unbalanced as shown in Figs.6 (c) and (d).
Furthermore, it is observed in Figs. 6(e)-(h) that the generator
and bow thruster currents are severly unbalanced. The sudden
surge effects of generator currents in respective line currents can
reach 120 A (22% of generator rated current), which may trigger
the overcurrent protection system onboard and possibly
endanger ship operations. Moreover, the bow thruster currents
are also unbalanced and the fundamental negative sequence
component is about 40A. The individual maxinmm rms value is
obviously higher than the value in Case A, which means unequal
thermal stress for generator windings under unbalanced voltage
conditions. The actual apparent, active and nonactive powers of
the generator and bow thruster can be found in Figs. 6 (1) and (3).
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Inst antaneous bow thruster curment [A]

Time (s}
{c) Bow thruster current

Fig.7. Case B- Instantaneous values of AC bus veltage (a) and currents:
generator (b) and bow thruster (c) during unbalanced voltage dips

In addition, Fig7 shows the instantaneous values of the
generator voltage/current and bow thruster currents for the full
load condition under unbalanced voltage cases. The voltage dips
are around 20V for three phase voltages, however, the generator
maximum curent surges from 620A to about 850A due to the
transient voltage dip and unbalanced faults, which are more
severe than those of Case A. Note that the THD of bow thruster
current increases for two phases and harmonic current can even
reach 77 A for particular phase (normally only 57A in Case A).

These results lead to the conclusion that the impact of voltage
dips depend on ballast pump start current and is independent
from bow thruster loading. However, in Case B, the unbalanced
voltage dips and the generator current surges are more likely to
2o beyond the voltage/current limit values, which undoubtedly
deserves more concern.
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Fig.8. Frequency changes during the unbalanced voltage dip under bow
thruster full load conditions

Fig8 presents the AC bus voltage tramsient frequency
changes during the transient voltage dip. In fact, the transient
frequency variations are quite small with only 0.9% of the rated
system frequency. SMG is capable to operate satisfactorily
under the transient frequency vanations of +10% as required by
maritime standards [17-19]. However, it should be noted that in
the studied cases, the frequency transient dips are relevant to the
ballast pump current changes and have actual impact on the
transient harmonics for AC bus voltage and bow thruster current,
which are very important for PQ) assessment m SMGs [28].

Figs. 9 (a){d) show the unbalanced dip transient impact on
5th, 7th, 11th, and 13th harmonics of AC bus voltage under bow
thruster full load conditions. In order to asses harmonic transient
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performance, harmonic values were determined by zoom-DFT
and refreshed every 1 ms, the Kaiser window (parameter §
=7.65) was used to suppress spectrum leakage [5]. The window
was dynamically synchronised (every 1 ms) to the momentary
duration of 3 fundamental cycles.
-
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Fig.9. Hamonics of AC bus veltage during the unbalanced voltage dip
under bow thruster full load conditions

It can be seen that the harmonic components change during
the voltage dip intervals. As the main low-order harmonic, the
5th harmomic voltage can be even beyond 6% of the
fundamental component. In fact, the voltage hammonics are
mainly originated from the bow thruster current. For a higher
power levels under unbalanced voltage cases, more harmonic
and inter-harmonic currents will appear around the individual
bow thruster currents. The dynamic harmonic analysis of bow
thruster current can be found in [20], and the harmonic spectra
of AC bus voltages up to 25th harmonic under bow thruster full
load for steady state analysis can be found in [28].

It can be concluded that during voltage dips in real SMGs,
temporary increase of voltage harmonics can be determined and
should be taken into account during SMGs modelling in order to
avoid possible interference with sensitive equipment.

C. Comparative analysis of volfage dips under
quasi-balanced and unbalanced voltage conditions

Many motor starfing designs devised for practical ship
electric power applications can be wsed to ensure the
performance of the proposed method [33]. For the comparative
analysis of the voltage dips m SMG, the voltage dips under
quasi-balanced and unbalanced voltage cases under bow thruster
full load were selected to venfy the proposed evaluation
method.
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Fig.10. Voltage dips in two cases under full load of bow thruster

Fig 10. shows the registered voltage dips in Case A and Case
B. The depth of voltage dip is about 5% of the pre-event voltage
in both cases. The differences between values for respective
three phase voltages under quasi-balanced condition remain
quite low up to 0.5%, but the differences increase to 2.5% under
unbalanced conditions.

However, the depth of unbalanced voltage dip m Case B is
higher reaching 8 35% and the residual voltage is lower than the
values in Case A. Therefore, it is indicated that the unbalance
affects the AVR operation, which sets only highest line-to-line
voltage to rated value especially during the transient dips. This
may bring hazards to some sensitive electrical equipment in case
of severe voltage dips.

The measurement results of the voltage dips parameters and
generator oufput currents are calculated according to IEC
61000-4-30 standard (Class A measurement method) as can be
found in Table IIT.

TABLEII VOLTAGE DIPS AND GENERATOR. CURRENT DETERMINED

ACCORDING TO THE MEASUREMENTS

AC bR::}hme Dip depth [%] G;“:;r:}::ﬁ“

Parameters % af .
P’: l’"' Residual P': l'" r:::'; hf.f“ ;E:;s
voliage voltage | Curremf | eurremt
Case | V3 | 39572 | 37598 49 6.00 | 48221 | 683.21
A | Vb | 39640 | 37666 498 5.84 | 48237 | 68134
Ve | 39401 | 37418 5.03 6.45 480.34 | 6879
WVa | 39482 | 37333 494 617 | 47862 | 63610
c;:‘e Vb [ 38521 | 36677 479 831 64653 | 78425
Ve | 38547 | 36661 439 8.35 66683 | 84544
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Although the ballast pump motor starting current in the
analytical model (built based on the generator transient and
sub-transient average impedance) was assumed fo be constant
during the whole starting period, the practical motor starting
current and the voltage dips may not remain constant For
validating the proposed evaluation model during the dynamic
voltage dips. the predicted values obtained from the model using
equations (2)-(6) were compared with the Riemann summation
calculations used as approximate average values for the
expenimental measurements of ballast pump start current,
transient voltage dips and generator current surges in real SMG
as shown m Fig 11.
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Fig 11 presents the evalution results for the voltage dips.
ballast pump motor start current and generator tranisent current
surges under quasi-balanced voltage (Case A) and unbalanced
voltage (Case B) conditions. The predicted values are calculated
based on the proposed model (2)-(6). and the experimental
results are calculated by Riemann summation based on
(11)13). According to the existing design criterion for the
SMG. the parameter X in (4) is selected as 6. and m is 1 for the
direct-on-line startmg method [27)]. The other parameters used
for model can be found in Table L

Fig. 11 (a) shows that the predicted value based on (4), for
the ballast pump motor starting current is 101.89A, which
almost matches the Riemann summation results from (11) for
experimental measurements. The maximum error is only 4.8%.
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Fig. 11 (b) shows that the voltage dips calculated by (2) are
about 1.68%, and the Riemann summation evaluation results
based (13) are in the range of 1.63%-1.71% with the maximum
error of 3.0%. It is observed that the voltage dips mainly depend
on the capacity and start current of the pump motor and the dips
depths with respect to the pre-event voltages are almost the same
for quasi-balanced and unbalanced cases.

As it can be seen in Fig 11 (¢), the generator current surges
calculated by (6) is 42.65A, which also matches the Riemann
summation results from (12), and the maxinmm
error is 4.9%. In addtion, it should be noted that the generator
current surges are relevant fo the actual voltage dip depth, and
the individual phase current peak value are more likely to
trigger the overcurrent protection devices onboard due to the
unbalanced waveforms in Case B.

In addition, if more generators work in parallel, the proposed
model based on the average value of transient reactance X4* and
sub-transient reactance Xsof the generators can be still applied.
However, it should be noted that for the more generators
operations onboard, the measured voltage dips duning the pump
motor starting would be less severe than for one generator work.
This is due to the fact that the average value of transient and
sub-transient reactance of more generators is smaller than the
only one generator case. Furthermore, the proposed voltage dip
assessment for one generator case is beneficial to estimate the
maximum allowable capacity of motor.

D. Maximum allowable motor capacity estimation
considering the unbalanced voltage dips

The maximmm allowable capacity of the pump motor
considering the unbalanced voltage dips can be estimated from
Fig. 12.

-

L

-]

&

]

2

3

g

g

B

[

H

HE

| =t

E m‘““mﬂx ’qssu 400

z 40 =
T W v

30

‘00 300
Voliags dip threshold [V] Unbalanced lowest voltage [V]

Fig.12. Maximum allowable meter capacity estimation

As it can be seen in Fig. 12, the unbalanced voltage should be
above the dip threshold value, otherwise, the calculated capacity
of the motor will be a negative value which is unacceptable. On
the other hand, for a given voltage dip limit value (e.g. 20% of
generator rated volage [14], [15]), the lowest voltage under
unbalanced condition must be beyond this value, which
provided the proper design information to the allowable motor
capacity. For example, in the studied cases, the lowest voltage
dip s about 360V (Table IIT). and the voltage limit is 320V.
Therefore, the total maximum motor capacity can be estimated
as 90kW according to (9). However, it should be noted that the
maximum allowable motor capacity will decrease quickly with
the actual lowest voltage values.
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IV. CONCLUSIONS

This paper highlights the actual impact and proposed
evaluation model of voltage dips induced by the pump motor
starf-ups 1 a SMG under quasi-balanced and unbalanced
voltages. The proposed method is validated by Riemann
Summation calculations based on the expeniments in real SMG
and the maxinmm error is less than 4.9%.

