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ABSTRACT

FUZZY CONTROLLED ENERGY STORAGE SYSTEM FOR LOW -
VOLTAGE D ISTRIBUTION NETWORKS WITH PHOTOVOLTAIC
SYSTEMS

Wong Jianhui

The development of rem@ble energy generation helpsduce the amount of

CO, emission and the fossil fuel dependendhe amount of renewable
energy sources is anticipated to increase tloe lowvoltage distribution
networks for the improvement of energy security and reduction of greenhouse
gas emission. Malaysia has a high solar irradiance level which is ideal for
photovoltaic (PV) system3.he growth of the PV systems on the loaltage
distribution networks can create several technical issues such as voltage rise,
voltage unbalance issues, unnecessary neutral current circulation and reverse
power flow. Usually, these happen with little fluctuation. However, these
issues tend to fluctta seriously due to the low clear sky index in Malaysia.
These issues become more severe when the installation and distribution of the
singlephase renewable energy sources are rather arbitrary and not monitored
by any utility companiesTo ensure an eff¢éiwe operation of the distribution
networks with PV systems, an energy storage system consisting-
directional invertes coupled with lead acid batteries is developed. A control
algorithm utilising fuzzy logic is implemented to govehe operation ofhe
energy storage systermhe fuzzy controlled energy storage system is able to
mitigate the fluctuating voltage rises and voltage unbalances on the networks

by actively manipulating the flow of real power between the networks and the



batteriesThe fuzzylogic control algorithm has a rapid response to address the
voltage fluctuation due to the intermittent PV power output that fluctuating
substantially. Furthermore, this work has the advantage to maximize the use of
renewable energies without limiting thgeneration. The proposed fuzzy
control algorithm is able to regulate the voltage and voltage unbalance factor
by maintaining the generation and balance of the network. Hence, the
proposed work can improve the power quality, increase stability, reliability
and efficiencyAs a resultthe lowvoltage distribution networks can operate
within its tolerance without limiting the amount of renewable energy sources.
To verify the effectiveness of this fuzzy control methadeaperimental low
voltage distributiometwork with two units of 3.6 KWPV systemss set up. A
number of case studies under various generation and descandriosare
performed to evaluate the performance offtiezy controlledenergy storage
systems. The results show that the proposeadyfuontrol algorithm can
effectively govern theenergy storage systemsremucethe voltage unbalance
factor and maintain the voltage level of the {waitage distribution networks

with PV systems.
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CHAPTER 1

INTRODUCTION

1.1 ResearchBackground

Todayos c | jinceasein foskilafmeh eonsumption andlapal
warming issueshave ledto the emegence of sustainable technologid$e
Intergovernmental Panel on Climate Char(¢PCC) mentioned that the root
cause of the climate change is th&reasein greenhouse ga$GHG)
emissions produced by human activitigsigure 1.1 shows the global
temperature anomaly plotted by National Aerotics and Space
Administration, Goddard Institute for Space Studies (NASA/ GISSparitbe
observedthat the effect of global warming was started earlier in the 1970s

where the temperature anomaly wasorded to be positive

Various measures have beelentified to promote the awareness to reduce
GHG in the country. The utilisation of renewable energy souraesdgnised
as an alternative source of poweraddess the issues of environmearid
energy. The Malaysian governmenthas set a target of retting the GHG
emission by40% bythe year 2020 as compared to 2005 levels. In order to

meet the target, the Malaysian government has offered various remunerative



packages including feed tariff, tax exemptionsfor green technologies

incentives and suldiies to encourage the utilisation of renewable energies.
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Figurel.1l Global temperature anomaly froypar1880 to 2013NASA GISS
20149

Among all the renewable energy sources available in Malaysiaulook for

solar energy has been positive a@inig expected to increase significantlyhe
cumulative installed capacity from year 2012 to 2013 has risen up by 65 MW.
However,one of the challenges in Malaysia is tihabst of the photoutaic

(PV) system nstallationsare customedriven andare non-centrally planned.
Consequentlya large amount of gridonnected P\systems can causevere

power quality issues such as voltage rise, voltage unbalance, unnecessary
neutral current circulation and reverse powlow. Figure 1.2 shows the
conventional electrical power system. It is desigfadunidirectional power

flow from the generating unitdo the lower voltage levelat the customés

end However,a large amounbf renewable energy sources connedtethe



distribution networks may cause reverse powew flithin the electrical

networkas shown irFigurel.3.

. HV/MV Network
Transmission Network

Distribution Network

6 & 8 8

LoadSDDDD DDDD DUDD DDDD

Conventional
Power Flow Direction

Figurel.2 Conventional structure dhe Malaysiarelectrical power system

Transmission Network HVMV Network
(o) -
3 L
Distribution Network

@8 § & § @

0000 0000 0000 nunn@

Figurel.3 Structure of the electrical power system with the deployment of

Potential
Reversed Power Flow

renewable energy sources on Melaysian lowvoltagedistributionnetwork

Among all the technical issues, voltage unbalance can be the most serious
issuein Malaysia This is due tdact thatthe installation and distribution of
the singlephase renewable energy sources are rather arbitrary and not
monitored by utilitycompaniegWong et al., 2011)Furthermore, the utility

companies allow the singlghase customers to install the singlease PV



systems freely up to 12 kyMwhereas threphase customers can install three

phase PV systems freely up to 425 ka11 kMAbu et al, 2013)

A research has shown thtite voltage unbalance factor can rise above the
toleranceof 2.0% if the singlephase PV capacitiystalledon the lowvoltage
distribution networkis greater than 12 kWWong et al. 2011) Several
research wdts have proposed to useeggy storage systems to accommodate
a large amount of wind energyd mitigate voltage unbalancéAtwa and Ei
Saadany2010; Chen et g812011; Chua et gl2012) So far, this approach is
an effective means of mitigating any \age issues on the distribution
networks withoutcurtailing any of theenewable energy. However, most of
the existing energy storage systems are designedto handle the voltage
rises and voltage unbalances that fluctuate very rapidly throughout tlean day

the distribution networks with a large number of sing@asePV systems.

The fluctuation of voltage rises and voltage unbalances is caused by the large
number of passing clouds over Malayshn effective control strategy is
needed for the energy stge systems to mitigate the fluctuating voltage rises
and voltage unbalances on the distribution networks witlPthsystemsThis
research projects proposed to develop a fuzzy controlled energy storage
system for mitigating voltage rise and voltagebalanceon the distribution
network caused byntermittent PV power outputsThe traditional control
methods are used to solve steady state voltage rises and voltage unbalances.
The fuzzy control method is mainly used to deal with fluctuating voltage rises

and voltage unbalances which happen predominantly in Southeast Asia or



other regions with cloudy skies. Therefore, this method will be the most
appropriate choice when dealing with dynamic voltage rises and voltage
unbalances.The fuzzy control provideshe necessary premptive action
before the voltage excursion becomes too signifiCHmt is toensurehatthe
voltage level and voltage unbalances are restioeguole it becomes severs
a result, the voltage magnitude can be maintained well witld@nrélquired

tolerance under the high intermittencyR systems.

1.2 Objectives

The objectives of this research work are as follews:

l. To design andlevelopa laboratoryscale lowvoltage distribution
networkwith renewable energy sources

II.  To evaluate techoal impacts caused by the intermittent renewable
energy and quantify the power quality issues on a\oltage
distribution network.

[ll.  Todesign a suitable control approach foremergy storage system
on the lbw-voltage distribution network integrated witRV
systems.

IV. To evaluate the performance of tpeoposedenergy storage
system in mitigating voltage risand voltage unbalance caused by

renewable energy sources.



