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Abstract

In this thesis, a possible solution for improving the utilization of wind
power energy without causing impact to the power grid by using microgrid
concept which promiseghe function of making a cluster of generators
and loads behavlike a controllable wit, is proposed. This microgrid
conceptis achieved by a proposed hierarchical control method which
contains three levels: decentralized levgbrimary or bottom levélis of

fast respose and can satisly the essential power system operation
requirementscentralizedevel 2 (secondary omiddle level)eliminats
control target deviatiorand relyon low band width communication
channelsto achieve accurate control objectivegthin several secongs
level Jtertiary ortop level)is thesystem organization level in which-on
site functions such as seamless states transition operation asitk off

functions such as setting points optimizationexecuted

A 4-bus microgrid model built in MATLAB/Simulink is used for
individual validation tests othe different controllevel. The following
experiments are executed in the wind power generators integrated CERTS
20-bus microgrid system. Thesimulation results show the system
variations caused by wind power can be digested within the microgrid
systemwith cooperation of the local loads, backup generators and energy
storage devices which are operated by the hierarchical contretrsyist

which case, the impact of wind powkuctuation can beabsorbedoy

using microgridconceptwith the proposed hierarchical control method
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Chapterl: I ntroducti on

1.1 Research backgrounds

When environment issues such as greenhouse gas emission and global
temperature rise beme more and more seriousanycountriesturn to

clean energy technologies. With the featuredbehg environmentally
friendly andamature technolgy, wind power becomes one of the popular
renewable energy sourcdsspecially theScottish governmerdimed to
generate 100%lectricity from renewable energy resourae020[1].

Wind energy penetration can be defined in several j2yy. In this
thesis, wind power penetration is defined as the total povstalled
capacity otthe wind farms divided by the total powastalledcapacityin

the power gridWhen the load is determined, increasing the wind power
penetrationlevel in power system means reducing carbon dioxide
emissions. With environmental considerations, higher wind power
penetration is preferred. However, because of the intermittent and hardly
predictable characteristics of wind power, higher wind power petiaat

leads to more impacts on power quality and system relialfidity-9].
Transmission congestion and/or temporal power mismatch caused by
wind power variations couldausesystem instability. These drawbacks
meanthe wind power penetration level must be limited.nfioimizethe
impacts and increase wind power peagtn level, some methods are
proposed and developed. These methods can be mainly divided into three

groups:

1 Improving existing power systemallowance bybetterregulation
methods such as realtime power flow regulation, mukarea

cooperation and demastle managemefit0-12].



1 Wind power generation assisted with energy storage technologies
including: battery, flywheel, compressed air, pumped hjti3l 8].
1 Consuming excess energy localior instanceif there is plentyf

water resources nearby, hydrogen production isoptien[19].

Themicrogrid concept islefined as a cluster of loads and energy sources
which are connected to the main grid tngh a point of common coupling
(PCC) A microgrid can behaviour as a controllable ulntthis thesis, a
microgrid cooperated with hierarchical control theory is usedambine

the advantages of thesm®nventionalmethods mentioned abové&he
researchwork is focused on the interactiobstween the microgrid and
the main gricon PCC In which case, theomponent within the microgrid

do not haveto follow the standards requiremerttthe main grid. It
makes tle research achievementsan be conveniently extended to

different countries and regions.

1.1.1 Developmentof power system and microgridconcept
1.1.1.1Development of power system

The power system network has grown and become larger and larger over
the last fewdecades, furthermore, some power grids of different countries
are connected and rimparallel[20]. In which case, the tradital power
system network is a centralised systdm.such power network the
direction of power flow is from the high voltage transmission network to
the lower voltage distribution network. In other words, the distribution
network is passive and networ&raponents are designed in such manner
that when they are further downstream, they generally have lower capacity.
Settings for distribution network protection are also designedimilar

manner.



In a centralised power system, to maintain the systerabildy, the
investment cost for transmission network grows fast when the voltage
level and transmission capacity increased. Some large area blackout
eventsfor instance, the northeast blackout of 2003, proved the importance
of reliability and theweakness of centralised power supply sysf2in

22]. To deal with these drawbacks of centralised system, the decentralised

structure is getting more widely used in modern power system.

Distributed generatsr(DGs), swch assmall gas turbines, fuel cells,
photovoltaic system and wind fasmhave the capacity often in the
interval of several kW to tens of M\|23]. In contrast to conventional
generatorsDGs hae the advantage of supporting demand locally as they
are usually geographically located near the Idad$ DG technologies
reduces the capacityequirement for the transmission branches and
provides the possibility of smadicale renewable energy sources injection.
Meanwhile, there are some disadvantages of DG itself, such as relatively
high generation cost, hard b controlled and regulated lifre system
operator. These disadvantages limit the effect of DG applicatuitk.

the features of DG, some changesraeded irthe modern power system
concept In recent years, ih more and more DGs being installedthe
distribution network, the traditional concept of power flavhich is
designed for radial netwoiik no longer valid. The distribution network

bemme active. New design and network control concept are needed.

1.1.1.2Microgrid concept

The concept of microgt was first introduced by R.H. Lasseter in the 2001
and 2002 IEEE Power Engineering Society Winter Meetj2§s 26] It
provided solutions for effectively operating distributed generators. The



benefits come from this concept include not limit to, enhance local power
system reability, reduce transmission losses, maintain voltage level,
combined heat and power solution, and provide uninterruptable power
supply functionsAs the components in microgrid drghly controllable,

it is inherently compatible for renewable energy sources such as wind

power.

With thebetterprospects afhemicrogrid, many entities began to research

and develop microgrid projects. Some of thieaveproposed their own
definitions of microgrid [27]. These definitions are normally quite like

each otherOne of thewidely accepted microgrid definitiemgivenby US
Department of Energy is fha group of
energy resources within clearly defined electrical boundaries that acts as

a single controllable entity with respect to the grid. A microgrid can
connect and disconnect from tged to enable it to operate in both grid

connected or islantho d ¢28]0
1.1.2 Worldwide microgrid development and ongoing projects

In the past years, thmumberof worldwide microgrid projects have been

rapidly growing especiallyin US and EU microgrid research projects play
worl dos | efdB80pAAc porsditmnmggnt o the Navi
report[31], up to the 2 quarter of 2018, there amwer 2000microgrid

projects. The tatl capacity which include proposed, under development,

and operational reaché&b GW. In these projects, the diesel generation
technology shares the leading capacity. However, the PV solar capacity

grows fast, whictdropsthe leadhg roleof diesel.