The experimental analyses in SMG were focused on the
magnitude and depth of the voltage dips and actual impact
including transient generator current surges and AC bus voltage
harmonics. The results indicated that the voltage dips mainty
depend on motor power, and the penerator tramsient cument
surges are caused by voltage dips for both smdy cases. In
addition, the dynamic responses of voltage harmonics were
presented under unbalanced voltage dips conditions. The
research indicates that temporary increase of harmonics content
can be even beyond 6% of the fundamental component, which
can interfere with sensitive electronic equipment.

On the other hand, the maximum allowable motor capacity
will be decreased more when the unbalanced voltages are
considered. In such cases, the individual phase voltage and/or
current may violate the threshold limits and consequently,
transient dips are observed at the lowest voltage, which means
smaller powers of motors are allowed in comparison with
normal conditions.
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Abstraci—Yoltage and frequency transient variations are the
mosd common power quality issues in a ship microged system. In
this paper, the impacts of the valtage dips induoed by the sudden-
load of ballast pump are analyzed in detail for the ship power
systems. Several relevant ship power quality standards amd
polential solutions are infroduced and discussed properly. The
experimental fests from a real ship are presented w show the
impact of moderate voltage dips on the selected working generator
anil bow thruster.

Keywords—power quality; shipboard microgrid; voltage dips;
bow thruster

I INTRODUCTION

Development of ships elecirification has been started from
the end of 19th century. A ship that features integrated power
system was popular for the characteristics such as less fuel
consumption, higher torque-dense electnic  propulsion and
increased contimuity and survivability [1]. In this background,
power quality issucs that come with the power electronic
applications onboard was a significant concem since the wide
applications of variable frequency drives for loads such as
pumps, fans, bow thruster motors and propellers 2.

Generally, due to the limited power generation, extensive use
of these non-lncar power electronic devices and fast dynamic
response demands m ship microgrid systems, serious voltage
and frequency vanations, distorted waveforms, power
oscillations and incorrect distribution among paralle] generators
and transient disturbance are widely produced [3], [4]. Also,
this situation can lead to the unwanted power loss m generators,
unpredictable resonances, and even malfunction or failures n
the vital propulsion systems. Coping with these issues is
becoming more and more pressing for the shippmg mdusiry.

In case of three phase AC ship microgrid systems, the
voltage dips caused by short-circuit faults lead to serious power
fluctuations at specific frequency among parallel generators.
Next, sudden and severe voltage and frequency dips are caused
by switching high power Ioads such as motors and pumps.
Voltage dips are usually charactenized by the rms magnitude
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Department of marine electrical power engineering
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and duration. Voltage dips should remam below a certain
threshold. [ip magnitude is the remammng ms voliage
considering the phase with the mmimum voltage. Normally, the
typical voltage dips thresholds are 20% of the rated voltage [3].

Furthermore, since the ship micrognd is an astonomous
network with high impedances, power fow through the cables
{with the amount of cwrent transient harmonics mainly
produced by non-linear loads such as bow thrusters) not only
leads to the energy waste, but atso affects the communication
and management of electrical equipment onboard especially
under the voltage dip conditions,

In this paper, the impacts of the voltage dips induced by the
sudden-load of ballast pump are analyzed in detail for the ship
board micrognd systems. Several relevant ship power guality
standards and potential solutions are miroduced and discussed
properly. Real experimental tests are presented to show the
mpact of voliage dips on sckected working generator and bow
thruster.

IL  SHIPBOARD MICROGRID SYSTEM UNDER VOLTAGE DIPS

A. Impact of voltage dips in ships

As one of the most important power quality ssue in ships,
voltage dips are characterzed by a fransient decrease of ms
value and usually occurred at the main switchboard bus.

Generally, ship voltage dips are not only induced by the
short cireuit faults but also affected by large disturbance from
dynamic behaviors of high power mechanical/electrical loads
onboard. Such kinds of koads usually start with a huge amount
of peak power in a very short interval time (e. g. bow thruster
motor or ballast pump). Even if these types of equipment can be
reset or cut-off depending on the mherent design and the
prodection system under mcorrect operaion, the contactors may
casily be false nggered because of the voltage dips.

On the other hand, for the vanable frequency how thruster
motor, the sudden decrease of speed or torque canmot be
tokerated due to the deep voltage dips In this case, the
mduction motors cannot be managed to reaceelerate afier the
decrease of speed and torque. Further, problems are also
delivered to the drive controllers of the bow thruster power
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converter. Power converters that expenence the voliage dips
will temporanly operate s generations to inject active/Teactive
powier to support voltage recovery. However, it shows up with
aslow decay in voltage magmitude during the voltage dips [2].

In addition, due to these facts that the length of the cables is
relatively short and the networks short-circuit impedance
onboard 15 quite high, the bow thruster transient current
harmonic components are very sensitive o voltage dips. The
temporary harmonic swell may damage the stability of the
power sysiem, especially under the ship weak grid conditions.
Furthermare, for the high power operations of the bow thruster,
the impact of current individual harmonics should be taken into
account because the THD of current decreases drastically as a
result of large fundamental component. Note that the analysis
of the ligh-order harmonics 15 even more difficult during the
voltage dips in the shiphoard micrognd system and concurrent
frequency variations [4], [6].

Moreover, during the voltage dips, more transient current
harmonics emanating from the bow thruster power converter go
through the motor [3]. Voltage supplied to the motor sets up
magnetic fields in the core, which creates iron loses i the
magnetic frame. The hysteresis losses are proportional to
frequency, and the eddy current Insses vary as the square of the
frequency.  Therefore, the figher frequency  harmomic
components will produce additional losses m the core of AC
motor a5 well as mereasing the operating temperature of the
core and the windings surrounding the core.

As mentioned above, voltage dips have a critical negative
effect on the electrical equipment onboard. Analysis of voltage
dips = quitc complex i the ship power system and needs
further investigations because of the voltage unbalance
transient frequency fluciuations and also phase angle between
sequences in real time,

B Relevent power qualty standards for ships

Al electrical equipment is supplied from the main
switchboard or emergency sources onboard. The power system
should be 5o designed and manufactured that it 15 capable of
operating satisfactorily under transient vanations of voltage and
frequency values.

TABLE | CLASSIFICAT KON OF SOCIETY RULES AND STANDARDS

Parameters Vartatons
Ly Al
Voluge | Frequency
trurmis et teitristent THD
ABS (2016)
DNV (2016)
IEEE Std 1662+
201642016) 204, 1.5¢ 1%, S Rl S0k )
IEC Sid 61557.
12 (2007
PRS{2016)
STANAGIDDE P . N
Ed g | el | als | S%dl)
* for the naval ship

Table] shows the transient voltage and frequency varnations
limut and also contams the requirements of Total Harmonic

Dstortion (THIY) proposed in recent years by several famous
micrnational  associations and  professional  classification
societies for ship power systems.

Until recently, from most ship mdustry socicties such as
American Bureau of shipping (ABS) [7], Lloyd's Register and
Polish Register of Shipping (PRS) [8], and relevant standards
of DNV GL[9], IEEE Std. 1662-2016(10] and [EC Sid. 61557-
12(11], there were similar requirements related to voltage and
frequency transient vanations. The allowable voltage transient

variations due to sudden changes in loads are about £20%of
the rated voltage with the recovery time of 1.5 seconds. The
frequency transient variations due 1o sudden changes in loads

arc about £10% of the rated frequency with 5 seconds of
recovery tme However, for the military ship system, the
STANAGI004 swndards are siricter with the demands of

£168% for voltage transient conditions and =4% variations for
system frequency [12].

Regarding the harmonics and inter-harmonics oceurred on
the ship power systems, Most socicties includmg PRS (2016,
have venfied that THD of ship gnd voltage (up to the 50th
order) remains below 8% However, assumption of the same
permissible limits for all harmonics ndependent on their order
seems at least disputable.

PRS classification society deals with the problem of mfer-
harmonics and requires 1o determine THD parameter ncluding
harmonics and inter-harmonics with the frequency band up to
10 kHz [8]. The PRS rules result from the fact that on some
ships, components above harmonic of 50th order exist,
sometimes with dominant share of inter-harmonics, which
requires the other approaches for THD calculations [6].

C. Potential solutions for ship wlage dips

Woltage dips can be divided into balanced and unbalanced
conditions. The unbalanced ship voltage dips might produce
negative sequence components which are usually perceved as
harmful components to the power quality assessment.