1.3 Research Methodology

This research aims to develop a suitable control algorithm for rikegye
storage system to mititg@ voltage issues caused the large deploymenof
PV systens on the distribution networks. The stualyas carried outusing
experimental approaclrigure 1.4 shows the flow chart ohe methodology.

The research methodology is dividatb 8 stepsas follows:

Step 1 Literature review

Various initiativeshave beenmplemented by the Malaysian government to
encourage the utilisation of renewable energy sources in the codnbryef
introduction on these initiatives @iven Literature reviewis carried out to
investigate the potential grid connected renewable energy soanckshe
deployment impacten thelow-voltagedistribution networksA discussion on

the «isting methodsto overcome these technical issues caused by the
integration of renewable energy soureai be done A sensible solutions

determined based on the literature review.

Step 2:Network esign

The characteristics of the Malaysian distribution network strelied. These
electrical characteristics aresed to develop an experimental network
emulator in the University laborataryhe network prototypes equipped with

PV systems, load emular and data acquisition system



Step 3:1mpactstudies
This step is immmented toinvestigateand identify the potentialvoltage
issues caused by singidase PV systems the University premisesn the

Malaysiandistribution néwork.

Step 4:Energy storageystem withsimple control rathod

Energy storage system is onetloé sensible soluti@to overcome the voltage
issues caused BV systens. The performance of the energy storage system
can be optimized if it is equipped with an appropriate control strai&gy.
simple control method is developed to manipulate the poleer of the

energy storage system for voltage quality improvement

Step 5:Singlephase energy storage system with fuzmgrol
The nature of thé®V power output is always intermitterd fuzzy control
algorithm is further implemented frostep 4to addess the rapid change of

the voltage caused by PV power output.

Step 6: Performancesaessment

Several case studiegith variousscenarios under differergeneratios and
loadng conditiors are performed to evaluate the performance of shegle
phase emgy storag@ system with fuzzy control to mitigate voltage issues

particularly voltage rise and voltage unbalance due®ystems



Step 7: Controller Implementation

Most PV systems are singihase andhe installations arelistributed non
uniformly onthe Malaysian lowvoltage distribution netwosk Three single
phaseenergy storage systasnare further implemented fromstep 5and they
are coordinated and controlled by an improwahtrol usingfuzzy logic

contoland Par kodéds .transformati on

Step 8: PEHormance Assessment
Several scenariosith different generation and loading conditicare carried
out to assess the performance of the improved vedsitime fuzzy controlled

energy storage system.

Final Solution:
Using the above methodology, a fuzegntrolled energy storage system
proposed as aolution to impove voltage stabilitymitigate voltage rise and

voltage unbalance caused by intermittent PV power output.
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Figurel.4 Flow chart of the ntodology

1.4 Research Outline

The structure of the thesis is outlined in the following manrner:

Chapter 2 of this thesisusimariss the literature reviewon the Malaysian
regulatory framework for renewable energihhe potential gricconnected
renewable eergy sources are briefly discussed. It is followed by the literature
review on the impastof large deployment of renewable energy sources on the

distribution networks and the existing methods to overcome these issues.

Chapter 3 illustrate the formaton of the experimentallow-voltage

distribution network. The design and development of the electrical system,



emulation system, renewable energy sources and the data acquisition are

outline clearly

Chapter 4 presents thmvestigation of voltage impacs caused bythe
integration of PV systemat the University premises othe distribution
network This chaptepresentdhe characteristgcof the PV power output and
the impact of the voltage quality issues on thdalaysian low-voltage

distribution network.

Chapter 5 describes the design and development dditigée phaseenergy
storage system. The design objectives for the system are initially presented. It
is followed by the description of the fuzzy contralgorithm that is
incorporatedinto the singlephaseenergy storage systerifhis chapter also
presents the passive operation of the energy storage system with renewable

energy sources.

Chapter6 presents the implementation of ttheee singlgophaseenergy storage
systens. This chapter elucidasehe aproach to coordiate the three single
phase energy storage sysgemmsing the improveadontrol with fuzzy logic
control and Par k6s .tSewwmls $cenariosa under ndifferent
generation and ohding conditions were considerei investigate the
effeciveness of the proposed solutitmreducethe voltage unbalance factor
and restore the voltage level withihe tolerance limit onthe lowvoltage

distribution network.
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Chapter7 illustrates the validationwork for the fuzzy control algorithmThe
formaton of singlephase energy storage system utilisingjféerent brand of

the bidirectional inverters outlined in the chapter.

Chapter &rawsa conclusion bygummarisingthekey findings of theesearch

andthe potential future workhatcan be done

1.5 Publications & Patent

Based on the research findingspatent is filed andeveralpapers have been

published inpeer review journal and international conferencdisted as

follows:-
Patent/ Impact
No. | Title Journal/
Factor
Conference
Fuzzy contol method on bdirectional
1 inverter with energy storage for Patent No.: N/A
distribution networks with renewable P12013002517
energy
Distributed energy storage systems with _
improved fuzzy controller for mitigating Journal
ASCE Thomps
5 voltage unbalance on lowoltage netwik Journal of on ISI-
http://dx.doi.org/10.1061/(ASCE)EY.194 Energy 1.104
-7897.0000260 Engineering
(Published)
Novel fuzzgontrolled energy storage for
low-voltage distribution networks with | Journal:
photovoltaic systems under highly cloud] ASCE Thomps
3 condition Journal of on ISI:
http://dx.doi.org/10.1061/(ASE)EY.1943 | Energy 1.104
7897.0000178 Engineering
(Published)
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http://dx.doi.org/10.1061/%28ASCE%29EY.1943-7897.0000178
http://dx.doi.org/10.1061/%28ASCE%29EY.1943-7897.0000178

Grid-connected photovoltaic system in

Journal:
Science Direcl

Malaysia: A review on voltage issues Renewable & Thomps
http://dx.doi.org/10.1016/].rser.2013.08.( : on ISI:
Sustainable
7 Energy 5510
(Published) Reviews
Conference:
Selfintelligent active management syste| IET
for electrical distribution networks with | Renewable
photovoltaic systems Power N/A
http://dx.doi.org/10.1049/cp.2013.1743 | Generation
(Published) Conference
2013
Book chapter:
Ocean
Selfintelligent active management syste| Renewable
for electrical distribution networks with | Energy: The N/A
ocean enewable energy sources New Frontier
(Published) in Malaysia,
published by
UTM
Impacts of centrally and necentrally Journal:.
L . International
planned distributed generation on low
. Journal of
voltage distribution network Smart Grid Inspec
http://dx.doi.org/10.12720/sgce.1.1:66
) and Clean
(Published)
Energy
Conference:
nd i
Energy storage with fuzzy controller for '?'heE\C/i\;gcr)lr(]j of
lity o .
power quality improvement on distributig Sustainable | N/A

network wih renewable energy
(Published)

Energy Forum
2014

(EnerSol)
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This research seeks to investigate the future challenges associated with the
integration of renewable energy sources on tlmv-voltage Malaysian
distribution networks. In order tproceed a review relatedo the current
prospect of renewable energy sources in Malaysia, particl®algystem is
discussedPV systems are very promising Malaysiadue to its abundant
solar irradianceAs mentioned inchapterl, the Malaysiangovernmenthas
commitied to reduce 40% of the GHG emission in the coubyryear 2020

with respect tothe levelin year 2005 In order to achieve a lowarbon
margin, vaious efforts and initiatives have been taken in the past 10 years by

the Malaysian government.