1.1.2.1Microgrid development in USA

In the year 2003, The US department of Energy publisipedject called

0 Gr i d[32.0 Brdpdsedhe objects of power grid development in the
21% century are including: to improve the power supply reliability for
important loads, provide the power meets variety quality requirements,
reducing generation costs and building smart gird. Microgrid research is
one of the most important parts of this smgird. The participants
involved in this project including industry practitioners, policy makers and
researchers. This vision provides a development roadmap for the National

Electric Delivery Technologies.

The most weltknown organization irthe microgrid R&D field is the
Consortium for Electric Reliability Technology Solutiq@ERTS which
proposed the first microgrid concepgsedn the USA.The full-scaletest
bedused for demonstration is built near Columbus, Ohio and operated by
American Electric Power. There are some other participants running their
demonstrations on this telsed [33]. One of the famous projects is the
Distributed Energy Resources Customer Adoption 8Ild®ERCAM)
which is developed by Berkeley Lab since 2(4B83]. This model is
focused on economic section about minimizing the operating ddsts.

current projects running by CERTS cover the research areas include:

1 Techniques sectionseamless mode transition methods, protection
approach which is not depending on thbnormal currents,
decentralised control method for voltage and frequency stability
during islanded mode

1 Enhancements sectionreduction of protection and DC storage

costs, inclusion of AC storage and Aonerterbased microsources.



1 Addition and integrated testing of new hardware elements:
more flexible energy management system, conventional
synchronous generator, intelligentatb shedding, commercial

standalone storage device.

1.1.2.2Microgrid development in EU

0 lameworkProgram® ( FP) i s a continuously
by the European Commissi¢&4]. This funding program started in the

year 1984. It supporesvariety of different research objectives in different
periods. U to 2018, there are 8 sections from FP 1 to FP7, and FP 8
whi ch i s Hotizene 0Q&albl. edcadédh of stkagzse pr o
for several years:rom FP 5, the funded research areas covered microgrid
concept which is an important part of smart grid section. In the past several
years, for the purpose of decarbonising the energy system, enhance
renewable energy utilisation andting more economical benefits, some

Vi sions and gui dance, such as O
Smart Gri ds o6, O0Strategic Energy Tec
205006 ar ¢35p’/bLbl i shed

Awellkk nown microgrid project call ed
European Commission leaded by the National Technical University of
Athens (NTUA) in 200338]. This project cooperas 14 members from

7 EU countres. The research fields for both stadne and gridied

microgrid include: operation, control, protection, safety and
telecommunication infrastructure of microgrid as well as the economic
benefits demonstration. Thefollowedp pr oj ect O MORE Ml (
started in 200934] with the research objectives include: increasing

penetration of microgeneration by using microgrid concept, investigation



of generator control strategies and network design, developing tools for
multi-microgrid management and operation, and stansiagli the
technical and commerciglrotocols for microgridThe test beds are the

LV and MV microgrids built in the labs in Greece, Germany, Framck

UK respectively One of the welknown test beds is the Kythnos Island
addressed in the Aegean Sesar Atheng34]. This project is a village
scale low voltage AC microgrid which is funded by FP 5 Microgrids
program. This is an islanded microgrid used to test centralised and

decentralised control strategies.

1.1.2.3Microgrid development in Asia

New Enegy and Industrial Technology Development Organization

( NEDO) S one of t he Japanads | ar
organization in industrial, energy and environment technologies
developing areaf34]. The Sendai Microgrid is one of the w&hown

microgrid projects funded bNEDO. This microgrid was constructed

from 2004 to 2007 for demonstratiparposes and still being operated

after several upgrades. There is a notable feature of this microgrid that it
can provide six different power quality levels for different loadsisT

project is getting famous for its successfully surviving in an earthquake in

the year 201139].

In China, in contrast to the lordjstance high voltage transmission
technologies, the microgrid concept attracted the attention from
government a little latethan USA/EU When the widarea blackout
happened in the winter of year 2008, ordyew small power grids were
supporting important loadgt0]. The China government realised the
weakness of the exisg grid and decided to accelerate the research



progress on the robust smart grid area. With the efforts of National
Development and Reform Commissioncnaigrid concept is developing
fast in recent years in China. There are over 100 pilot projects in different
cities of China. The researstopes include energy saving and efficiency,
economic running, renewable energy development for either

decarbonizatior power quality and reliability enhancement.

1.2 Research objectives

The mcrogrid concept has the advantages in the DG integration and
system reliability enhancement. Tladtractive prospects attract many
countries and organizations to run R&D projects. Howegkallenges
andunsolved issues exist the area gbower electroniclevice techniques,
control methodsspecificprotection techniquesystem level optimization
andcommon accepted standaifdd-43]. As mentioned in the previous
section, mosbf the existing microgrid projects are focusedmaintaining

the power balancand system optimizatiowithin the microgrid. In this
researchhow to effectively deal withhe interactions between theind

power embeddenhicrogrid andmain grid is the mainyrpose.

The power directly generated by the renewable energy sources or the
smallscale generators oftendo not meet the requirement of grid
connection. Most of the DGs in microgrid connect to the grid need power
electronic interfaces, normally inverterlf. reducesthe inertia in a
microgrid system. Moreover, in contrast to the conventional power
network, thdine impedance in a microgrid muchsmalkr. In which case,

even some small disturbancaisone nodenay causéhe wholesystem
significantly varying, such arge circulatingcurren, voltageswell or

dipsand frequency variations.



To solve the issuementioned abovesome concepts and methdusve
beenproposedThe DC microgrid conceptvhich can eliminate some of
the ACsystend s d r amveftiared lal®vehas been proposed as it has
the advantages oio reactive power flovissues, simple system topology
and nophase angle or frequency related is§dds46]. However, the DC
microgrid concept is not se for existing power system as spedil

transmission lines amdkevicesare required.

In AC microgrid, the existingcontrol methodsan be divided into two
groups: decentralized contahdadaptivecontrol[32, 47] Themost well
accepted decentralized control method is droop contethod[48-50].