Reactive power support control 15 the most commaon control
solutions for mitigating voltage dips in micrognds, and also
allowed to nde through short-term dips [13]. The strategies are
commonly known as (/V and P/f droop control [14]. In fact,
reactive power injection can be easily achieved either using
existing power electronics based power sources or additional
dynamic reactive power devices, such as stabic synchronous
compensators (STATCOMs). The STATCOM can combine
both active and reactive power capabilitics it the power
converter to achieve frequency and voltage regulation and thus
hecoming popular in modern ship power systems [ 15].

(n the other hand, the uninterruptable power supplics (UPS)
can restrain voltage/frequency transient disturbance for low
power devices i the distribution network and realize the fast
recovery of voltage dips [16).

In addition, the dynamic voltage regulator (DVR) 1s aimed at
controlling altemators voltage at mam bus voltage and jointly
optimizing the reactive power generated by each alternator and
support the recovery of ship voltage dips [17]. The umified
power quality controller (UPQC) also can be wed o
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compensate voltage dips, fraquency interruptions, and harmonic
components and suppaort reactive power [18].

1L

A Chamcteristics of an example (investigated) shipboand
microgrid sysiem

EXPERIMENTAL TESTS

The simphified diagram of the investigated vessel's electncal
microgrid system 15 shown in Fig. 1. The ship power system
consisis of three ientical synchronous generators with the raied
power of 376 kVA connected with the main switchboard AC
bus directly. Each generator is driven by a four-stroke diesel
engine with the rated power of 357 kW. The loads with the
greatest power anboard are the bow thruster motor (125kW),
which is supplicd by a variable frequency power converter. The
ballast pump is used to hold the s=a water in order to balance
the ship and ensure its stability.

Different AC voltage levels for different consumers onboard
can be achieved through the transformer  conversions.
Normally, the rated voltage of the ship power system 15 400V
and the rated system frequency is 50 He

WSkt 340 005H2

Fig. 1. Smplified diagram of the investigated ship electnc
power sysicm (G, G2, GG3: diesel generators; E1, E2, E3: fiour-
stroke diesel engine; TM: bow thruster motor; TH: transformer;
MS: main switchhoard; BP: Bal last pump)

The characteristics of ship microgrid includes the isolated
pover generations with limited capacities, different voltage and
frequency levels, high short-circuit impedance of the supply
power network and the extensve use of high power
nonlinear/pulsed loads ete. Based on these charactenistics, the
sysicm B more pron to poor power quality, such as unbalanced
or distorted voltage/current waveforms, high magnitude of
waveforms under transient disturbance and global frequency
variations, which brings potential safety hazard to the shipboard
power sysiems,

In order to test the impact of voltage dips in real shipboard
microgrid systems, the investigation on the Horizon-11 research
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trammng ship was carried out for various configurations of the
high power loads as shown in Fig. 2.

power plant and

(&) Pump load
Fig 2 Honzon-11 research training ship test environment

(d) Diesel genemtar

The ship tests system with only one generator and the how
thruster motor was selected. During the research, step changes
of the bow thruster motor power were miroduced and ballast
pump loads are started three times to generate voltage dips
under diffirent generator power levels.

B. Experimental resulis

The voltage and current samples were registered by a
controller (N1 FXle-8106) equipped with three DA (NI
PXle-6124) and anti-abasing filers (LTC-1564). The
Rogowski's coils (PEM LFR 06/6) and LEMs CV3-1500 were
used for signal conditionimg [20].
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Fig.3 AC bus voliage

Fig. 3 shows the rms value of AC bus voltage onboard. The
voltage dips occurred three times because of the sudden starts
of the ballast pump load. The lowest rms value of transient dips
can drops to around 376V
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Fig 4 Generator output current and power levels

Fig4 shows the rms value of generator output current with
different power levels. It can be observed that the currents were
severely increased with 95A or more during each voltage dip,
which brought sipnificant risks w the relability of the
shipboard power system. It should be noted that the transient
current surges are not occurred ot power step times, which
means that the transient current surges are not caused by the
steps of generator power increasing.
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Fig 5 The analysis for the first voliage dip

In order to further elaborate the impact of volage dips, the
first dip was chosen as an cxample. The impacts of other dips
are quite similar to first one.

Fig. 5 shows the analysis of the first voltage dip as an
example. As 1t can be secen in Fig 5 (a), the start current of the
ballast pump can reach as high as 120A within only (.55, which
s about 6 times as the rated current levels. In Fig 5 (b), the
voltage dips fluctuations are about 7.5%% of the pre-cvent value
and the duration is about [ 35.
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Furthermore, it should be noted that the maximum residual
voltage dip occurs at the moment of pump starting with rated
power, which means that the inherent reason of dips 15 the
ballast pump behavior. As shown i Fig.5{c), the impact of
transient frequency variation is quite small with only 0.72% of
the rated frequency. However, the frequency rend is relevant to
the pump current changes and the pump starts with the shght

30
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frequency  decline. On the other hand, bow  thruster
mstantaneous current with large low-order harmonics and
transient wavefiorms swells because of the voltage dip can be
observed in Fig. 5(d). In such a case, more transient current
harmonics poured to the mam switchboard AC bus wall cause
more voltage harmonics which will be delivered 1o other
electric devices.
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Fig & Harmonic impact of the bow thruster current during the voltage dips
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Fig6 shows the transient impact on the 5" and 7"
harmonics of the bow thruster output current dunng the
three voltage dips. It can be seen that these harmonic
components are mereasing obviously in the dip itervals.
However, for the higher power levels, more inter-harmonics
will appear around the individual harmonic components of
the bow thruster current. In fact, the current harmonics and
inter-harmonics might affect the stability of the ship power
systems especially under high power conditions.
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{a) bus voltage THD (b} current THD

Fig.7 THD of AC bus voltage and bow thruster current

Fig.7 shows the THD of AC bus voltage and bow
thruster output current. It can be seen that the THD of bow
thruster current is reduced with the power levels steps up
obviously. Furthermore, the voltage dips have short-term
vanations on the assessment for THD mdex and the
transients of THD even can achieves 1% for AC bus voltage
and 3% for bow thruster current m the dip durations, which
means that the conventional calculations of THD factor
needs extended research and consider the dip conditions.

IV. CONCLUSIONS

This paper deals with highlighting the actual impact of
the voltage dips in the real shiphoard microgrid systems.
Although the dips were not severe (due to necessity of
avoiding risky conditions during sea going), our findings
indicate that the voltage dips induced by the sudden-load of
ballast pump have adverse impacts on the electrical
installations onboard. These adverse impacts include the
diesel generator transient current surge, system frequency
deviations, bow thruster curent individual harmonics
merease and the short-term disturbances for accurate power
quality index assessment. More severe voltage dips will lead
to risky situations for real ship power system cannot be
considered in this paper.
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Absract—Power quality (PQ) is becoming more and
maore critical issue in shipboard microgrid systems (SMG).
Especially, the impact of voltage unbalance combined with
harmonic distortions on the SMG behavior has not been
fully investigated. In this paper, simple power gquality
assessment models and a series of controlled experiments
are proposed and carried out in a real ship under sea-
going conditions, The ship experimental results are
presented and  discussed considering  non-linear  bow
thruster load and high power ballast pump loads under
unbalanced and harmonic voltage conditions. In addition,
the analysis of bow thruster current harmonic surges
during the ballast pump start-up is  presented.
Furthermore, the voltage/current distortions of working
generator; bow thruster and pump loads are analyzed. The
paper provides a valuable analysis for coping with PQ
issues in the SMG.

Keywords—power quallty: shiphoard microgrid; unbalance;
harmaonic:

1. INTRODUCTION

Power Quality (P()) issues for Shiphoard Microgrid Systems
(SMGs) are ameng the significant concerns with the pewer
electronics applications onboard, especially conceming the
wide use of vaniahle frequency dnves for loads such as: pump
loads, fans, bow thruster motors and propellers [1].

SMGs usually include generators with limited power
capacity as well as some nonlincar and high-power pulsed
loads, which arc always hard to control [2]. A typical ship
operates under different working modes to suite specific
exploitation  conditions, with  sigmficantly varying PQ
charsctenistics. In fact, SMGs are sensitive to inbalanced and
harmonic  voltages/currents, high magnitude of  transient
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disturbances and frequency variations, which brings potential
safety hazards to shipboard power services. Therefore, the PQ
assessment and improvement for SMGs under unbalanced and
harmonic voltage are of great imponance.

However, analyzing detailed behaviors of whole SMGs is
still quite complex, especially under unbalanced and distorted
voltage conditions. In fact, most of the papers and maritime
standards of Inicrnational Assocition of Classification
Societies (IACS) and its members clearly lack the requirements
regarding voltage/current waveform unbalance, except [EEE
Standard 45-2002, which requires that line-to-line voltage
unbalanee onboard should not exceed 3%([3]. Furthermore, the
consequences of voltage unbalance on the diesel generators and
other electrical devices onboard can be vanous. For mstance,
the damage of the awxiliary engines by unbalanced distortions
may cause engine beanings malfunction and lead to the
generator breakdown [4]. This may also cause overheating of
the hearings when the generator cut in again [5] or sigmificantly
faster degradation of equipment insulation (thermal ageing),
and result in failure and'or malfunctions in SMGs [6-8].