Renewable energy has been adopted globally as one of the alternative
solutions to overcome thenergy and environment issues. Howewuie
existing distributim networks are designed to operatewithout the
consideration of largedeployment of renewable energy sourcés a

conventional power systerthe power flow isunidirectional;a large amount

13



of grid connectedenewable energy has the potential to changgthwer flow

to bi-directiona) creating a number of technical issues such as voltage r
voltage unbalance, revergmwer flow These issues can cause equipment
interruption, poor network efficiency and poor supply reliabilityhe
objective of this chater is to investigatethe consequences and integration
issues associalewith the key constraintsevaluated by the developed
countries.An overview of theexisting strategies toesolve these technical
issuesis alsopresentedEnergy storage is seen aseoof the viable solutions

to accommodate the power quality issues associated with the integration of
renewale energy sources and therefareeview of these technologies is also
presented in the chapter. Finally, a conclusion is drawn from this revigw wi
regard to the investigation of potential solution in mitigating power quality

issues caused by renewable energy sources.

2.2 Regulatory Frameworks in Malaysia

The developed countries have taken various initiatives to ensure the success of
renewable energs implementation. Energyolicies are conducted to provide
stable regulatory frameworks for renewable energy produéteaewable
energies are recognizedorldwide as clean and environmental friendly
alternative source of powerThe main strategies takeny the developed
countries includefeedin tariff and eliminate or reduce fossil fuel subsidies.
The European government also takes initiatives to encourage the installation

of renewable energy sources by introducing tax exemption, incentives, loan,
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rebaes and subsidigKlessmann et al., 201k;e k er c i ¥ ¢ Il n2@1A;n d

Fouquet, 2013viondol andkoumpetsos2013)

The regulatory framework enact by the developed countries may not be
suitable for developing countries. In Malaysiarious strategieand key

policies are developed lyhe gover nment to achieve
which to mitigate the issues of security, energy efficienay @nvironmental

impact for the next30 years(MuhammadSukki et al, 2012) The main
Malaysian government mirtiees and agencies to overrun the energy
efficiency improvement are the Energy Unit of Economic Planning Unit
(EPU) of t he Pri me Mi ni steros Of fice
Technology, and Water (Kettha), Energy Commission (EC) and the
GreenTech Malaysia (GI'M). Recently, the Malaysian government has
aggressively put in enormous initiatives and efforts to promote renewable

energy (RE) utilization.

The timeline in chronological order for the above mentioned initiatises
shown inFigure2.1. The government has introduced a comprehensive policy
in implementing renewable energy. Renewable energy was first introduced in
the country through Fifth Fuel Policy in year 2001. In the same time, Small
Renewable Energy Re@r (SREP) program was launched to encourage small
power generation using renewable energidgese policiesand project are
implemented under the™8and ¢' Malaysia Plan where the government

plannedto achieve a totatapacityof 500 MW grid connectedenewable

15



energies However, theimplementation of this planreceived sluggish

response.

In 2006,the National BicFuel Policywaslaunched to suppbthe Fifth Fuel
Policy which wasalso aimedat reducingthe dependency of fossil fuel in
Malaysia. Laterthe National Green Technology Policy 200&slaunched to
promote green technology and sustainable dewedmt in power generation.

It was then followed by the implementation of National Renewable Energy
Policy 2010 (NREP @10). The vision of NREP 2010asto promote and
enhance the utilisation of renewable enenghin the country. The objectives

of NREP 2010 are to facilitate the growth in renewalslergy industry and
increasgublic awareness on the importance and role of renewable energy.

2011
Renewable Energy Act
Policy
2010
National Renewable
Energy Policy

2001
Small Renewable Energy Power
(SREP)

2001
Fifth Fuel Policy

S

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
1997 2015

2009
National Green
Technology Policy
2006
National Bio-fuel
Policy

Figure2.1 Timeline of the initiative taken by the Malaysian government

Presently, the total installed capacity of the renewable energy stands at less
than 10% of the total power generation capacity nationwadeshown in

Figure2.2. However, the utilisation of renewable energy is expected to grow
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with the implementation of feeith tariff scheme under the Renewable Energy
Act 2011, in which the individual can opt to selethbower generated to the

utility company at a fixed premium rate.

—Electricity consumption =~ —Renewable energy generation
140,000 -
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Figure2.2 Electricity consumption and renewable energy generation in
Malaysiafrom year 1971 2012 The World Bank Data2014

In the 10" Malaysian Plan, the government has targeted to achieve 985 MW

by 2015, contributi ng ectacitygen&a&onanfx. Ma | a )
The Malaysian governmeinitroducedthe feedin tariff to foster RE because

it was successfully implemented in ew 40 countries including Germany,

Spain, Italy and Thailand. Fedul tariff are payments for those who generate

electricity with RE sources.

Table2.1 shows the details of fead tariff rate for solarbiomassbiogass and
smalthydro in Malaysia. Renewable Energy (RE) fundmplemented by
Sustainable Energy Development Authority MalayS$&DA) is usedto pay

for the users who sell their electricity under the feetariff. An additional
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tax of 1.6% will be imposedonthec ons umer s 0

toWwaedsther i

contribution of RE fundHowever, domesticonsumersvho areutilizing less

than 300 kWh will be exempte@hese funds will be used to equalize between

the renewable and naenewable sources (Hashimadt, 2011).1t is shown

that the feedn tariff for PV is the highest among all other technologies.

Table 2.1 Feedin tariff (FiT) rate for solar in Malaysia

No. | Descriptions Feedin Tariff | Feedin Tariff
Rate Rate*
(MYR/KWh) (USD/kWh)

Solar photovoltaic

(a) | Solar photovoltaic installation with capacity
of:

[ Up to and including 4 kW 1.23 0.41

ii Above 4 kW, up to and including 24 kW 1.20 0.40

iii Above 24 kW, up to and including 72 kW | 1.18 0.39

iV Above 72 kW, up to and including1 MW | 1.14 0.38

v Above 1 MW, up to and including 10 MW | 0.95 0.32

Vi Above 10 MW, up to and including 30 MW | 0.85 0.28

(b) | Solar photovoltaic installation (a) with
criteria as follows entitle to have additional
bonus:

[ Use as installations in buildings or building| +0.26 +0.09
structure

ii Use as buildings materials +0.25 +0.08

iii Use of locally manufactured or assembled | +0.03 +0.01
solar photovoltaic modules

iv Use of locally manufactured or assembled | +0.01 +0.003
solar invertes

Biomass

(a) | Biomass installation with capacity of:

[ Up to and including 10 MW 0.31 0.10

ii Above 10 MW, up to and including 20 MW | 0.29 0.10

iii Above 20 MW, up to and including 30 MW | 0.27 0.09

(b) | Biomass installation (a) wittriteria as
follows entitle to have additional bonus:

[ Use as installation for gasification 0.02 +0.01

ii Use as installation for steam generation >1) 0.01 +0.003
efficiency

iii Use of locally manufactured or assembled | 0.01 +0.003
parts

Biogass

(a) | Biogas installation with capacity of:

[ Up to and including 4 MW 0.32 0.11

18
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ii Above 4 MW, up to and including 10 MW | 0.30 0.10
iii Above 10 MW, up to and including 30 MW | 0.28 0.09
(b) | Biomass installation (a) with criteria as
follows entitle b have additional bonus:
[ Use as installation for gas engine > 40% | 0.02 +0.01
efficiency
ii Use of locally manufactured or assembled | 0.01 +0.003
parts
iii Use for landfill or sewage gas 0.08 +0.03
Smalthydro
(a) | Smalkthydro installation witlcapacity of:
[ Up to and including 10 MW 0.24 0.08
ii Above 10 MW, up to and including 30 MW | 0.23 0.08