This methodachieves autonti@ally load sharindy simulating theactive
powerfrequency and reactive power/voltageoop characteristics of
conventional generatarowever, the conventional droop control method
onlyworksfor thehighly inductivelines As a result, some modified droop
control methods have been propos&de076 A 1T BF5 droop methods
proposed byJ.M. Guerreroet al. [51]. This droop methochas the
advantage and disadvantdiye the conventional droop mett as it only
works for the highly resistive line€.. K. Sao and®. W. Lehninvestigated
anadjustable load sharing meth&®]. This method can improve system
dynamic performance without affecting the droop characteristics.
However, itstill cannot deal witliheline impedanceffect C. T. Lee et

al. investigated a method which can improve the reactive power sharing
accuracyand eliminate part of the line impedance effiegtusingl 7w
droop characteristic[53]. However, tle integral parts slow down the
systemdynamic responseThe virtual impedancanethod (such as
complex virtual impedanceethodproposed byV. Yao el al.[54] and

adaptive virtual impedance method proposedibivlahmood et al[55])



and virtual framemethod proposed by. Li and Y. W. Li[56] decouple
the active and reactive poweontrol and they are capable for different
R/X ratios of line impedance However, the accurate equivalent line
impedance pameters required, and these methasnotadoptsystem
topology changesBesides, hiere are certain level ofoltage and/or
frequency deviations cannot be eliminated by using any ofthe
decentralized methoahentioned aboveMeanwhile, the adaptive control
methods, such asentralized controlmasterslave controkircularchain
control can achievaccurate control results and are capable for different
line impedance situation§7-63]. However, the feature oélying on high
speed communication chansehake these adaptive methaggplied in

microgridbe expensive and unreliable.

The hierarchical control structure is widely used in power system control.
Different control objectives are addressed in severatrablevels. In
which case, different contranethods can be combined@he main
objective of this research isitovestigaeé athreelevel hierarchicacontrol
method which canmaintain the system stabilitthe power quality and
obtain the best value of mondyy combiring the decentralized control
and adaptive contrahethods Control level 1 whichuses decentralized
control methodsatisfies the essential system operation requirements and
capable for multgeneratorsituation with high reliability Control level

2 assists control level 1 tchievegood power quality anthakesystem
stable for different line impedance situationg~or the purpose of
improving wind power utilization, antrol level 3is designed for system

optimization and regulation.

10



1.3 Main contri butions

There ardour main contributions been established in this thesis

1 The first contribution isinvestigating a statistical wind power
output model which is used for evaluation purpdsethe historical
wind speed data is often not large enough for system planning, a
method of generating the output model aha@vpower generator
which is used to evahate system performance is developed. This
model is based on thaatistical wind speed distribution which is
derived from the historical dat&Veibull Distribution is used to fit
the wind speed historical data. After the relationship of wind speed
andgeer at or 6s output are derived,

can be obtained by executing Monte Carlo simulation.

The secondo the fourthcontributiors are abouthe unique threéevel
hierarchical control methowhich is designed for the wind power

generatorembedded microgrid

1 Contribution 2: The level 1 controller is a fastesponded
decentralised controllemhe controller is a local controllevhich
is locatedat the DG sideTheinformationused for regulation is the
voltage andcurrent values measurddcally, and the references
from the highetevel controller With this level 1 controller, the
DGs can be operated either in constant voltage mode or constant
power output mode withowt communication system assi3tey
also can adapt a certain level of system voltage and frequency

variations. Although thereare some deviations existed with the

11



standabne level 1 controller, system reliability and stabilgse
guaranteed.

Contribution 3:Thelevel 2controller isaddressed in thaicrogrid
control centreThis controller achieves its control objectives within
several milliseconds to secondsgéinerges the initial references
which is calculatedby power flow calculationfor the level 1
controllers It alsoeliminatesthe deviations on each nolg adding
compensationto theinitial referencesThis level 2 controller is
normally operated with the objective of minimum transmission
losses.Only the low bandwidth communication channels are
required for the cooperation betwemntrol level 2 and level 1. In
which case, the precisely system regulation and high relialaiigy
effectively maintained.

Contribution 4:The level 3 ontroller is alsoaddressed in the
microgrid control centreThe information involved in the level 3
controller is not only within the microgrid, but also from the DNO.
It provides boththe reattime and norreakttime functions The
respond timef this level is from several seconds to hollite real
times functios achieved in the level 3 controllers includieg-term
power flow regulation and state transition regulatiime realtime
functions are achieved by cooperation with the level 2 controller.
The nonreattime functionsinclude power exchangeschedile
regulationon PCC and the settings optimization of WECS/FESS
combined generator system.

12



14 Assumpbiobnhbis worKk

The studies in this thesis are based on the software simulation using
MATLAB/Simulink.

The assumptions applied inghresearch are stated as follows:

a.

To makethe calculation procedures be simpleetcomponents in the
simulatonsystem i s relatively 1ideal
neglected. All the DGs in the system have the same rated voltage level.
As the tranmiission distance is relatively short, the ideal R/X cable
model is used to represent the transmission [ifes part has no
impactto the simulation results.

The AC microgrid is operated in three phase balanced load condition.
The main grid side @&ointof Common CouplingRCQ is considered

as infinite.The voltage and frequency variations caused by microgrid
are not considered in this thesifie voltage and frequency at PCC are
determined by the main gridcor system transient analysis, more

detailed main grid modés required.

. The wind generator and the backup generator are connected to the grid

through invertersThe generator and energy storage device cooperation
control techniques are considered be weileloped and not discussed

in the thesisThesimulationmodel of invertetdbased generator coupled
with energy storage device is consisted of a constant source at the DC
side and a detailed PWM driven tievel inverter.

. FlywheelEnergyStorageSystem (FESS) is used as #mergy storage

device which is coupled with the wind power generdtas ashort
term energy storage devjoehich is preferredor the continuously

variationsituationand haghe feature of higipower density and low

13



enery density[39, 64] Which means the energy stored in FESS is
relatively few, but it can provide very large power output in short terms.
Theinvestment costf FESS is much less théong-term devices such

as batteryBesides, it has the advantages of good durability around 20
yeas, low maintenance cost, high energy exchange rate which is over
90%.

e. The wind speed data is generatatidomly by using Monte Carlo
Simulation method with the Weibull Distribution characteristics
derived from historical dat&Vith the properly installedreergy storage
devices, the wind generation output is assumed constant in every 15
minutes durationAlthough the characteristics otontinuity are not
reflectedby the Monte Carlo simulationThis data set is good at
probability evaluation.In this thesis, the main purpose is the
probability evaluation.

f. In this thesis, the frequency signal which is used to control the inverter
is generated by virtual phase locked loop instead of the convdntiona
phase locked loop. The local clock signal of the simulation host

computer is used to present the GPS synchronization signal.