On the other hand, the operation of SMGs under unbalanced
AC bus voltage s quite different form normal conditions.
Voltage unbalances may have negative effects on bow thruster
varable frequency drive (VFD). The unbalanced voltages lead
fo significant input current unbalances that stress the dinde
bridge rectifiers and protective devices such as fuses,
contactors, and circuit breakers [9). In addition, the unbalanced
voltages typically inject a second harmonic nipple component
into the de bus, which increases the electrical stresses on the
de-bus choke inductor and capacior. Furthermore, voltage
unbalances can give rise to significant amounts of torque ripple
in the VFD-controlled mduction motor, increasing the
mechanical and thermal stresses [ 10].

However, cach SMG, even relatively small one, contains
dozens or hundreds of electrical devices working at the same
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time and supplicd by a voltage with fluctuating frequency and
magnitude, especially in pitching and rolling vessel [11], [12].
Therefore, the behavior of SMGs can be hardly determined and
monitored by caleulations only, since the PQ ]
change continuously over time and unpredictable number of
interactions occurs, such as the impact of voliage unbalance on
waveform distortions with high power non-linear loads. The
problem of PQ assessment is recognized by IACS, which
recommends  determining the level of hamaonic distorfion
experienced onboard by calculations, and verifying the results
by experimental tests during sea trials [13]. However, the PQ
assessment methods have not considered the actual impact of
voltage unbalances and harmonics.

Therefore, the aim of this paper is to fill the aforementioned
gap and investigate the particular SMG behaviors in presence
of the voltage unbalance and waveform distortions occurring
concurrently. The model methods were proposed to achieve
quick PQ} assessment in real ime under such cases, the model
methods only requires necessary parameters of the SMis,
which can be casily applied for ship industry. Thus, more
information  including  experimental  compansons  under
various unbalanced and harmonic voltage conditions can be
provided to the ship engineer and designer.

1. SHIPBOARD MICROGRID SYSTEM

4. Shiphoard microgrid system description

Typical characteristics of SMG includes the isolated power
generations with limited capacities, varying voltage and
frequency levels. high short-circuit impedance of the supply
power network and the extensive use of high-power
nonlinear/pulsed loads [14]. Based on these characteristics, the
SMG 15 more prone to P() issucs, such as unbalanced or
distorted  voltage'current  waveforms,  high  level of
voltage/current distortions, transient disturbances and global
frequency vanations [15].
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Fig.l. Simplified diagram of the investigmed SMG (Gl, G2, G3: diesd
generators; El, EX, E3: foursiroke diesel engine; BT: bow thruster; TR:
transformer; MS: main switchboard; BP: ballast pump modor)

The simplified diagram of the investigated SMG is shown
in Fig. 1. The rated AC bus voltage is 400% and the system
frequency 1s 50Hz. The SMG consists of three identical
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synchronous generators with the rated power of 376 kVA
connected to the main switchboard directly. Each generator is
driven by a four-stroke diesel engine with the rated power of
357 kW. The load with the greatest power onboard 15 the bow
thruster motor (125kW), supplied by a variable frequency
power converter.

In addition, mainly linear loads like the ballast pump and
fresh water pump are also present. Ballast pump is in charge
of balancing the ship and ensuring its stability and fresh water
pump is used in main engine cooling system.

Different AC voltage levels for consumers such as lights or
small hotel appliances onboard can be achieved through
transformer conversions.

B Proposed assessment for bow thruster operation under
unbalanced and distorted voltage condition

In fact, even moderate unbalanced AC bus voltage has
enormous impact on the uncontrolled rectifiers, which are
typically a part of bow thruster drive onboard [16]. However,
for such rectifiers, the voltage unbalances lead to the increase
of total r.m_s line current and extra harmonics [16], [17].

On the other hand, double-phase and single-phase rectify
modes appear when the loads decrease under unbalance cases,
which cause drawing large unbalanced and harmonic currents
from the generator [17]. The effect can be particularly
deteriorating in weak AC grids such as the one in SMGs. So.
the paper is focused on analyzing the bow thruster drive and
the whole system operations under unbalanced and harmonic
conditions. These investigations can be carried out analytically
and/or expenimentally in a real shipboard. The latter is
necessary because there are many  hard-to-control factors,
which can influence the operations of the SMG.

-] AC choke  Diode

D)
/\LJ
p

= T

Fig 2. The onesphase equivalent rectifier circwit of bow thruster VFD

For a simplified analysis, a one-phase equivalent rectifier
circuit of bow thruster VFD is shown in Fig. 2. The capacitor
voltage of rectifier can be casily derived as

Foclh =P e (1

Liar oll)=0, =0

diyr 1)
i
The line current of bow thruster fesrdt) can be
approximated by solving second order differential equation
expressed as follows
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It can be observed from (2) that fyar .t} depends on the
values of inductor L and capacitor C and load Ry. The voltage
unbalance leads not only to changes of respective voltage
values but also asymmetry between times # and f; for the line
current of bow thruster. It enables approximate assessment of
bow thruster current distortions for various loads under quasi-
balanced and unbalanced voltage conditions.
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Feg.3. Lime current of bow thnester under quasi-balanced and unbalanced
voliage case

In addition, the comparison between current caleulations
and measurement of bow thruster load (109kW) under two
cases, quasi-balanced and unbalanced, in the investigated ship
can be found in Fig. 3. As can be scen in Fig. 3(a) and (b). the
calculation of bow thruster current almost matches the
measurement from the real ship. However, the differences
between respective times and magnitudes show  different
results in the two cases.

In Fig. 3(a), for the quasi-balanced case with Unbalance
Factor (UF) of 0.39%, the bow thruster current presents the
characteristic of waveform contsins main 5% and 7%
harmonics. UF was calculated as ratio of voltage negative
sequence CcOmMponent W positive sequence  component
expressed in percentage [§].
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However, as shown in Fig.3 (b). for the unbalanced case
with UF of 1.63%, the differences between conduction time of
respective diodes increases and higher harmonics and also
fundamental frequency negave sequence component wall
occurs obvicusly. 1t should be noted that the fundamental
operating frequency of bow thruster drive remains almost the

same under two cases.
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(b} Unbalanced case (UF= 1.63%)

Fig.4. Harmonic analysis of bow thrusier current under quasichalanced and
unbalanced voltage case

Fig 4 presents the harmonic analysis of bow thruster current
{both calculated and measured) under the two cases. The
calculations, voltages were performed using Fourier series up
to harmonic of 49 harmonic order by DFT decomposition
[18]. following the requirement in the IACS maritime
standards [%], [13]. As can be seen in Fig. 4(h), the 3rd
harmonic  value will increase obviously when voltage
unbalances oceur.

In a short conclusion, the behavior of the bow thruster VFD
can be assessed by simple models under quasi-halanced and
unbalanced cases. However, noted that its actual impact
depends on the configurations of whole ship power system and
characteristics of numerous large power loads {sometimes
thousands) working concurrently. So, the resulted generator
currents and AC bus voltage distortions still very hard to be
calculated, especially under unbalanced conditions. The next
section will present the analysis of generator and ballast pump
currents measurements a5 well as the PO assessment for the
SMGs.
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. Proposed PQ assessment and harmonic analysis for SMG

For the harmonic analysis and SMG modeling, it is assumed
that only one generator is operating. This can be considered as
the worst case from the harmonic distortions peint of view.
Note that the bow thruster load with VFD is considered as the
main harmonic source and the ballast pump is used to
investigate the dynamic performance of SMG. The simplified
SMG diagram for harmonic analysis is shown in Fig.5.

AC s
AV S0HE

e

Lise impedanee £,
(@) Harmanic flow between the generater, nonlinear and lmear loads

Nonlincar loads
SO =
Harmemic )
current source Lincar
eg. Baw thrusier loads
drive

(b)) Simplified SMG model with harmanic current flow
Feg.5. Simplified MG model considering the main harmanic seurce cnboand

In the system of Fig.5, the AC bus voltage harmomic
distortions are mainly caused by the bow thruster VFD
injecting harmonic current figr to the generator and other
linear loads. The harmonic current passes through the system
impedance including the generator intemal reactance X, and
the line impedances 21 , Zyg1.

The resulting voltage distortions on main AC bus depend on
line impedances, which can be neglected due to short distance
onboard, impedances of linear loads working concurrently
(which cannot be fully controlled and assessed s constant
value) and dg-axis transient and sub-transient reactance of the
generator and the rotor angle [19].

The negative sequence and positive sequence harmonic
voltages, Vi and Vi.2 can be expressed as follows if neglecting
the generator’s resistance [19]:

't-i)(';U(_'.h [k’ X
|4 22 2 [ ] @
J%lf - X uux;

where -1',, is the generator quad.mm-uls sub-transient
reactance, Xy is direct-was  sub-transient reactance of
generator, A is harmonic order and & is rotor angle. fy and [y
represent the harmonic curents flow to the generator and
mainly from the bow thruster.
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On the other hand, the bow thruster current harmonics

on the topology of VFDs [20]. The harmonic currents

Iyar of six-pulse diode-bridge VFD, which is common for
many bow thruster drives, can be expressed as

Far .
hym =| har s |= Z*II.IT o SRt 8, o —

L uar

Z,ri.ar o Sinhert+ 8 o)

1z
3@

1z
Z.'ru'l - sin{ferts 8, 5 + T)

whe {6k =123}
where Ju gy o foar s and Jor - represent the m.!g!‘ll‘l.Ldt of each
harmonic component of bow thruster in abe frame. o and 8 57
are the angular frequency and the original phase shift of bow
thruster respectively.