*Feedin Tariff rate in US Dollar (USD)/kWh are converted based on a conversion
rate of USD 1.00 = MYR 3.00

PV system, being one of the most mising renewable energy sources in
Malaysia, has the possibility to grow tremendously on the publieviatage
distribution networks.The introduction to feeth tariff has brought to an
average annual growth of 81% of the grid connectedARYure2.3 shows the

feed in tariff prices folPV systems and electricity retail pricés different
countries. Among these countries, Malaysia has the lowest electricity retail
price due to the subsidies from the Malaysiavegpment. Although the
Malaysian government has developed an effective policy on renewable energy
to reduce the dependency of fossil fuel and mitigate the effect of climate
change, the guidelines for the PV systems installation are limited. The
technical ssues are apparent in Malaysia where the frequency of passing

clouds is possibly the highest in the world.
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Figure2.3 Feedin tariff prices and retail electricity prices for different

countries

2.3 Current Prospect of Renewable Energy in Malaysia

There are several potential renewable energy sources available in Malaysia,
such as solar, biomass, biogas, rfipdro, and municipal solid waste (Ahmad

et al, 2011).According to SEDAdatabase, there is approximgt#66.49 MW

in biomass and 29.53 MW in biogas under construction as of Jan 2014. The
potential capacity of both biomass and biogas can become 1,340 MW and 410
MW respectively by 2028. The currensmall hydro generation is
approximately 130.99 MW in Jan 20 and should reach 490 MW by 2020.

As for the waste power generation, the total capaeigs 5.5 MW as of

August 2009 and can be 360 MW by 2020.
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Figure 2.4 shows the cumulative installed capacity of the renesvalblergy
sources under the feea tariff scheme. Itan be seethat 626 of the installed
capacity come$rom the installation of PV systemblence, the solar energy
outlook in Malaysia is verpromisingandit is expected to surpass all other
renewable Bergy sources by year 2050 (Chua et28112).One of the reasen

for this positive outlooks thatMalaysia is a tropical country where high solar
irradiance is available throughout the ydaurthermore, various remunerative
packages have been introdddey the Malaysian government to promote the
utilisation of PV systems among the domestic uddigaysia is likely to be

one of the largest solar power producers in the world in the near future

(Mekhilef et al, 2012)

Biogas
11.74 MW
Biomass
523 MW
Solar PV
12332 MW
Small Hydro
11.7 MW

Figure2.4 Cumulative installed capacity of commissioned renewable energy
sources under the fedul tariff as of May 2014SEDA, 20143
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2.3.1 Photovoltaic (PV)system in Malaysia

PV cells consist of one or more semiconductor materials tovednsolar
energy to electrical energy. For higher capacity, PV cells are interconnected
with each others to form a module. PV sysiditises PV module to convert
solar irradiance into direct current (DC) andwer electronics based inverter
to regulateandconvertthe DCpowergenerated from the PV module240 V
AC power. PV system can be scaled to cover a small househqldring 1.0
kW, to large farns requiring MW,. Figure 2.5 shows the flow of power
generabn usingPV system.Figure 2.6 shows the average solar radiatiain
various locations in the countfiekhilef et al, 2012) It is noticed that the
northern region iPeninsulaMalaysia hasin averagesolar radation of1650
kWh/m? whereas inEastMalaysia, Kota Kinabalu in Sabaippears to have

the highest solar radiation of 1900 kWH/m

Solar DC AC e e
irradiance power — power ~\ ouseho
= —= A =) cL=pF
AC
: ﬂ Power
Sun PV Panel DC AC inverter a
oW

Grid

Figure2.5 Power generatidusingPV system
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Figure2.6 The annual average solar radiation on various regions in Malaysia

The current installe®V capacity up to year 2018 approximately 20 MW as
reported in the Trends in Photovoltaic Application survey report written by the
International Energy Agency (IEARusat Tenaga Malaysia (PTM) and IEA
expected that solar energy has the potential to reach more than 6,500 MW by

2030(Augustin et al.2012)

Various research and development on invert&®V concentrators, solar cell
fabricationand characterizatiostudieshave been carried out by many local
research institutions. These include research work orcgnidected inveers,
development of solar celRV concentrator and PV power systefagure 2.7
shows the global module price index, cumulative and annual installed PV
power. It is observedthat the global modulgrice index for PV module
droppeddrastically from USD$ 3.84/W in 2006 to USD$ 1.37/W in 201He

SEDA database has sho thatthe cumulative installed capacity from year
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2012 to 2013 has risen up by 65 MW due to the launch ofifee¢alriff

(SEDA, 2014a)

ECumulative PV sSAnnual Installed Global Module Price Index
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Figure2.7 Global module price index, annual installed and cumrdati
installed grid connected PV capacity in MalayS&DA, 2014aNREL and
LBNL, 2014)

2.3.2 Wind Energy

Wind energy isamongthe potential renewable energy sources available in
Malaysia. The first wind farm in Malaysia was set up on Pulau Laiayang
which is located in SabahResearch results compiled by University
Kebangsaan Malaysia (UKM) in 2005 have shown a good wind generation
profile. Nevertheless, harnessing wind eneirgyalaysia very much depends

on the location as Malaysia is geographicallyagid in the equatorial region
and its climate is governed by the monsodiigure 2.8 illustratesthe process

flow of wind generation. Wind turbine is used to convert kinetic energy
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generated by wind into electrigi A wind controller and @AC-DC converter
is used taegulateand converAC output from the wind turbine to a stable DC
output. A DGAC inverter is then used to convert the direct current to alternate

current at 50 Hz.

Grid

Wind Controller ﬁ ﬂ }?cfwer
AC DC Converter f
Seo Wind ROV,
Y = = Y o =) = Y =
Wind DC AC inverter Household
Wind Turbine

Figure2.8 Wind generatios

Research study hdseencarried outto assess wind energy in Malaysidth

the installation ofl6 stations covarg east and west Peninsul®alaysia,
Sabah and Sarawdkekhilef andChandrasegarar2011) Figure 2.9 shows

the wind speed study locati®across Malaysid.ocations numbered with-3
cover Peninsula Malaysia that are facing South China Selaile locations
numbered with 86 covers the Sabah and Sarawakstime. Location 57
covers the coastline alonthe straits of MalaccaFigure 2.10 shows the
average wind speed for the study locations as labelléthure2.9. Researh
results show that locations facing South China Sea are the best choices for off
shore wind farm implementation due to the maximum potential during
Northeast monsoon season from November to Febrgsigkhilef and

Chandrasegara@011)
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Figure2.10 Average wind speeds at differdatatiorsin Malaysia(Chiang et
al,, 2003)

2.3.3 Small Hydro

Hydro generatiomprgects are based drarnessinghe power of flowing water

from lakes, streams and riverslost of the hydro generation projects are

locatedin remote arem According to SEDA, he installed capacity of small

26



hydro power plants in Malaysia under the feedtariff program is
approximately 11.7 MW while it is expected tmve 26 MW by 2016

(SEDA, 2014b)

2.4 Potential Power Quality Issues Caused byPhotovoltaic System

Global warming caused by excessive greenhouse gas (GHG) emission has
brought to the attentioof global leaderd=igure2.11 shows the major sources
contributing to CQ emissions in Malaysia. These sources including energy
industries, transport sector, manufacturing, industries and construction, forest
ard grassland conversion, commercial and residential, soil emissions, mineral
and metal production. Energy industries have been identified as the highest
contribution in CQ emissions in the country. As a result, various programmes
are launched to encouratee use of renewable energy in the country. Solar
energy has an enormous amount of potential that can be utilised by various
forms of technology, for example, PV system. At present, most PV systems
are in singlephase and the installation to the premisesnainly customer
driven and not centrally planned. Therefore, the growth of PV system en low
voltage distribution network has the potential to raise several technical issues
including voltage fluctuation, voltage unbalaneeltage risereversed power

flow and unnecessary neutral current fiddong et al. 2011).
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Research paper (Bas&®908) hasdentified several technical issues caused by
high penetration of large PV and wind turbine system on distribution network.
Such technical issues include harmonics, flickers, load and generation
imbalance Global trends in sustainable energy investmdat the year2014
shows that the new investment imenewable energy projects hakghty
slipped by14% (McCrone et al.2014) Nevertheless, this fall in 2013 was a
reflection ofreduction in costef PV while the cumulative instedd capacities

of PV systensincreased.