15 Layout of this thesis

The rest of this thesis is divided into 6 chapters:

Chapter 2 gives a glance of worldwide wind power demment and
trends. An introduction of fundamentals of wind power energy conversion
system (WECS) technologies is provided as well. The features of two
most widely used wind turbine model, ttheubly fedinduction generator
(DFIG) and permanent magnet siinenous generator (PMSG), are

introduced and compared. Based on these characteristics, this chapter

14



i nvestigates a method of generati ng

from the statistical wind speed model which is obtained from the historical
data. Acase study is given to help clarify the procedures of how to derive

this statistical model from historical data.

In Chapter 3, a review of microgrid operational features and control
theories is presented. The dispersed energy resourcesgriogrid are
normally connected to the grid through inverteffie microgrid is
connected to the main grid through PCC. To meet the grid code
requirements, the DGs in a microgrid have to be monitored and supervised.
A well accepted hierarchical controhstture which contains three levels

is often applied in microgrid applications. The control hierarchies are
divided by the different control objectives which have different response
time requirements. In this thesis, the existed corénl 1 techniques,
which provide the instantaneous functions of voltage stability provision,
frequency stability preserving, plug and play capability of DERs and
circulating current avoidance among DERSs, ran@ewed intwo groups:

droop control and active load sharing coht

Chapter 4 proposed an enhanced hierarchical control methatiéavind

power integratedmicrogrid. The physical components in this microgrid
include generators (wind power generators and backup generator), energy
storage devices, loads (elastic anuat-elastic loads)The adjustable load
sharing method is chosentagcontrollevel 1 method in this thesis as its
dynamic response can be adjusted without affecting the droop
characteristicsThere are two control objectives of the control leX @t

the proposed hierarchical control method: initial steady state values
generation and deviations compensation. The initial steady state power
flow is generated by the MATPOWER tools box in MATLAB. The

15



deviations compensation is achieved by recalculating pflows after
adding correction parameters which is generated from the comparisons of
observed values and the initial calculated reshitthis chapter there are

two groups of functions are proposed inléneel 3 energy storage device

settings optimization and reime operating functions.

In Chapter 5, an 11kV 20 busesimulation microgrid model built in
MATLAB/Simulink is used to evaluate the perfisance of the proposed
hierarchical control method in chapterThis simulationmodel contains
three main classes of components: industrial and residential loads,
inverterbased generators, distribution cables. The load model includes the
main part whichis operated under a predetermined daily load curve,
randomly switched part, and controllable part. The WECS/FESS
combined generator model proposed in chapter 4 is applied in this section.
The output is randomly generated from the statistical wind speedlmod
This grid connected microgrid can performance as either controllable DG
or load. A method which is used to generate the microgrid operating
schedule is proposed in this chapter. The objective of this schedule is
making the power exchange between tleedrchical controlled microgrid

and the main grid be kept constant in a certain time periods with high
reliability. There are two main scenarios of experiment in this chapter:
long-term running result, and the system performances with precise

control in aspecific time period.

In Chapter 6, to make the wind power embedded microgrid be capable
for state transition and islanded operation, the control strategies for
smooth transition and shetgrm islanded operation are proposed. As
there are different operations must be appaed theydependon the

islanding duration, the critical time for load shedding and wind power

16



curtailing is proposed in this chapter. Within the critical time, the power
supply and demand gap caused by the disconnection should be adpable
being supported by the existeblackup generator and energy storage
devicesThe procedure which can minimize the system disturbance during
reclosing period is introduced and tested in theb@9 simulation

mi crogrid system. The backup gener

shorttime islanding period is discussed in the last section.

The conclusions ansliggestion fofuture work are presented @hapter
7.
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Chapter2: Wi nd power background
of Wind Energy Conversion S

21 Il ntroducti on

Environmental issues are increasingfgoncern byhepublic. In contrast
to fossil fuels, renewable energy sources such as wind power have much
less impacton the environment. How to effectively use wind power

becomes one of the most important topics in many countries.

Utility -scale wind turbine technologies was rapidly developing since
1980s. Fixeespeed wind turbine technology is considered obs§t&e

Most of variablespeed wind turbines inject power to grid through power
converters. The inertia of such type of generasoshielded from the grid,

and hence they do not inherently have the droop characteristics as
conventional generatof86]. When there is a certain number of dispersed
wind turbines, a set of challenges related to powstesn control and
operation emerges. For instance, dynamic performance, load flow
balancing and reactive power contrdhe mcrogrid concept makes a
small scale of power system behave as a controllable source or load. It
leads to a reduction of the numbar nodes needed to be operated by
TSO/DSO in a certain power system network. To achieve these benefits,
it Is necessary to have a good understanding of wind power performances

and power system control backgrounds.

In this chapterSection 2.2 givean oveview of current wind power status.
The worldwide wind power trends of both onshore and offshore wind
farms are introduced. The next section explains fundamentals of wind
energy conversion systein.this section, the main components including

mechanical ad electrical parts are introduced. Besides, information of the
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aerodynamic performance of the wind turbines, the classification of
current industrial WECS technology and the generating cost expressions
for WECS is provided. Two of the most widely usedaviarbine models,
DFIG and PMSG, are compared $8ection 2.4. It also describes the
procedure of how to produce wind turbine mechanical output by
aerodynamic features on certain wind speed. Although they generate same
power when the rated wind speed reagllee PMSG is more effective in
relatively slow wind speed conditions. Section 2.5 describes how to build
wind speed statistical model by using Weibull Distribution and Monte
Carlo Simulation method. A case study of how to derive the WECS output
statisti@al model from the practical wind speed data explainesention

2.6. Section 2.7 gives the summary.

22 Wor |l dwi de wind power trends

In recent years, therean urgent demand of new energy technology which
has less carbon dioxide emission to replace conventional fossil fuel energy.
Wind energy especially onshore wind energy is considered as one of best
the economic renewable energy. The generating cost cb¥VECS is
around 79 p/kWh [67]. It is half the cost of offshore windnergy, a
quarter of solar photovoltaic energy and on average slightly cheaper than

nuclear power.