The magmitude of cach current harmonic component is
determined by the nature of loads, voltage unbalance factor
and harmonics from main AC switchboard bus [21]. The short
circuit fault current f.. of generator connected to AC bus can
be determined as:

&
LY+
where /. represent magnitude of the generator rated current.

After neglecting effect of the generator cross couplings
from negative-scquence harmonic currents to  positive-
sequence harmonic voltages and impact of other loads (see Fig.
5b) the equivalent AC bus voltage harmonic magnitudes
generated by non-linear loads (mainly from bow thruster
onboard ) can be expressed as:

fu = "u.'
kel xd,
I

W

*100 (5)

e =

(6)

F

by ®

where I, is the rated voltage of generator and fs, represents
the harmonic current flow through the generator.

The total harmonic distortions of the AC bus voltage
(THD, %) can be calculated as

[
11, = 12
=

£

(7

Neglecting the effect of salient-pole generators cross
couplings from negative-sequence harmonic currents A to
pnsmvt-scqume harmonic voltages h+2 leads to rough
results for respective voltage harmonics.

However. take (3} 7) into account, the voltage THD can be
determined quickly and detailed calculations are shown in
Section L1

D. Definition of effective appareni power for three-phase
unbalanced system based on JEEE Standard {459-2010
In order to caleulate the power flow under unbalanced
voltage cases, IEEE Standard 1459-2010 [22] suggest using
the definition of effective apparent power to maimtain the
active power loss constant, especially considering the actual

D0 ven 10w TLA 2016 2667300, [E
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voltage unbalances in three-wire AC SMG. The effective
apparcnt power S, is defined as

8 =3=l =l (8)
where for three wire AC systems [18]:
[ L L I
]

r(:.,ﬂ;jnjuj}fs
In addition, this standard also defined active harmonic

pOWeT Lo separate active POwWer Components as
P=B+B =Vl cos + V1, + Y1 cosd, (10)
bl

Considenng the distorted and unbalanced voltage/cument
waveforms onboard, the active powers for AC system are
calculated as the sum of respective powers and can be easily
measured based on two-watt meter method [23].

The fundamental reactive power is defined as [22-24]:

0, %['";,{J’l-‘, di)-de =Vl sing, (1)

In addition, according to |EEE standard 1439-2010, the so-
called non-active power (Jy, is defined for the reactive power
assessment under non-sinusoidal waveform conditions as
follows

(<) comtro] board

{b) engine rovm

(e} pump load
Fig.6. Horyzomt-[l ship test environment [25], [26].

id) diesel generator

For the experimental tests, a research-training ship called
Horyzont-11 was employed as shown in Fig.6. It is designed 1o
improve the knowledge and practical skills of navigators,
mechanics and clectricians, serving on merchant ships and
also to conduct specialized marine rescarch and regularly
cruises to Polar Regions [26]. The ship power system
architecture 15 shown in Fig.1.

In the tests, voltage and current samples were registered by
the controller (NI FXIe-8106) equipped with three DAQs (NI
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PXle-6124) and anti-aliasing filters (LTC-1564). The coils
(PEM LFR 06/6) and (LEMs CV3-1500) were used for
clectncal signals conditioning [27]. The cut-off and sampling
frequencies of anti-alissing filters were 10 kHz and 30 kHz,
respoctively.

The SMG parameters are shown in Table 1.

TABLE L. SHIF MICROGRID SYSTEM PARAMETERS
‘Ship .
micrapri parameters Valse
Vabe [V, 400
Main AC bus £[Hz] 50
valtage
UFEd] 1518
ValVes] 400
P, IkW] 3857
Diesel 1
Xl 76
X 188
cosg, 0.85
Vraie [Vim] 400
P [EW] 10
Ballast pump .
. o 085
k 3
m 1
Bow thruster Viaha[Vims] 400
ond P [kW] 125
Fresh water Wt [Views] 400
pump load PolkW] 1
Vit [Viws] 400
Henter load
PL[kW] w0

A SMG under unbalanced and harmonic AC bus voliage

For the specific harmonic analysis of the investigated SMG,
experimental tests have been carefully designed for the worst
case studies during the ship sca-going. The behavior of the
MG was monitored detailed as follows:

The bow thruster power has changed up to full load while
only ene generator is enabled. A 90kW heater load with phase
A disconnected and phases B and C connected, was used for
fuse blowing emulation causing AC bus voltage unbalance.
Next, the ballast pump onboard started three times to generate
transient voltage dips to test the dynamic performances of the
investigated SMG. This test represents typical behavior of
SMG and includes transient impact in the systematic PQ
assessment [25-29).

However, it should be noted that the investigated SMG
contains hundreds of clectrical devices working at the same
time, harmonic components may also come from other
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electronic devices, but the main harmonic source in this case is
bow thruster drive load.
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Fig.7. Experimental results of SMG under unhalanced and harmonic AC bus
valiage
Figs. 7 (a) and (b) show the rms values of AC bus voltage
and its UF, respectively. The UF was increased to 1.75% with
the bow thruster power increase. Mext, the ballast pump

started three times and gcn:mtﬂi voltage dip&. because it
draws a large amount of current in a very short time. As can
be ohserved in Figs. T(e) and (f), the ballast pump starting
current can exceed 120A comaining slight unbalances.
Sometimes this current can even reach 148 A {about 7 times of
the rated working current level of ballast pump) within only
0.3s[29].

Om the other hand, the generator current surges, Fig. T{g).
only ocours at the fundamental posiive sequence component
and does not affect the fundamental negative sequence
component as shown in Fig. 7(h) because the ballast pump
current contams very small negative components with quite
limited capacity to disturb the negative sequence current from
the working generator.

It can be seen m Figs.7 (c)(h) that the generator and bow
thruster currents arc scvercly unbalanced with the sudden
transient surges for gemerator current.  For  instance,
considering  the third voltage dip, the active power of
generator reached 300 kW (below rated value) and transient
currents reached values L =441 A and 1, =548 A The
difference between phascs 15 1074, which i 15 “shout 20 % of
generator rated current (542.7 A). Sometimes, the difference
between respective line currents reached even 120 A (22% of
generator rated current), which may trigger the overcurrent
protection devices for higher unbalance and/or minor overload,
and possibly endanger ship voyage operations. The detailed
settings of overcurrent devices in the mnvestigated ship were as
follow:

(1) 115 % of rated current and 20 seconds delay.

(2) 130 % of rated current and 10 seconds delay.

(3) 150 % of rated current and 1 second delay.

Moreover, the maximum rom.s current 15 higher than the
respective value in the normal conditions, which means
uncqual thermal stress  for  penerator  windings  under
unbalanced voliage conditions. On the other hand, the
unbalanced voltage affects the operation of ship automatic
voltage regulator, which sets only highest line-to-line voltage
to about rated voltage.

B. Harmonic anafysis of SMG under guasi-balanced and
unbalanced voltage conditions

For the comparative harmonic analysis of SMG under
normal and unbalanced AC bus voltage conditions, two cases
were selected. First case was SMG under normal operations
and the second case was faulty heater load operation, which
created voltage unbalance, UF additionaly mcreased by bow
thruster power increase and its power converter operation
under unbalanced supply voltage.

For the quasi-balanced voltage conditions, the UF of AC
bus voltage can be determined as only about 0.35% under the
bow thruster full load conditions. The operation of SMG under
quasi-halanced conditions was almost the same as the
described in the previous case study, but without the faulty
heater load.

a) Bow thruster full loaded under guasi-halanced valtage
conditions
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Tirm (s}
(b} generaar current

w3 —iih —a

{a) AC bus volages
—ga —gh —ygc

fc) bow thruster currents:

Fig 9. Instantaneous values of (3} AC bus valtage, (b) generator current and {c}
baw thruster current under unbalanced voltage conditians

Fig. 9 shows the mstantancous values of the voltage as well
as generator and bow thruster currents under unbalanced grd
voltage for the bow thruster full load &s an example. It should
be noted that for the same bow thruster load, its current THD
increases for two phases and harmonic current can reach even
77 A for the particular case, which is increased in comparison
to 57 A for balanced condition. Also, THDs of the linc-to-line
voltages differs even with this moderate unbalance with UF
cqual to 1.75%, which means that harmonic problem can be

(<} borw thruster currents . i 1 i s
Fug.8. Instantancous values of (a) AC bus voliage, (b) generator curment and (c) more critical onboard un conditions.
baw thruster current under quasi-balmnced voliage comditions ¢} Harmanic and THD calculations for the bow thruster and