In Australia, distributed generatoese predicted to meet 40% of the total
energy required, with the main pration contributed by grid connected PV
systemgLewis, 2011) In Singapore, PV array on the roof covers an area of

11,000 squareneters with a generating capacity of 1.2 MW which can supply
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at |l east 15% of the centr eriewitlthect ri
trend of increase in renewable energy sources oeléatric networksvarious
research project@ngram et al.2003;Yun Tiam, 2004; Lyons, 201®/ong et

al, 2011 were carried out to investigatee impacts of renewable energy
sources on the distribution networl$e reliability of the electric network has

become a major concern due to the integration of rerlevealergy sources.

Some of the efforts that have been implemented by the developed countries
and the impacts of high penetration of renewable energy sources on the
distribution networks have been widely studidturopean laboratories at
National TechnickUniversity of Athens(NTUA) in Greece, DeMoTec in
Germany SYSLAB in Denmark and th&mall Scale Energy Zone&SEE2Z
Laboratory in Durham University wergetupto investigag the impacts of
renewable energy sourceand establish the active management esgst
(Barnes et a].2005; Barnes et al2007; Lyons2010) In the UK, voltage rise

has been identified as one of the most serious power quality issues due to the
high penetration of renewable energy sourfiggons, 2010) Germanyhas
implemenkd rules andregulatiors to limit the amount of renewable energy

sourceghat carbe fed into the grid.

A simulation model is developed at Helsinki University of Technology
using Decentralised System Simulation Tool for Optimized Generation
(DESIGEN) to investigée large scale PV power integration on distribution
networks.The results have demonstratihat thenetwork model can handle

PV withoutanysignificantissuesf the PV poweris the same or less than the
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load. If the PV sizing is greater than the loa@yré¢his a tendency of significant
voltage rise and the network losses are at ldagble that of ahreephase
four wire distribution networks without PV integratigRaatero and.und,

2007)

A field measuremenis carried out on thd2 kW, PV system loated at a
feederin Florianopolis, Brazil The resultsshoweda small voltag rise at the
point of connectionin order to further evaluate the impact of PV systems on
the feeler voltage,a simulation progranmusing Analise de Redes Eletricas
(ANAREDE) is used to model a 4.2 M\\istributed PV generatgirbanetz

et al, 2012) As a consequence, large deployment of PV systems on the
distribution networks can causevere voltag issues ifcoordination isnot

properly done.

2.4.1 Voltage IssuesVoltage Regulation and Voltage Rse

Distribution networks are desigd without any PV integration anthe
installation of renewable energy sources on the distribution network has the
potential to cause voltagese at the feeder end (Barker and Mello, 2000).
Simulation has shown that voltage instability occurred in the IEEE 13 bus
systemby integratingd0% of the PV powerto a heavily loaded network (Yan

and Saha 2012). In Japanthe density of grid connected P¥ystemsis
expected toncrease irthe urban area unddre Japanese PV2030 roadmap. A

typical size of 3 kW PV system will inject the generated power into the grid
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during daytime. Under this circumstancégetreverse power flow can cause
voltage rise on the distribution network. This paper also desditieeoutput

power loss due to the grid voltage rise (Ueda e2808).

Although PV integration with the istribution networks can reducthe
transmission loss and peak lgaohproper coordination and implementation
without regulatory framework can causaegration issuesA comprehensive
analysis of the impacts on distribution networks with different penetration
level (Chen et al.2012) has shown that a small @mt of PV penetratioat

the wrong location can produce unacceptable voltage prBfegowe output

is solely dependent on the solar irradiane¥, systems tends to have peak
generation duringhe middle of the day. Modelling approacising Power
World simulation softwarshows thathe increasen PV system penetratiaas
likely to cause voltag level to increas€lLewis, 2011) The approximate
voltage rise due to the renewable energy sources can be estimated using the
eqguation as followg§Jenkins et a]2000)-

_ PR+ XQ
v

DV 2.1)

Where P and Q are the real and reactive power outfrom the renewable
energy source respectivelR,and X are the resistance and inductance of the

system respectivel\/ is the mominal voltage of the system.

In Canada, Power System Computer Aided DedRfIGAD softwareis used
to evaluate the feedepltage of a typical 240 V/ 750 kVA Canadian suburban
radial distribution network Overvoltage is found to be one of the serious

technical issuesinderlow load conditionis occurred. Cutting down the PV

31



capacity might be one of the solut®to overcomethe overvoltage issues,
however, with this solution, more power needs to import from the udifity
this will also reduce the amount of @@eduction (Tonkoski andLopes

2011)

2.4.2 Voltage Unbalance

The natureof balance threephase voltages alwaysto haveequal magitude
and phase amorgjl thethreephasesit is possible to have balarteoltage at
the generation and transmission lewgbwever, it is unlikelyto happenat the
utilisation leveldue tonon-linearload and uneven distribution singlephase
distributed generator¥.oltage unbalancéctor (VUF) is used to evaluate the

degree of unbaland®’on andBanerjee2001) It is defined as follows:

VUF (%) = —3 100%
2.2

Where VUF is the voltage unbalance factov: is the negativesequence
voltage; andV+ is the positive sequence voltagéhe negative \(-) and
positive {/+) sequence voltagecan be computk using the following

equation-

&V/ag el 1 1 mVog
g‘vg 21 1I 120 1 - 120’”9\/ “

\ (2.3
AVl gl -120 1 120 @/
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WhereV,, V, andV, are the three lpase line voltageat phas A, B andC
respectively.Vp, V. and V. are the zero, positive and negative sequence

voltage respectively.

Referring to thdnternationalElectrotechnical CommissiofiEC) standard, a
voltage unbalance of.0% can causé® to 10 times the current unbalané
comprehensivaanalysis on the experimental case study is performed on
selected substatiom Tehran. The assessment hasified that a relatively
small amount of voltage unbalance can have a high amount of current
unbalance.Large amount of currentinbalancecan camtribute to network
power loss(Bina andKashefi 2011) Similarly, a networkwill experiene
significant output energy loss due to the high grid voligégda et al.2008)
Unwanted current unbalance camoduce unnecessary heat the notor
windings which will degrade the performance and reduce the lifespan of the

induction motorgJenkins et al2000)

2.4.3 Voltage Flickers and Fluctuation

PV power outputs very much dependawin the solar irradianc®&egion with
cloudy skes may expéence voltage fluctuationand flickers Voltage
fluctuation is defined as the changes in voltage magnitude for a period that is
longer than the nominal voltage under consideration (J. Schlabbach and et. al.,
2000). While voltage flicker can be defined he tepetitious variation in the

electric voltage supply that result in a repetitious fluctuation in luminance of a
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light source which is inconvenient to the human eyes (H. MH#&madi,
2012. Cloudy skies may bexne one of the barriers the PV penetrabin.
Undesirable voltage fluctuatioon the distribution networks may lead to
excessiveuse ofon-loadtap-changer.A study was doneto investigate the
impact of 20% PV penetration on the feeder voltage under clear and cloudy
skies. The results show thaketiap changes during cloudy skies are 4 times
more frequent as compared to the clear sky conditj@nsand Baghzouz
2011) As a consequenca,significant increase of tap changes will reduce the

life span of the transformer.