Since the first 5kW utility-scale wind turbine is invested in the 1980s,
and in the past decades the size of wind turbines is gradually increasing.
Nowadays, the power of a single commercial wind turbine already reaches
the level of 10 MWTheheight of tower can be built to near 200 meters,
and the length of rotor blades is near 100 meters. This huge size of WECS
enable wind power to be used in some aveh relatively slow average

wind speed.
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As Figure2.1 shows, the worldvide cumulative wind power capacity is
growing rapidly in last decade. Thepacity has grown around 20%
annually since 2001. Right now, the speed of expansion isrgjaown

as it already has a huge quantityabhost500 GN.

Typically, wind turbines are geographically divided into onshore and
offshore. In recent years, public shows more interests in offshore WECS.
Compared to onshore wind farms, offshore wind farms have the
characteristics of lower wind speed turbulence amgthdn annual mean
wind speed. Large offshore wind farm can provide wind energy with
better power quality to the utility griét.is geographically centralized, this
makes power flow control for system operator much easier than dispersed
onshore wind farmgrigure 2.2 shows the offshore wind capacity of the
top 15 countries in the recent two years and the worldwide cumulative
capacity for the last six yeai$.can be sought out that UK has the world
largest offshore wind capacity. European countries and PR China show
more interests in offshore wind power than other countries. The offshore
wind power capacity percentage of the total wind capacity grows
constatly every year. Asigure2.3 shows, the growspeed in percentage

is over 25% in the last 5 years. In 2016, offshore wind power has already
shared 3% ofhte total wind power. With this speed of expansion, it will

share over 20% in next 10 years.
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Figure2.1 globalcumulative installed wind capacigndannual installed wind capacity 20Q0D16[68]
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ANNUAL CUMULATIVE CAPACITY (2011-2016)

GLOBAL CUMULATIVE OFFSHORE WIND CAPACITY IN 2016 16,000 MW
\ \ \ v R
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Figure2.2 global cumulative offshore wind capacity in 2015,2016 and annual cumulative caps
2011-2016[68]
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Figure2.3 Global offshore wind capacity growing situation 2016

However, for offshore wind turbines, the capital and maintencostare
30%50% higher than onshore wind fari@9]. This amountresults in
twice the per unit cost of electricity generated of onshore wind farms. For
onshore wind farms, the cost of foundation construction is not a significant
part of the total ast, some high efficiency wind turbine generator
technology like direct drive PMSG which is much heavier than gear drive

WECS can be implemented.

With the fast development of power electronic converter technologies, by
using appropriate modern control met such as microgrid concept, the
power quality of WECS can be significantly improved, and the operating
condition can be simplified as well. This makes parts of the drawbacks of
onshore wind caused by highly randomly variable power output can be
eliminated. In rural areas, when the noise and visual impactsanmeajor

factors, the cheaper foundation of onshore wind turbine becomes very
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attractive. The microgrid control theory in this research is concerned about

onshore wind power.

23 Fundamendt aNESC S

2.3.1 Main componentsof WECS

Figure2.4 is an illustration of typical wind WECS from GE website. The
major components of a modern WECS can be typicallglddsinto three
categories: mechanical components, electrical components and control
components. The mechanical componamtkiderotor blades, rotor hub,
rotor bearings, main shaft, mechanical brake, gearbox, pitch drives, yaw
drives, anemometer, nacell®wer, foundation, heat exchange system.
Wind generator, power electrical converters, filters and power cables

belong to the electrical components. Control components control both

mechanical related parts and electrical related parts of WECS.

v

Blades

Generator

Controller

Pitch system

Rotor Yaw drive

Tower

Figure2.4 GE wind turbing70]

24



Figure2.5is a brief diagram which explains the procexlaf converting

wind kinetic energy to electric energy. The wind power is captured by
rotor blades and transformed into mechanical torque which drives the
rotor in wind generator via gearbox. The electric power generated by wind
generator is normally navell formed. There are electrical components,
whether converters or transformers, used to regulate the output of wind

generator. The regulated power feeds the utility grid through power cables.

Aerodynamic Mechanical Electrical

Coupling Coupling Coupling
l / \ (P
EIPE]
L : N R
~ EIREY
S-S ‘ [F [3]
C_V ,
Wind Rotor Mechanical Wind Electrical Utility
Power Blades Components Generator Components Grid
Kinetic Mechanical Mechanical Unregulated Regulated
Input Output Input Electric Electric
Power (Py) Power (P,.) Power (BPp,) Power (FPs) Power (Fy)

Aerodynamic Mechanical Mechanical + Electrical Electrical
Losses Losses Losses Losses

Figure2.5 Block diagram of WEC$65]

2.3.2 Aerodynamic performance of wind turbine
Wind kinetic energy isonverted into mechanical energy when it flows
through the rotor blades. The wind kinetic power can be calculated by

equation(2.1):

CA

Pr & (2.2)
C
Where:

0 is the wind kinetic power (W)

" is the air density, itis 1.225 fx  at sea level when

temperature is 1%

0 is the area swept by rotor bladés |
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0 is the wind velocity (m/s)

According to Betzds | aw, t he mechc

Kinetic is

0 0 (2.2)
Hered is the poweconvesion efficiency coefficient of rotor blades. The
theoretical maximum value @f is 16/27[71]. Thecoefficient of present

commercial WECS is from 0.32 to 0.555].

There are typically four wind speed intervals for défetr wind turbine
power output characteristics respectiveygure 2.6 shows a typical
characteristic curve. The cint speed, rated speed and-out speed
values are typically in the range of53m/s, 1015 m/s and 280 m/s
respectively. The more precise values depend on the wind turbine model.
For instance, the Vestas V20 MW IEC Il A model is operated with

3m/s cutin speed and ctdut speed @m/s respectively.

P, (W)

Je«— No Control
A [
Rated-

.
Active Stall Passive Stall

e (M5)
-

Minimum-

i
Cut-in Rated Cut-out

Figure2.6 Wind turbine power output versus wind speed charactel
[65]

When the wind velocity is less th#recutin speed, the mechanical power

extracted from wind kinetic by the blasleannot drive the rotor. In this
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period, there is no power generated by wind turbine. After the wind speed

U reaches cuin speed, the rotor starts rotating. Theoretically, the
mechanical power versus wind velocity curve is a cubic curve of wind
speedtill the rated value. The next wind velocity interval is from rated
speedtocdb ut speed. The turbineds out pl
by the aerodynamic power control. If the wind speed exciedsit-out

speed, for safety reason, the wind tnebwill be shut down[73]. It will

back online after the wind speed is reduced to a certain value. This value

is called re cutn wind speed. It is normally slightly less thére cut-out

speed. To simplify analysis procedure, the re-icuspeed is not

considered in the research.