Fig. & shows the instantancous values of the voltage as well AT bus volfage

a5 gencrator and bow thruster currents under normal grid Sre=g
conditions as an cxample. These results were recorded for Eu 5': e AR i’; e
thruster full load operation. The voltage THD changed from E /St ]
1.1% {bow thruster switched off) up to 6.7% (bow thruster full 15 e 15' .
load) and remamed roughly the same for all linc-to-lme ! Ll 4
voltages. Accordingly, ﬂ].c istortions of generator and bow  E3 LA : i
thruster currents were symmetrical, mainly containing 5%, 7%, ! FR N ELY LA 1h 8
II“'ledl]“'hnrmnics.Gum‘a‘hnrumtTHDchmgndﬁun sty } i
1.5% (bow thruster switched off) up to 128% (bow thruster 3 L. b1 11 :0 1.
full load). Bow thruster current remained highly distorted 0200 400 60 B0 1000
(THD up to 39.6% for full load) but balanced. Frequency (He)
b) Full Load Bow thruster under wnbalanced voltage 1| [ ronnit : ST T
condifions £8 F3 by
= £
e i J"Inf'.rl Plal |I~| |I|A . E: I11I| il:
: ; i I nr'mn
ER N E muh g, g H i *mun.l 'mﬁ?thlm
2 i 1 3
g: i g; I Ll il
o 'wmml'm o0 040 66 wo 000
: ' Time {5}
{a) AC bus valtage
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Toad of bow thnester

As it can be seen i Figs. 10(a) and (b), the spectra of AC
bus voltage harmonics change when unbalances are considered,
c.g. 5% harmenic content increases, cven beyond 6% of the
fundamental component in comparison to approximately 5 %
under balanced condition.

On the other hand, the significant value of 3* harmonics
appears obviously due to the actual unbalances. However, the
higher order harmonics (e.g. 11%, 13" 17%, 19%..) arc almost
unchanged compared with the SMG working under the normal
voltage conditions.

It should be noted that harmonic analysis should not be
himited to steady state condibons. The frequent dynamic
behavior of SMG will cause transient impact on the harmonic
and THD calculations that i also very important for the PO
assessment in real time.
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Fig.11. Impact of ballast pump starts on bow thruster cument harmsonics

As an example, Fig.11 (1) shows the transient impact on the
5t and T harmonics of bow thruster current due to the ballast
pump start, which will also lead to the AC bus voltage
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transient dip and generator current surge [27]. It can be scen
that these harmonic components increase in the voltage dip
intervals.

Furthermore, for the higher power levels and unbalanced
voltage casc (e.g. voliage unbalance factor 15 1.75% m Fig.11
{b)), more harmonics appeared around the ndividual current
harmonic components of the bow thruster. In fact, the
indrvidual current harmonics more casily affect the stability of
SMG, especially under unbalanced voltage cases [30], [31).
However, the stability analysis of ship power system 1s
beyond the main scope of this paper.
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Fig.12 THD of the AC bus voltage and bow thnster current

Fig.12 shows the THD calculations of AC bus voltage and
bow thruster current under unbalanced voltage. [t can be
obviously seen that THD of bow thruster current decreased
with the power level merease. However, the THD of AC bus
voltage increased from 4.43% to 6.08% with the bow thruster
power mcrease to full load. It means that the bow thruster 1s
the main harmonic source onboard.

Furthermore, the transicnt voltage dips caused by the
ballast pump starts caused short-term vanations of THD,
which can even reach 1%.

dl Power quality assessment for the SMG under guasi-
balmnced and unbalanced conditions

For more comparable power quality assessment under bow
thruster full load conditions, the main parameters, which
describe the SMG  operation under quasi-balanced and
unbalanced conditions, are presented n Table [1.

It can be seen in Table Il that AC bus voltage unbalance
leads to merese i harmonic power flow in the system for the
same active power of nonlincar load. Combined with increase
in nonactive power and unbalanced currents, it means
additional losses in the generators, transformers and cables. In
addition, the unequal currents of generator and pump motors
also mean uneven thermal stress on the machmes windings,
which can lead to accelerated thermal aging onboard.

On the other hand, for the fresh water pump, active power
was above § kW for both quasi-balanced and unbalanced cases,
but harmonic active powers were only 6 W and 12 W for quasi-
balanced and unbalanced conditions respectively, which means
the assumption that harmonic current of non-linear load flows
mostly through generator in (6) is reasonable.

Other calculations for P assessment in SMG are based on
suggestions from [EEE Standard 1459-2010 [22].
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TABLENL  Comparisons anp PO AssessMENT FoR SMG usper . s
QUASI-BALANCED AND UNBALANCED VOLTAGE CONDITIONS Shiphaard micrugrid
\::::n Unbalaneed
Shiphonrd microgrid L AC bus
Network Chuasi- volinge
Unbalanced
parameters eRREE | s le[A] 1108 934
AL bus voltuge
_ voltage THD ia [%] 15.60 15.68
Main AC bus bars volinge 135% 175% — — -
unhalance factor THD_ib [%5] 14.97 1376
Va [V 3952 1949 ie 5
Main AC bas v THD ic [%] 15.81 .93
bars valtnges Vb [¥] 3196.3 852
AR Ve V] 1939 1%5.9 Futhermore, the calculation of maximum voltage THD based
THD va [%] on the SMG and the proposed models under quasi-balanced
Main AC has | measarement 6.43 608 and unbalanced voltage conditions can be found in Table 1.
W
::;:]::' T:J'E_;;;m] 6.7 638 TABLEIL.  COMPARSIONS FOR MEASURED AMD CALCULATED
i THD +b[® voLTaGE THD CONSIDERING GENERATOR AND BOW THRUSTER LOAD-
nciors _vb %] 611 660 -
|calculntions Mmeasurement - ) 109 W
: o
Mandve | ion | 6 | o4 e
- Parameter valtage case voliage case
generabor THD_ve [%] - - .
current measurement G4 126 (UF=0.39%) (UF=L&3%)
harmomics| THD v [%] - Based on measured 547 TI8
calculation 6n 1 generatar value[*s]
Mti;:ﬁwﬂ 1147 1532 a”::l::r[:cm harmomics 'r.1||ru||:|llu:]||| 569 756
Value( T
Harmonk active . af AC bus )
- #0353 ALA2 Basedon | “calculation .
. pm:_r[km valiage berw value[*4] 832 7.5
Nomactive power 1068 1000 thrusier n
[kvar] harmemics ‘\“a'ﬂl"c'l“,'“’]“ 838 856
Generator la[A] 110 ML3 -
purymriery _ 1= based on real generator curment harmomics, 2= based on real bow thnsier
"h:;l'ml;’ [b[A] 3138 4559 current harmonics 3- the proposed model of (2)06)47)
[Eq (10112} I [A] 1854 17
THD ia [%] 1.5 14.52 The THIY assessment of AC bus voltage can be detemined
THD,ib [%] 121 1013 by current ha.nnnnics_ _fmm gemerator or bow thruster side The
presented results in Table 111 leads to the conclusion that the
THD ic [%a] 1141 1331
- : - proposed model based (6) and (7) enables accurrate assessment
M“if“‘“ 101 109.0 of voltage THD in the case of salien pole generators. Also
]hmlu“]mim noted that neglecting the impact of other loads may lead to
power [kW] 059 -1.26 THD overestimation, but these loads were impossible to be
Nomactive power P - determined one by one in a real ship. So, the experimental
[kvar) - - results confirmed the validity of the proposed models for
Bow thruster Ia[A] 1721 160.0 quickly PC) assessment in ship.
B
cabeulati n 23 S
abculations b [A] 1711 233 IV. ConcLusions
[Eq (10120 Ie[A] 177 1724
- This paper provides valuable investigations about real SMG
THD_ia [%] 354 a8 opcrations under various unbalanced and harmonic voltage
THD ik 4] U8R 18] conditions. The plupnscq model Flltll'lods can be casily applied
0 assess PO} parameters in the ship power system.
e N .
THDic [%] s 4138 The PQ) analysis and expenimental research leads o some
Active paver 646 632 practical conclusions:
Fresh water [ 7] W] _ (1) Permissible voltage unbalances should be tied with the
pump “ﬁ::lﬁ"c ﬁ 124 voltage distortions for PO} assessment in real time, which
parameters [ Nonactive power - means more flexible threshold of the unbalance factor andior
cakcalati [evar] 4 daz harmonic should be adopted in future maritime standards.
JEq (10411 Ta[A] 1.0 1135 (2) Transient voltage dips caused by load starts {eg. ballast
pump) can lead to fundamental and harmonic generator current
Tb[A] 11.61 1.34 surges, which may endanger the operation of the SMG.
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(3) The differences between critical parameters under quasi-
balanced and unbalanced conditions are different. THD
increases for some line-to-line voltages, which can adversely
affect the operation of sensitive loads, which must be taken into
account by the system operator.