The quality and safgtof the electrical system can be seriously affected by
voltage flickers ad voltage fluctuations. It is theevere voltagguality issues

that may affect the operatioof machinery, process contrequipment and
malfunction of protection systems. It can progag from downstream to
upstream of the system or vice versa due to the propagation of currents
(Elnady andSalama2007) A research studwascarried outo investigate the
power output fluctuations at 7 large PV plants located in Spain. These PV
plantshave power outputsanging from 1 MW to 9.5 MW,. It was observed
from the results thatthe PV power fluctuationreducesas the plant size
increasedAs the plant size increased, there is a smoothing effect due to the
geographical dispersioithe PV power otput isalsosmoothed in relation to

the irradiance variation for larger PV pla(isarcos et al.2012)

Shortterm and longerm flicker indices are normally used to quantify the

severity of flicker. The shotterm flicker index is calculated by integingthe
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voltage fluctuations over period of 10 minutes, while the loftgrm flicker
index can be quantified by integrating the voltage fluctuations over 2 hours.
The following rmulasare used to calculate the shaerm and longerm

flicker indices(IEC 610003-3, 1994; Nambiar et gl2010)-

Vmax - Vmin
Viom (2.4)

d=

WhereVnax is the maximum voltagédmin is the minimum voltage andnom is

the nominal voltage.

d
Psr = Popo 8 a4
0 (2.5

WherePst is the short term flickePstg is the relative short term flicked is
the voltage change aml is the relative voltage change. The letegn flicker
is also known as the average of the short term flicker. It can be calculated as

follows:

N (P’
Pr =38
= N 2.6

whereN is the total number of sheteérm flicker within the 2 hours arfel. is

theiy, shortterm flicker,

2.4.4 Reversed Power Flow

Thelarge deploymentf renewable energy sources has the pogysild cause

reverse power flow. An analysis sheathat reversgower flow is likely to
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occur during the period of small loads and high solar irradiance (Urbanetz et
al., 2012). Investigation has also been done to analywe ability of power
transformer tofacilitate the amount of power flow associatedth high
penetration of renewable energy sourdess alsoidentified that the reverse
power flow occurs inthe 11 kV and 33 kV power systems whére
penetration of PV systems is more than 82.5% (CipcagahTaylor, 2007)

The distribution netwmds ae designed at a time when the povlew was
towar ds t he .dhedransfoneerssate ddsignedifor step down

operation.

Reversepower flow due to high penetration of renewable energy sources can
be eliminatedeither by limiting the net power gort to the higher voltage
system, or it can be achieved using active local controller and energy storage
system (Cipcigan and Taylor, 2007) This would allow the excess power
generation to be stored into the storage system instead of flowing towards the

higher voltage system.

2.5 Existing Methodsfor Power Quality Improvement

Voltage regulation, voltage rise and voltage unbalaacethe common
technical issueshat pose a problem with the increasethe amount ofPV
penetrations At present, severalmetlods are proposed for voltage
improvementn the distribution networkdue to the integration of renewable

energy sources
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1. Renewable energgurtailmenti Limiting the amount ofactive
powerexported from renewable energy sources.

2. Power electronic basedevces i Flexible AC Transmission
System, for example, Static synchronous compensator
(STATCOM).

3. Energy storagé Store excess power generated by the renewable
energy sources to reduce voltage rise.

4. OLTC controli Change the transformer tap position to lowee
system voltage.

5. Load management Demand side management to control the

electricity usage of the customers.

The above mentioned methods are the exidiagniques for power quality
improvement on the distribution networks In addition, some of these
techniques can be operated in conjunction with each other in order to optimize

the performance.

2.5.1 Renewable Energy Curtailment

Renewable energy sources connected at the remotaf enchdial distribution
networks have greater effects on voltage eisGenerationcurtailmentis a
strategy thatrestrics the amount of real power flow into the distribution
networks by shutting down some of the renewable energy sourtes. heen

widely investigated as aapproachto ensure that the voltage is withihet
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acceptable limitgShafiu et al. 2004; Zhouand Bialek, 2007; Noor Hidayat
andLi, 2013) An investigation is carried out to determitiee feasibility of
implementing a solar neighborhoodasuburban residential areaCanadalt

is found that actie power curtailment is effectivie prevening overvoltage

during high generation and low load condit{@mnkoski and_opes 2011)

Generation curtailmens often usedin the European countries to secure grid
stability when there ia high risk of larg@ amounwind energy during storms.

At first sight, this could be a loss that shobklavoided;however, a research
paper argued thatgeneration curtailment maybe an optimal solutigith
regard to total costs for providing electricitiAience accepting geeration
curtailmentcan minimize the cost for network reinforcemg@flinge Jacobsen
and Schrodey 2012) However, ative power generation has higher economic
value than reactive power impanto the distribution networkshe avners of

the renewable engy sources gain income from the faedariff by exporting

the power to the distribution network. Therefageneration curtailmerns not
recommended as it limits the reduction of carbon footprint and reduces the
revenue of the owners of the renewahhergy sources. As a result, several
research papers have propossternativesolutions to mitigate the power
quality issues caused by the high penetration of PV on the LV distribution
networks. Among these solutionke use ofsupercapacitor is proposetb
mitigate the voltage flickers caused by the intermittent PV power output
(Achim et al, 2003) and reactive power compensation psoposed for

regulating and stabilizinthe distribution voltage€lran-Quoc et al.2007)
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2.5.2 Flexible AC Transmission Sysem (FACTS) Devices Static

Synchronous Compensator$TATCOM)

Flexible AC Transmission System (FACTS) device is a power electronic
based system that used to control and increase power transfer capability of
the network An adaptive reactive power conmzation facility such as &tatic
Synchronous Compensat@TATCOM) is one of the FACTS devicek.is a
shunt compensator that is used to improve voltage flickers in industrial steel
manufacturing where there is a dynamic change in large [deisniti etal.,

2010)

Traditionally, a STATCOM without energy storage uhas no significant
capability n providing active power to the grid. Research projects have been
carried out to integratS§ TATCOM with an energy storage systetn stabilize

the system voitge and to provide active power support during the grid
contingency(Svensson et al.2006) It is also proposed to integratie
STATCOM with a supercapacitdrasedenergy storage system for voltage
regulation and voltage sag mitigatigki et al, 2008) D-STATCOM also
known as Distributed Static SynchronoGempensatolis a voltagesource
inverter (VSI) based shunt compensation device that is used to solve power
quality issueson the distribution network (Mitra and Venayagamoorthy
2010) A new control &orithm generate a reference voltage for a-D
STATCOM to ensur¢hat theunity power factor is achieved at load terminal
during nominal operationThe proposed system camject currents on the

distribution network to mitigate voltage s@¢umar andvishra, 2014)
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D-STATCOM wasintegrated to a distribution network in Taiwhor reactive
power compensatiorResearclnas shown that the voltage control scheme of
the proposed EBTATCOM is able to mitigate the system voltage violation
that is caused by excegsiPV power generation during peak solar irradiation
(Chen et a].2013) It is also proposethat the BSTATCOMto beinstalled at

2/3 of the feeder length in order to optimize the performaHce.installed D
STATCOM maintains the voltage magnitude ae thoint of concern by
manipulating the flow of reactive power between the network and the D
STATCOM (Shahnia et al.2014) However, voltage control using reactive
power is not as effective as active power on the-voltage distribution

networks due to #nnetwork resistandseinggreater than the reactance.