In practice, there are three types of aerodynamic power regulation
methods: passive stall, active stall and pitch control. The stall method is
achieved by the specifically designed blade shape. Air flow turbulence
formed when air flows through the bladasea. The turbulence causes
power coefficienb decreasing when wind speed increased. The blade
shape used in pitch control method is like airplane wings. It controls the
power coefficient bRgure26showsbyusinmgl a d e 6
different methods, the power output characteristics of wind turbines are
different. The blade positions @f passivestall turbine are fixed. The
turbulence caused by wind cannot be regulated. For this reason, there are
unnecessary overshoot and over reduced power coefficient exist. In
contrast to the passive stall method, by using active stall control technique
the blade positions are adjusted to maintain the constant power output
when the rated wind speed reach®etause of the directly aerodynamics
designed blades applied in pitch control method, the {obctirolled

turbine responses faster than statjulated turbine. This makes its output
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characteristics very close to theoretical one. In this thesis, pitch control is

implemented in wind turbine model.

Overall, the wind turbine mechanical power output is describdtien
general expression as

LT 0 V)
I," p [1] ™™ er Al Al \
> -7 ® 0 ¥ U U
U ..Q
) O U 0 (2.3)
W Tt V) V)

Where:
0 is the wind speed (m/s)
L is the cutin speed of wind turbine (m/s)
L is the rated speed of wind turbine (m/s)
L is the cutout speed of wind turbine (m/s)

0 is the instantaneous power efficiermfyrotor blades

0 s the rated power output of wind turbine (W)

By combining pitch control and maximum powenmt tracking (MPPT)
control which determines the rotor speed to maximize the mechanical
power extraction during different wind speed conditions, the power

efficiencyd can be always close to the theoretical maximum value. In

case of thisO here isconsidered as a constant value.

2.3.3 Classification of WECS technologies

There are many methods that can be used to classifyd turbine.The
International Electrotechnical Commission gives a definition which
classified wind turbines into three classes Hase wind speed akable

2.1 shows. The turbulence classes are classified by the metric called
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turbulence intensitywhich is typically range from 3% to 20%. This
indicator is derived al.4)

A
- 2.4
M o pTTP (2.4)
Where:
A is the standard deviation of the horizontal wind speed (m/s)

L[is the average wind speed over a certain time period (m/s)

Table2.1 IEC wind speed classificatidii2]

Turbine Annual average | Extreme 50year | lurbulence classes
class wind speed(m/s) gust (m/s) A (%) B (%)
IEC I 10 70 18 16
IEC I 8.5 59.5 18 16

IEC 1l 7.5 52.5 18 16

WECS are divided into 5 types i%5] defined by their commercial

configurations

1 Type 1is fixedspeed WECS with squirrel cage induction generator
(SCIG);

1 Type 2 is Semvariablespeed WECS with wound rotor induction
generator(VRIG);

1 Type 3 is Semvariablespeed WECS with doublfed induction
generato(DFIG);

1 Type 4 is fultvariable speed WECS with SCIG, permanent magnet
synchronous generator (PMSG), wound rotor synchronous

29



generator (WRSG) or higtemperaturesuperconducting
synchronous generator (HISG5);

1 Type 5 is fultvariablespeed WECS with WRSG and mechanical
converter.

Table 2.2 Top 10 WT manufacturs in 2015, along with their priority
WECS configuration§s3]

Market

WT Country of . _
Rank WECS configurations | share

manufacture manufacture

%

1 Goldwind PR China PMSG 12.8
2 Vestas Siemens | Denmark PMSG, DFIG 12
3 GE Energy USA PMSG, DFIG 9.2
4 Siemens Germany PMSG, SCIG 7.7
5 Gamesa Spain PMSG, DFIG 5.5
6 Enercon Germany WRSG 5.1
7 United Power PR China PMSG, DFIG 4.7
8 Ming Yang PR China PMSG, DFIG 3.8
9 Envision PR China PMSG, DFIG 3.5
10 CSIC Haizhuang| PR China PMSG, DFIG 3.4
Total market share 67.7

Table 2.2 gives the top ten wind turbine manufactgra 2015. The latest
ranking for 2016 is: Vestas, GE, Goldwind, Gamesa, Siemens, Enercon,
Nordex, United Power, Mingyang and Envision. Most of the top ten
manufactures provide PMSG and DFIG solutions. As the Pl\&m

30



has more efficiency than conventadrDFIG technology, there is a trend
that PMSG may replace tmearketplaceof DFIG. Up to year 2014, the
market share of PMSG in Europe has reached 3If#market share of

DFIG is reduced from nearly 80% in 2007 to less than 40% in PB4

2.3.4 Costs of WECS

As the power generated by WECS is from wind, the opeatmost of
WECS is muchless than conventional power plants. The capital
investment cost takes the major parts of a WE@S If the maintenance
cost not considered)é generating cost of each kWh is define@guation

(2.5) [75]:

3 ip i 0
0 - " (2.5
p 1 P WX @Ot

Where:
0 is the cost of wind generating cost (#kWh)
0 is the capital investment (£kW)
1 is the annual capital recovery rate
¢ is the operating life time of the WECS (year)

"Ois the generation factor of the WECS, it is define{@®)

(2.6)

c~1| C-

0

Here0 is the annual mean electrical power output of WEES s the

rated wind turbine output.

Thegenerating cost of a WECS is decreased when it has less capital cost

and/or higher power efficiency.
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The costtompositionof each components in a typical onshore WECS is
shown inFigure 2.7. In this wind turbine model, the top three components:

tower, rotor blades and gear box, cost over 60% of total investment.

100%
Generator

_ Transformer

Power Converter

70%

Grid connection Q0%
11%

Planning & Miscellaneous
9% y

Rotor Blades
60%

50%

Foundation
16%

Tower
40%

Turbine Cost Distribution

30%

Wind Turbines
64% 20%

Other

Figure2.7 Capital cost for a typical onshore wind power system &
turbine[69]

24 Wi ntdur bgiemeer at or technol ogi es

As mentioned inSection 2.3, the two commonly used wind turbine
generator technologies DFIG and PMSG share overm@¥etsharein
Europe. To build arsimulation model, it is necessary to have a good

understanding of how they perform energy transformation procedure.