Finally, it can be stated that the proposed calculations may
led to overcstimation of vo THD but the experimental
results verified the proposed models for quick PO} assessment
in a real ship power system.
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Abstract—Power quality (P()) becomes more and more
pressing issue on shipboard microgrid systems (SMG).
Especially, the impact of voltage unbalance combined with
harmonie distortions on the SMG behaviors has not been
well investigated before. For this paper, a series of
controlled experimental investigations were proposed and
carried out in a real ship under sea-going conditions to
address this problem. The ship experimental results were
presented and  discussed considering non-linear  bow
thruster load and high power ballast pump loads wader
unbalanced and harmonic voltage conditions. In addition,
the analysis of voltage transient dips during ballast pump
starting up is presented. Further, the voltage/current
distortions of working generator, bow thruster and pump
loads are analyzed. The paper provides a valuable analysis
for coping with P() issues in the real ship power system,

Keywords—power quality; shipboard microgrid; unbalance;

harmonic;

I INTRODUCTION

Power Quality (PQ) issues for Shipboard Micrognd Systems
{SMGs) are among the significant concerns with the power
electronics applications onboard, especially concerning the
wide use of variable frequency drives for loads such as: pumps,
fans, bow thruster motors and propellers [1].

Unlike the terrestrial microgrid systems, the characteristics
of the SMGs usually included generators with limited
capacity, amount of nonlinear and pulsed loads with high
power which are always hard to control but have more
flexibility requirements [2]. The typical ship operates in
different working modes to suite specific voyage conditions,
with significanily varying PQ) characienistics. Based on these
characterisiics, the SMGs are more prone to poor power
quality, such as unbalances and harmonic voltage/current
waveforms, high magnitude of transient disturbances and
global frequency variations, which brings potential safety
hazards to shipboard power services. All of these also lead to
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the requirements for the PO assessment and improvement
onboard become more and more visible and efficient.

However, the analysis for the behaviors of the whole SMGs
were still quite complex and especially under unbalanced and
distorted conditions, most papers and standards were not fully
investigated. In fact, there is a clear lack of requirements
regarding voltage/current unbalances in the maritime rules of
Intemnational Association of Classification Societies (IACS)
and its members, except the IEEE Standard 45-2002, which
requires that line to ling voltage unbalance should not exceed
3% onboard [3]. Further, the consequences of voltage
unhalance on generators and other electrical devices can be
various, such as the damage of the auxiliary diesel engines by
unbalanced distortions which may cause malfunctions to the
bearings of the engine and forced the generator breakdown [4].
This may in turn cause overheating of the bearings when the
generator cut in again [5] or significantly faster degradation of
equipment insulation (thermal ageing), and result in failure
and/or malfunctions in the real ship power systems [6-9].

In fact, every SMGs, even relatively small one, contains
dozens or hundreds electrical devices working at the same
time and supplied by voltage with fluctuating frequency and
magnitude, located on pitching and rolling vessel [10], [11].
Therefore, the behaviors of SMGs can be hardly determined
by calculations only, since the system wvery characteristic
changes continuously over time and unpredicable number of
interactions occurs. The problem of the PO assessment
validity 15 recognized by IACS, which requires that the level
of harmonic distortion  experienced onboard would be
determined by calculations, but its “results and validity of the
guidance provided are to be venfied by the survey or during
sea trials™ [12].

Therefore, the main aim of this paper is try to fill the
aforementioned gap and investigate the particular SMGs
behavior in the presence of voltage unbalance and waveform
distortions occurring concurrently. Also taking into account
IACS’s recommendation which requires sea tnals, authors
carefully planned and set series of controlled experiments
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during the ship voyage for determining the SMGs behaviors
under voltage unbalanced and harmonic distortions occurring
simulianeously.

In this paper, experimental study cases were carefully
selected: full load of bow thruster supplied via power converter
and small level of voltage unbalance on main switchboard bus
bars {0.35%) as well as similar load with higher level of the
voltage unbalances, up to 1.75%. The present research is
devised as the first step toward investigation of real SMGs
behaviors under unbalanced and distoried voltage conditions,
which undoubtedly deserves more concern.

II. SHIPBOARD MICROGRID SYSTEM UNDER RESEARCH
A Shipboard microgrid svstem description

As a typical isolated microgrid power system, the
characteristics of ship microgrid includes the isolated power
generations with limited capacities, different voltage and
frequency levels, high short-cireuit impedance of the supply
power network and the extensive use of high power
nonlingar/pulsed loads etc. Based on these characteristics, the
syslem Is more prone (o poor power quality, such as unbalanced
or distorted voltage/current waveforms, high magnitude of
waveforms under transient disturbance and plobal frequency
variations, which brings potential safety hazard to the shipboard
power systems.
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Fig.1 Simplified diagram of the SMG based ship HORYZONT
1G], G2, G3: diesel generators; E1, E2, E3: four-stroke diesel
engines;, TM: bow thruster motor; TR transformer;, MS: main
switchboard; BP: ballast pump)

In this research, the simplified diagram of the SMG based
real ship HORYZONT 1l is shown in Fig. 1. The real SMG
consists of three synchronous generators with the rated power of
376 kVA connected directly to the main switchboard AC bus
bar. Each generator is driven by four-stroke diesel engine with
the rated power of 357 kW. The load with the greatest power
onboard 18 the bow thruster motor (125kW), which is supplied
by a variable frequency power converter. The rated RMS
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voltage/frequency of main switchboard bus is 400V/30 Hz. The
RMS voltage of auxiliary switchboard connected with the main
AC bus bar via transformers is 230V/50Hz for other power
consumers.

B Potential solutions for power guality improvement

Reactive power support control is the most common control
solutions for mitigating voltage unbalances and harmonics in
SMGs, and also allowed to nide through shori-term dips or sags
[13]. The strategies are commonly known as QVV and P/f droop
control [14]. Reactive power injection could be achieved exther
using existing power electronics based power sources or
additional dynamic reactive power devices, such as static
synchronous compensators (STATCOMs). STATCOM can
combine both active and reactive power capabilities into the
power converter to achieve frequency and voltage regulation
and thus becoming popular in moderm ship power systems [15].

On the other hand, the uninterruptable power supplies
(UPS) can restrain voltage/frequency transient disturbance for
low power devices in the distribution network and realize the
fast recovery of voltage/current unbalances and harmonic
compensations | 16].

In addition, the dynamic voltage regulator (DVR) is aimed
at controlling alternators voltage at main bus voltage and
jointly optimizing the reactive power penerated by each
alternator and support the recovery of ship voltage dips [17].
The unified power quality controller (UPQC) also can be used
to compensate voltage dips, frequency interruptions, and
harmonic compaonents and support reactive power [ 18].

III. EXPERIMENTAL STUDIES

The investigation on the real ship HORYZONT I was
carried out for various configurations of the power plant and
high power loads as shown in Fig 2. During the research, the
behaviors of generator, bow thruster and ballast pump were
monitored carefully. The ballast pumps driven by induction
motors are common electrical devices to balance the ship body
and ensure its stability onboard [19].

(d) diesel generator
Fig.2 Horizon-I1 research training ship test environment

{e) pump bad
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The investigation on the Horizon-11 research training ship
was carried out for various configurations of the power plant
and high power loads as shown in Fig. 2. The ship tests sysiem
with only one generator and the bow thruster motor was
selected. During the research, step changes of the bow thruster
motor power were introduced and ballast pump loads are
started three times to generate voltage dips under different
generator power levels.

The details of algorithms and mathematical formulas for
respective parameters caleulations are from IEC 61000-4-30
[21] and IEC 610004-7 [22] standards definitions and
calculations based on simple Discrete Fourier Transform (DFT)
with rectangular 10 cycles window were used for determining
the harmonics values and subsequently THDs and harmonic
currents and powers, the window duration was determined by
counting the voltage zero crossing afier low pass filtration.
The wvoltage and current samples were registered by a
controller (NI PXIe-8106) equipped with three DAQs (NI
PXle-6124) and anti-aliasing filters (LTC-1564). The
Rogowski’s cotls (PEM LFR 06/6) and LEMs CV3-1500 was
used for signal conditioning [23].

A. The SMGs under unbalanced and disioried AC bus voltage

Detailed behaviors of the real SMGs were monitored as

follows:_Generator working+ ballast pump starts (three times)
+ bow thruster power increasing until full loaded + ship
heating system with phase A disconnected and working with
phase B and C, (simulation of fuse blowing to generate the
unbalanced voltase faults, the unbalances are set as moderate
in real time due to the security considerations) + other ship
power electrical devices (In fact. the real SMGs containg
hundreds of electrical devices working at the same time, but
the main harmonic sources are considered as bow thruster
loads in this research )
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Fig 3 Experimental results of SMG under unbalanced voltage
conditions

Figs. 3 (a) and (b) show the rms values of ship AC bus
voltage and its unbalance factor, respectively. The unbalance
factor was increasing to 1.75% with the bow thruster power
increase. Mext, the ballast pump started to balance ship body
under sea-going but generate the AC bus voltage dips because
it starts drawing a large amount of power in a very short time.
As can be observed in Figs. 3(e) and (f), the ballast pump
starting current can exceed [120A which contains slight
unhalances, sometimes it can even reach 148 A (about 7 times
of the rated working current level of ballast pump within only
0.3s. On the other hand, the generator current surges, Fig. 3(g),
only occurs at the fundermental positive sequence component
and does not affect the fundamental negative sequence
component as shown in Fig 3(h) because the ballast pump
current containg very small negative components with quite
limited capacity to disturb the negative current of the working

enerator.