2.5.3 Energy Storage

Energy storage plays an important role in power managenmerthe
distribution networks with large deployment of remdle energy sources such
as PVand wind turbine systems. Variotesearch projects have identified that
energy storage systems are capaiflencreasingnetwork reliability during
generation and demand fluctuationgximize the net revenue of the investors
by charging during off peak and discharging during pleaiurs (Fernandes
and Philipp, 1977; Svensson et al2006) Researchis carried out to
investigatethe use ofenergy storage for ancillary services dhd feasibility

of power quality improvement by utilizing energy storage sydtdajizadeh

et al, 2010; NguyerandFlueck 2012)
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A simple closedoop control algorithm is proposed to coordinate the
distributed energy storage systems with theloaa tap changer of the
transformersto solvethe steadystate voltage rises caused BY systems
while reducing the stss of the tap changeflsiu et al, 2012) Fuzzy logic

was alsaused to develop a control algorithm to charge or discharge the energy
storage system according to the online prices of electricity in every hour under

the deregulated framework of electycrharket(Darvishi et al, 2011)

Generally, energy storage can be integrated at various levels of the electrical
systems. At the transmission level,can be utilized forfrequency control
whereas at the distribution level, it can be utilized for g#tzontrol and
capacity support without limiting the capacity of the distributed generators.
Subsequently, energy storagystemdo be installed at the consumer level can

provide peak shaving.

2.5.4 On-Load Tap Changer (OLTC) Control

On-load tap changefOLTC) associated with voltage regulat@me currently
usedfor voltagecontrol (Liu et al, 2012; Daratha et al2014) Adjustingthe
OLTC in the primary distribution transformers is one of the voltage control
strategiegCrabtree et al.2001) However this approachs unable to address
the voltage unbalance effectively because OLTC is not able to cah&ol

individual phase voltages on the distribution networks.
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2.5.5 Load Management

Load management also known as demsidd management (DSM)s widely
usedin the developed countrieky DSM, uility companies have the righo
control, influence and reduce or increase the electricity demand of the
customers with incentive§.he main objectiveof the load management tis
improve thequality of electricly by maintaining load generation balance, and

stability of the power systems.

Research has been carried out to implenaenalgorithm for load control and

a distribution management system controller (DMSC). The DMSC is used to
estimate the state of thmetwork and operate directly on controllable devices
(Inigo, 2005) The authorof (Tande 2000)has suggestddad management as

an effective approach to ngate voltage quality issues iwind power
generationOne of the advantaged load managemens that it can mitigate
voltage rise issues with minimum network reinfarent and minimum
constraints orthe renewable energy sourcdse load controller is used to
modify and control the load curvaa order to match the wind generation.
However, suitableand controllable loads are not always availaBleother
paper also discusses that DSlglone of the potential approaches in solving
voltage rise problemsn power systems with large amount of renewable
energy sourceflLim et al, 2005) This can be doneyldimiting the real power
output of the renewable energy sources when it is likely to hit the statutory

limits.
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In Malaysia, DSM is not as popular as developedntries. A research paper

outlined some DSM related projects lead by the utility comparemnsula
Malaysia.This research paper discussed the benefits of DSM from the aspect

of utility company and the customeftbrahim et al. 1993) DSM can

minimize the energy costs by shiftitige load from peako off peak times.

This shifting can reducéhe connection hours of peaking plamtsd hence

reducethe GHG emissionHowever, he downside of the DSM is that the
customer sd6 accept aimsctdver fow and is difficaltriot r o | a

be improvedLuo et al, 2010)

2.6 Energy Storage Sygem for Low -Voltage Distribution Networks

Energy storage systerappearsemerges to be an effective approach for
mitigating the voltage issues without curtailing any renewable energy (Yan
and Saha 2012). The increasing penetration of renewable energycssuon

t o dsadistéibution networks has led to tigeowing trend of using energy
storage system. It is also said to be helpful to create a balance between the
generation and demand to improve the performance of the powdKgoti-

Kamali et al, 2013)
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2.6.1 Revolution of Energy Storage System

Energy storage systerareno longerused only forconventional applicatian
such asenergy storagbaAckup. A coordinated voltage control scheme
integrating electrical energy storage (ESS) is proposed to solvegerolta
problems caused BV, wind generation, and electric vehic[@& Wang et a|.
2014) Integration of energy storage systdnio low-voltage distribution
networks is a new concept for improving system capacity and stability
(Kashem and_edwich, 2007).The authorgYang et al. 2014) haveproposed

an appropriate sizing method of the battery energy stossgens to mitigate

the risk ofdistribution companies with high penetratiohrenewable energy
sourcesOptimal allocation ofenergy storage systsmanmaximze the total
economic benefitslt can alsocreate a balance between generation and
consumption, so that it can reduce the power exchange at the substation
(Zheng et al.2014) A research projedn the UK hasproposed to integrate
energy storageystem for active network management with wind po{@sarr

et al, 2014) Wind power generation is likely to increase in the near future
The use ofenergy storage systenis one of the potential methods to
accommodata large amount of wind power deployntesithout limiting the

generation

Various research projects have developed their own control stiateggak
load shavingusing energy storage systefRernandes and Philipp, 1977;
Oudalov et al.2007; Y. Wang et al.2014) During peak load period, ¢h

control strategygonveys discharge command tbe energy storage syste@®n
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the contrary,the control strategyenables chargingluring high PV power
generation(Yang et al. 2014) With this control strategy, voltage rise due to

high power generation cdre eliminated.

A combination of PV system and energy storage units is proposed for reducing
energy loss and enhancing voltage stability (Kaslkam Ledwich, 2007;

Hung et al. 2014). Any excess power generated by the PV system can be
stored in the eneygstorage unit that is integrated with the PV system (Hung et
al., 2014). However, energy storage without the management system does not
optimize the performance to mitigate voltage unbalances on the distribution
networks This is due to its inabilityo control individual phase voltages on the
distribution networksThe energystoragesystem also improves the efficiency

and reliability of the utility grid by reducing ttepinning reservéo meet peak
power demands and alsmprovide support téhe distrituted network operator

in case of plant failure.

2.6.2 Advantages and Limitations of Different Storage Technologies

Energy storage systems can be used to improve network stability, feeder
voltage and supply quality and reliabilifyWade et al.2010) Most erergy
storage technologies are expensive, especihibgse that usdithium ion
battery. At present, lead acid batteries are the most commonly used and cost
effective storage device. However, lead acid batteries $laoetlifespan and

the shelf life will ke reduced if the charging and discharging saie high.
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Table2.2 illustratesa list of energy storage technologies with their advantages
and limitations. Due to costconstraint, lead acid battery is the most

appopriate type of energy storage device for our application.

Table 2.2 Summary of energy storage technologies that market available for lowoltage

distribution networks

Energy Storage Advantages Disadvantages
Technology
Lead acid batteries - Low costing - Short lifespan
- Efficiency approximately | - Deep discharge shortg
80-90% lifespan
Lithium ion batteries | - High energy density - High costing
(Li-ion) - High power and durable
- Low self discharge
Redoxflow batteries | - Low self discharge - Low efficiency
approximately 66/0%

- Limited temperature
range, approximately

5°C to 45C
Nickel Cadmium - High charging cycle - Environmental
(NiCd) - Fast charging time unfriendly
- Durable - Low energy density
Nickel metal hydride | - Reliable - High self discharge
(NIMH) - Durable - High maintenance
- Higher energy density as| - Performancelegrades
compared to NiCd if stored at elevated
temperature
Flywheel - High efficiency - High selfdischarge
rate
Supercapator - Long shelf life (more than| - High seltdischarge
20 years) rate

- Low energy density

2.7 Summary

Future distribution networks are likely to have high penetration of distributed
renewable energy sourc&ignificant developments have been made tatere
a flexible supply and demand chain, as well as in the area of network
technologies and energy information networks European countries, when

the intermittency of thaenewable energy sources exce®25% of the
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demand,renewable energygurtailmentis necessaryn order to avoidgrid
disturbance nless the excess powgenerated istoredin the energy storage
system.Active network management system has bemerged to be one of

the solutions to accommodate and overcome technical issues caused by

distributed renewable energy sources.