2.4.1 DFIG model and features

Typically, the DFIG generator is wound rotor induction generator, in
which the stator is directly connected to the main grid, and the rotor is
connected via a badk-back converter. This converter system normally

needs to have capability to provide 30%of full-scale power
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transmissiorin aninduction machine model, slitio Is often

used to represent the asynchronous speed states. When the MPPT control,
pitch control, converter control implemented together in DFIG system, the
relationships between wind speed, mechanical power generated by wind
turbine, electrical power flown stator and rotor are shownRigure2.8.

As thewind speed increases, the slip of DFIG system decreases. There are
two operating modes: stdynchraous and supesynchronous which is

based on the slip ratio.

Sub-synchronous mode During low wind speed period, the rotor speed
is less than synchronous speed, the machine is operating at sub

synchronous mode. In this condition, rotor absorbs pdwer grid.

Super-synchronous mode: At where i 11, rotor is rotating at
synchronous speed, and as such there is no power exchange between rotor
and power grid. If wind speed keeps increasing, the DFIG system begins
running in supesynchronous mode. Thetoo speed is faster than
synchronous speed. Both stator and rotor feed power to th@ getbtal

active power generated by DFIG system is reached its maximum when s=
-0.2.
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Figure2.8 DFIG system power flowg/ 6]

2.4.2 PMSG model and features

A PMSG generator is connected to main grid via full scale converter. The
most commonly used here is backback voltage converter. As the
electric power generated by PMSG is not directly inject into grid, rotor
speed is full scalavailable. This makes PMSG system more efficiency
during low wind power periods. In contrast to DFIG, the rated power of
converter in PMSG is over twice larger than those for DFIG. Normally,
this makes the investment cost of converter increased to 7%bFomf

the whole WSCS. For the other hand, the synchronous speed of PMSG
does not have to be the same as grid. A PMSG system can be geared or
gearlessFigure 2.7 shows, a direetirive PMSG can save around 10%

investment on gearbox part. Besides, in a microgrid system, as the
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generator output voltage is normally not required to be boosted up to a
high level, the transformer part is not necessary. In a ®Ménd
generator system, the rotor flux is provided by permanent magnetic
materials. In this case, the electromagnetic in PMSG model is coeasider

only on the stator.

2.4.3 Efficiency of wind generator

There are many factors which can result in power lossesgtiie
transformation from mechanical power to electrical poweble 2.3

gives the priority parts which cause power losses need to be considered
for DFIG and PMSG system.

Figure2.9is a typical power flow procedure for&#CS. The mechanical

loss happens when wind kinetic energy is transformed to mechanical
torque by wind turbinel'he @ntrolsystem for WECS tracking MPPT and

load demand variation causes stray load loss. Besides, the copper loss and
the iron loss exist peramently in most power generators as there are

current and flux variations.

Table2.3 losses of DFIG and PMSG

Generator Type DFIG | PMSG
Mechanical loss Y N
Gear loss %
Stray load loss n N
Iron loss n W
Copper loss Y N
Power Converter loss | n
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Transformer loss n
Filter loss n
Windage loss N i
Bearing loss Y i
Wind turbine Electric power

power -
Conversion

from mechanical
energy to
clectric energy

Pwin™ gear

Mechanical 10\%3 ; Stray load loss

Figure2.9 Power flow in WECS77]

Iron loss Copper loss

The total efficiency o DFIG is defined as the ratio tfetotal electrical

active power output to the mechanical power generatethéywind

turbine:
0 0 0
- - 2.7
5w 3 27)
Alternatively, foraPMSG system, the total efficiencygs/en by
0 : (2.8)
A B |

The efficiency versus wind speed curves of three different types of 5SMVA
WECS with cutin speed 4 m/s, rated speed 12 m/s, are showigure
2.10. The parameters used to accurately calculate efficiency of certain

commercial wind turbine model usually not openly available to the public.
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For this reason, the instantaneous efficiency versus wind speed during
O R is roughly calculated basech dhis figure following quadratic
function (2.9).

s U 10 o O (2.9
A, B, C parameters can be derived by pick up any three points on

efficiency curve fronfFigure2.10.

ForaDFIG sydem,

. « T® ¢
v o] - :
rp L U
. 0 ub - hd (2.10
I'p U U
r., TE @ pBO P L T80 U
. 0 S ;
Vs U U
ForaPMSG system
. « TP T
1P (@) < "
rp L U
, TP T8O
. o] : : (2.11)
I'p v U
by XY pPRL TAOOL
Ly L U
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Figure2.10 Efficiency of IG, PMSG and DFIG wind generator syst:
[77]

25 St atistical mo d e | of WECS

p o

statiwsatredqceadd model based on Wei

In practice, the original data availabtethe open access is usually not
enough for evaluating a system performarase the wnd speed is
continuously and randomly variating. The output of WECS is highly
related to the wind speed. Proper wind speed model is necessary for
investigating the statistical model of WECS. Monte Carlo simulation
method is widely used for modelling the probability outcomes of
unpredictable processes with random variables. By using this method, a
large number of wind speed samples can be generategybtem
evaluation. The transformation power losses from mechanical power to
electrical power is discussed in section 2.3.4, the final statistics model of
WECS power output can be generated from the combination of wind

speed model, aerodynamics of winddine and generator efficiency.
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2.5.1 Wind speeddistribution functions

Normally, an anemometés used to measure wind speed on site. Mean
wind speed values are recorded every 10 minutes. These data are sorted
by an interval of 1m/s. To evaluate wind speedrithstion and wind
energy potential from the statistical data, many methods are investigated.
Weibull and Rayleigh distribution functions are two of most widely used
methodd78].

The Weibull distribution function which originally a three parameters
function, represents wind speed probability as a two parameters function
by equationg2.12) and(2.13) :

QU ¥
N = = Qo = (2.12)
O © ®

. U
LU Qwn =
P % (2.13)
Where:
N L is the probability of occurrence of wind speed
0 U is the cumulative probability

c is the Weibull scale parameter

k is the Weibull shape parameter

In the Weibull distribution function, c is proportional to the average wind
speed. Parameter k determines the variation of the wind speed. When the
value of k is relatively small, it means the wind speed variates significantly,

and vice versa.
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The Rayleigh distribution is a one parameter determined function.
Probability density at each speed ratio is described by the equ&tibf)s
and(2.15)

N0 ——= (2.14)

(2.15)

Where:
N v is the probability of occurrence of wind speed intef@al
0 0 isthe cumulative probability
"Qis the frequency of occurrence of wind speed intetvyal
N is the total number of wind speed intesval
"Qin theRayleigh distribution function is directly observed from statistical

data. This makes the calculation of parameters in Rayleigh function much

easier than Weibull function.