In Figa3d (c), (d), (g) and (h), it can be seen that the
generator and bow thruster currents are severely unbalanced
with the sudden transient surges for generator currenis. The
differences between respective line currents can reach up to
120 A (22% of generator rated current), which may trigger the
overcurrent protection devices and possibly endanger ship
voyage operations. In fact, the maximum rms current is higher
than the respective value in the normal condifions which
means unequal thermal siress for generator windings under
unbalanced wvoltage conditions. On the other hand, the
unbalanced voltage affects ship automatic voltage regulator
work, which sets only highest line to line voltage to more or
less rated voltage.
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B Comparative analysis of SMG  under normal  and
unthalanced grid conditions

For the comparative analysis of SMG under normal and
unbalanced grid voltage conditions, two cases were selected.
First 15 voltage dips as transient state and second is bow
thruster full load as an example of steady state,

a) Analysis of the transient voltage dips

Voliage dips are characterized by a transient decrease of
mms value and usually occurred at the main switchboard bus.
Vaoltage dips can be also divided into balanced and unbalanced
conditions.
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(a) normal voltage conditions (b)) unbalanced voltage conditions

Fig. 4. Transient dips of AC bus voltage in two conditions

Fig. 4 shows the registered transient dips under Cuasi-
balanced and unbalanced AC bus voliage conditions. The
violtage dip depths are about 5% of the pre-event voltage under
both nomal and unbalanced grid conditions. The differences
between values for respective three phase voltages under
normal condition remain very low up to 0.5%. The differences
slightly increase for unbalanced condition to 2.5%. But the dip
depth is higher due to voltage unbalances in relation to rated
voltage, reaching 8.35% and the residual voltage is much
lower. The detailed results of dip parameters according to
standard method for Class A measurements [21] and
calculations can be found in Table. 1.

TABLEL  DIPS PARAMETERS DETERMINED ACCORDING TO
CLASS A MEASUREMENTS (IEC 61000-4-30 [21])
AC bus voltage |V Depth ||
Parameters Pre- Sof Pre- | %of
it Residual event rated
e viltage voltage
N ;| Va w572 37598 499 6.00
grid | Vb | 39640 376,66 498 544
valtage | o | 39401 37418 503 6.45
Unbala | va | 39482 37533 494 6.17
’;‘:: Vb | 38521 366,77 479 831
valtage | Ve | 38347 366,61 489 833

b) Analysis of the system under full load of bow thruster
conditions
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Fig. 5 Instantaneous values of AC bus voltage (a) and currents:
generator (b) and bow throster (c) under normal gquasi-
balanced grid conditions

Fig. 5 shows the instantaneous values of the voltage as well
as generator and bow thruster currents under normal grid
conditions as an example. These were regisiered for bow
thruster full load. The voltage THD changed from 1.1% (bow
thruster switched off) up to 6.7% (bow thruster full load) and
remained roughly the same for all line to line voltages.
Accordingly the distortions of generator and bow thruster
currents were symmetrical, mainly coniaining s 7 11" and
13" harmonics. Generator current THD changed from 1.5%
(bow thruster switched off) up to 12.8% (bow thruster full
load). Bow thruster current remained highly distorted (up to
39.6% for full load) but balanced, including the harmonics
currents (differences below 2% of harmonic currents mean
value (57 A) for full loaded).

Iitantane un AL bin wvoltag s (]

Time {3)

{a) AC bus voltage
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Fig. 6. Instantaneous values of AC bus woliage (a) and currents:
generator (b) and bow thruster (c) under unbalanced grid conditions

In addition, Fig. 6 shows the instantaneous values of the
voltage as well as generator and bow thruster currents under
unbalanced grid voltage for the bow thruster full load as an
example. It should be noted that for the same bow thruster
load, its current THD increases for two phases and harmonic
current can reach even 77 A for particular case (57 A for
balanced condition). Also THDs of the line to line voltage
differs even with the slight unbalances (UF=1.75%) and
distortions i AC bus voltage, which means PQ problems can
be more critical onboard especialy under unbalanced
conditions.
¢) Power guality assessment for the ship microgrid under
quasi-balanced and unbalanced conditions

For more comparable power quality assessment with full
load of bow thruster, the main parameters, which describe the
SMG  behaviors under quasi-balanced and unbalanced
conditions, are presented in Table I1.

TABLE I COMPARASION § OF SMG MAIN PARAMETERS FOR
BALANCED AND UNBALANCED CONDHTIONS
Shipboard microgrid
Network P | b dauced
balanced v
arameiers z AL bus
AC bus
voliage m“.‘.l!
BLiaie conditions
Main AC bus bars voltage 2
.35 1.75%
unbalinee faclor * "
Va[V] 152 1040
Main AC bus - "
gt VBIV] 1962 3852
Ve[V] 938 359
Main AC bus | THD_va [%] 643 604
bars voltage : = z
. THD_vb [%] 623 663
facturs THD_ve [%] B3 733
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Shipboard microgrid
Netwark Q- Unbalanced
balunced =
piramelers & AL bus
AL bus volluge
YOS i
condilions
Aclive power : —
kW] 147 2533
Harmonic sctive .
poer [kW] 453 62
Nomaetive power 1068 1600
[levar]
la[A] 3710 313
Generator
—— I [A] EYEL 4559
Te[A] Wi Tk
THI_ia [%] 1199 1492
THD_ib [%] 1211 10.13
THI jc [%] 141 1331
Aclive power
111 10
[kW]
Harmionic sctive 2
pe 099 126
Nomsclive power 1832 s788
[levar|
la[A] 1721 1600
Bow thruster
parameters Ib[A] 1771 2133
Ie[A] 1173 1724
THID ia [%] 3541 429
THD_ib[%] 88 2951
THI i [%4] 1546 4738
Aclive power =
[kW] 6.46 632
Harmonie sctive
2
power [W] 4 124
Notaclive power 5
kvar) 417 442
Fresh water la[A] 1100 1335
paED Ih[a] 1161 11.34
parameters
Ie[A] 1108 934
THID_ia [%] 1560 1568
THD_ib [%] 1497 1376
THD ic [%] 1581 2493

It can be seen from the Table II that unbalance lead to
increse in the harmonic power flow in the system for the same
active power of nonlinear load Combining with increase in
nonactive power and currents unbalance, it means additional
losses in the generators, transformers and cables. Obviously,
the unequal currents of generator and pump motors also mean
unvenen thermal stress of the machines windings, which can
lead to increased speed of overall thermal ageing. It should be
noted that the harmonic power flows mainly from the bow
thruster to the generator and also go through the fresh water
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pump and other devices, which also means that the bow
thruster is the main harmonic source in this system.
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Fig. 7 Harmomic spectra of AC bus voltages up to 25* harmonic
under full load of bow thruster

One of the effects of voltage unbalance is relatively
significant difference between voltage THDs, as can be seen in
the Table 111. However, it does not mean that all of harmonic
values changes proportionally. As can be seen in Fig. 7, the
spectra of voltages changes, eg fifh harmonic content
increases, it can be even bevond 6% of the fundamental
component, and significant value of third harmonics appears
under unbalanced condition, which also means the power
quality assessment under unbalanced AC bus woltage
conditions is more challenging for the SMGs.

I¥V. CONCLUSIONS

This paper provides valuable experimental investigations
on the power quality assessment onboard. It highlights the
particular effects of voltage unbalance and distortions in the
real SMG. The permissible voltage unbalances should be ted
with the level of voltage waveform distortion, which means
that flexible threshold of the unbalance factor has to be adopted
in the furre maritime standards. Furthermore, the transient
voltage dips caused by sudden-load of ballast pump can lead to
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generater current surges, which may also treated as harzard to
the ship power system.

In our conclusions, the differences between critical grid
parameters under balanced and unbalanced conditions are quite
huge in the real ship power system. It particularly concerns
increase of voltage THD for some line to line voltages, which
can adversely impact on operation of sensitive one phase
receivers, which must be taken info account by the system
integrator, when calculating the level of harmonic distortion
experienced, the effect augments problems resulting from
current distortions, like increase in harmonic active power flow
in the system. It clearly necessitates the amendment current
maritime standards and including unbalance factor into them.
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SUMMARY

This project provides PQ assessment methods for SMGs under both un-
balanced and harmonic AC bus voltage conditions. The impact of voltage
unbalance combined with harmonics on the SMG behaviors are analyzed,
some models and controllable experimental research are proposed and car-
ried out in a real ship under sea-going conditions. The experiments are pre-
sented considering real non-linear bow thruster load and high power ballast
pump loads at steady and transient conditions. In addition, the transient im-
pact of voltage dips has been carefully analyzed based on maritime stand-
ards methods. The research work done proposed modelling methods based
on the critical ship system parameters, which can be easily applied for PQ
assessment onboard. Moreover, voltage dips caused by pump loads can lead
to generator unbalanced fundamental current and harmonic current surges,
which also have been analyzed.
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