The intention of the Malaysian government is to increase the utilisation of
renewable energy in the counfor reducingthe GHG emission b$#0% from

the 2005 levelsby the year 2020 Introducing feeein-tariff schemehas
promotedthe installation roof-top PV systems among domestic users and
industrial playersAs the sharef renewable energy saes in the electricity
sectorincreases, the energy storage system besameeeasingy important

With the dropin the pri@ of the batteriesand the increase ithe life cycle,
energy storage has become viabtdution in active managemeritable 2.3
showsthat, theenergy storage system can be integrated at different levels to
have dfferent impacts on the type of services provided. It is ingrd to
target the right application levels it involves different stakeholdeof the
electrical power system&nergy storage system is essential to balatiee
power generatiorand demand assimilation of excess power output from
renewable energies and bridging loperiods of regenerative power
generationHigher levels of the energy storage are required for grid flexibility
and stability. Control strategy is important fie energy storagsystem to
respond based on the network conditiohkence to integrate a high share of
renewable energies, a system for controlling the real and reactive power flow

is required.
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Table 2.3 Application of energy storage system for different levels

Transmission
Level

Distribution Level

User Level

Application in
Electrical Power
System

- Ancillary services
such as voltage an
frequency
regulation

- Ancillary services
such as voltage an
frequency
regulation

- Stores excess
energy
generated by
distributed
generators

Operating reserve

Peak shaving

End user peak
shaving

Demand side
management

Reduce
electricity bill
by charging
during off peak
tariff and
discharging
during peak
tariff

Increase depth of
renavable energy
penetrations

* Applicable to countries with offeak and peak electricity tariff

Energy storage system is one of the sensible solutions to overcome the voltage
issues caused by PV systems. Most of the existing energy storage systems do
not solve the voltage rise and voltage unbalance issues that fluctuate
throughout the day in the distribution network. The performance of the energy
storage system can be optimized if it is equipped with an appropriate control
strategy An effective control sategy is needed for the energy storage systems

to mitigate the fluctuating voltage rise and voltage unbalance on the

distribution networks with PV systems thate available in the country with

cloudy skies condition.
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CHAPTER 3

ARCHITECTURE OF THE EXPERIMENTAL LOW -VOLTAGE

DISTRIBUTION NETWORK

3.1 Introduction

TheMalaysian transmission netwovkltages are 500 kV, 275 kV and 132 kV
while the distribution networks are 33 kV, 11 kV and 415 V for tipbase
systemsA laboratoryscaleexperimental lowvoltage distribution network is
designed to investigatde effect of high penetration &V systems on the
distribution network and enable the developmerduitable control system for
the energy storage systeto maintain satisfactorpetwork operation In this
chapter, the design and detaisead componentfor the experimentalow-

voltage distribution network are presented.

3.2 Review of the Malaysian Low-Voltage Distribution Network

Topology

In orderto develop a hardware platforim investigate ta future challengeof

PV systens andto investigatethe active control techniquesn thelow-voltage
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distribution network it is necessary to review the existirgjstribution
networls. The Malaysian lowoltage distribution network is a radial three
phasefour wire system. Consumers are usually connected at the remote end of
the feederskigure3.1 shows the typicaiopology of a Malaysian lowoltage
distribution network. The incoming grid is rated at 11 kV astegpeddown

to 415 V via a step down transform8mwitchgeas arenormally placed at both
high voltage andlow-voltage side to isolate electrical equipment in the
substation. Thesubstationoutgoings are branched out to fdeeder pillars
namely FP3L, FP32, FP33 and FP3 with a 300mm four corescross
linked polyethylene insulation aluminium underground caB&OMMP 4C
XLPE Al) being used as the egbing feedersThe networkshown inFigure
3.1 has 18 feders in whichthe feeder ends with thrgdase cablethatserve

thepremises

LV Feeder Pillar

SS1-1 $S1-2
11KV/415V 11KV/415V
1000kVA 1000 kKVA
FP3-1¢ 1 <1 FP3-4
Lol L o FR32
Vv ov vV Al VY v VY
FP3-3¢T T
1 2 34 5 + 10 11 1213 14

Voo oW W

W
9 15 16 17 18

00 €

Vo
6 7

Figure3.1 Typical low-voltage distribution network
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3.3 Experimental Low-Voltage Distribution Network

The experimental lowoltage distribution network is designéal imitatethe
radial threephase four wire system. The systenTe&raTerra (TT) earthing
which is common practice in the Malaysian distribution network where both
the transformer neutral and the installation frame earthed.Figure 3.2
illustrates the placement of each device. The experimentalviddtage
distribution network consists of two 3.6 kWinglephase PV systems, a 2.0
kW singlephase wind turbine emulator and .@ 8W threephase controllable
load bank. Three phase selestare installed at the nodes for PV systems and
wind emulator system so that the singlease device can be swigthfreely to
other phases. Miniature circuit breakers (MCB) are installed befxlke node

to protectthe nodes fronoverload and short circuit currerifigure 3.3 shows

the test lab of the experimental lewltage distribution network in the
University. The details of the energy storage sysigill be discussed in
Chapter 5. Meanwhile, each of the devices including PV system, wind

emulator and controllable load will be further elabadatethe following sub

chapter.
Copper busbar
Node 1 Node 2 Node 3 Node4  3phase+ N Node 5
J IS N Y O A T I A R iy A I Il Ry
MCB MCB MCB I::l MCB MCB
32ATP 32ASP 32ASP 32ASP 63ATP TRCCB
RCCB 60A
40A 1 100mA
100mA
PV PV ‘Wind Controllable
System System Emulator Load

Network Emulator

Figure3.2 Network topologyof the laboratoryscaled experimental low

voltage distribution network
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3.3.1 Network Emulator

Network emuladr is used taepresenthe Malaysian lowvoltage distribution
network. It consists of a 15 kVA synchronous machine coupled with an
induction motor driven by a variable speed drive (VSD) as showsigiare
3.4. In addition, VSD is used to regulate the system frequency at 50 Hz
throughout the expenent. The synchronous machine varig®e system

frequency by changing the speed reference on the VSD.
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me Expenmental
network

Variable Speed Three-Phase Three-Phase
Drive Induction Machine  Synchronous Machine

Figure3.4 Layoutof the gid emulator

The design of the grid emulator is developed to isolate the experimental
network and the grid electricallyigure 3.5(a) shows the setup of trgrid
emulator andb) VSD installed in the latratory.Figure3.6 shows the voltage
profiles of the (a) lowvoltage grid emulatonstalled in the laboratorgndthe

(b) low-voltage distribution networkisken from the utility grid

(@) (®)

Figure3.5 Grid emulatorinstalled in the laboratonyith (a) synchronous

generator coupled with induction machine driven by (b) variable speed drive

Figure3.6 Threephase voltagerofiles for(a) lowvoltagegrid emulatorand

(b) low-voltagedistribution networksespectively
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