However, this method is less flexible as there is only one parameter. The
wind powe density estimated by Weibull distribution has a probability of
30% less average errors than using Rayleigh no matter in monthly or
annually[78]. For these reasons, Weibdlktribution method is used for
data analysis and prediction in this research. The next section introduces

a methodo obtainthe proper Weibull parameters frostatisti@al data.

2.5.2 Determination of Weibull distribution parameters

There are six popular mettis which are used to determine the Weibull
distribution parametel[§9-81]. They arghegraphia method, empirical
method, energy pattern method, energy trend method, maximum

likelihood method and moment method. There are many factors which can
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be used to indicate the accuracy of the parameters generated by different
methods. For instance, the rootean square error (RMSE), mean
percentage error (MPE) and coefficient of determinathon. (These three

indicators are calculated thefollowing equationg2.16) - (2.18).

2. 3% UB o o (2.16)
0 % b ©_® Tt b
0 = = p (2.17)
| B & O
Y p —
B & & (2.18)

Where:
N is the total number of observations

@ is the predicted value
® is the observed value

@ is the average value 6f

When theRMSE and MPE valueloseto 0, and’Y closeto 1, it means
the predicting functions is accurate.

Although the moment method is one of the oldest method which is used
to determine Weibull distribution parameters, the error indicators of this

method are better than most of other methods in many situffi@n®0]

In this research, moment method is used to determine the Weibull
distribution parameters. The Weibull distribution parameters which can

be easily obtained by the moment method have the goodness of curve
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fitting. The Weibull distribution parameters ¢ and k are calculated from
the values of standard deviation and average wind speed follows the
equation(2.19) and(2.20) [79].

8
o TYXT (2.19)
"0
i 0
- 2.20
P (2:20)
where:
, IS the standard deviation of wind speed (m/s)
U is the average wind speed (m/s)
3 is gamma function which is definedasd . 0 Q Qo

2.5.3 Statistical wind speed model

According to equatiorf2.13), when the Weibull scale parameter ¢ and
shape parameter k are determined, there is a certain relationship between
wind speed) and the cumulative probability 0 . By reversingthe

original equation(2.21) is obtained.

~

b @O 11p 00 (2.21)
The interval of cumulativerobabilityd 0 is from 0 to 1. Irthiscase, in
the Monte Carlo simulationp 0 0 can be replaced by a uniformly
distributed random variable number M within the interval [0,1]. A certain

number of wind speed samples can be generated by substitutingvthe
random number M into equatid@.22).

0 M 1™ (2.22)
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Normally, the results beconmeore accurate when the number of samples
grows.

26 Case IWMELC®yoower oatpouvemsum

To clarify theprocedure of derive the artificial output model, tbhase
study is presented. The historical datafrem the weather station of
Wensumlt is located at the east part of EnglaAtlt he following stuies
are based on the data from Wensum weather stdtloere are several

steps to generate artificial wirsfheed and wind turbine output:

First of all, gather the original data including historical wind speed data.
The type of wind turbine is chosen and is based on the wind speed
character. After that, using historical wind speed data to extract Weibull
distribution parameters ¢ and k. Then wind speed samples are generated
by equation(2.22). The statistical wind turbine power output is obtained

by apply arificial wind speed data to equati¢a3).

The case study introduced in this section is based on the wind speed
records from Wensum weathstation[31]. TheFigure2.11indicates that

the wind speed in different months has different characteristics. For this
reason, the Weibull parameters variates seasonally. Here it gives the
procedure of how to establish statistical model of two different seasons in

January and July.
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Figure2.11 Wind speed at Wensum of year 2014

2.6.1 Historical data analysis

The height of modern wind turbine tower can be over 100 meters.
However, the wind speed data used to evaluate wind type normally comes
from the weather station which measures the wind speed near ground. The

wind speed at 100 meters above grofardvind turbine can be estimated
by equation(2.23) [82]:
Q
VI \ — 2.23
0Q b g (223
Where:
L "Q is the wind speed at height tm/§)
0 is the velocity of wind at 10 meters height (m/s)
"Q is constant equal to 10 meters
wis the Hellmann exponent

Accordingto the NOABL WIND MAP [83], at the same location, the

annual average wind speed is increased by the height above ground. The
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wind speed profile at Wensum areaFagure2.12 shows is 5.1 m/s at 10

meters height, 5.8 m/s at 25 meters height and 6.3 m/s at 45 meters height

respectively. The Hellmann exponenfor this area can be derived from

equation(2.23) as 0.14.The annual average wind speed at 100 meters

height is 7.05 m/s. In this area, IEC Il low wind speed WECS class should

be chosen. According teigure2.10, PMSG wind generator system has

better efficiency performance than DFIG if wind speed is less than rated

speed. In

prd

this case, PMSG low wind model is preferred.

Latitude: 52.73612493817047
Longitude: 1.0337448120117188

Height Above Ground Wind Speed

At 10 meters 5.1 m/s 11.4 mph
At 25 meters 5.8 m/s 13 mph
At 45 meters 6.3 m/s 14.1 mph

List installers in this area

Custom Map £2.40
Purchase a printable and shareable
version of this map centred on your location
I by clicking here

&>

4.7mie
Sparham

Figure2.12 NOABL WIND MAP of Wensum83]
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2.6.2 WECS parameters

In this casethe Vestas V154.2- 7 |IEC Il B model WECS is
implemented. Itis a PMSG babeind turbine. hismodel has parameters

of acutin speed 3 m/s, cwdut speed 22.5 m/s, and rotor swept area 17671
a respectively. &cording to(2.1) and(2.2), andassunng that the max

power coefficient of rotor blades is 0.52 thentherated wind speed can

be estimated using equatiih24):

~
3

cL |
0

.‘ (2.24)
(0]

The rated wind speed hereasound9 m/s. When the cuh speed, the
rated speed and caout speed are obtained, the expresq@25) of

mechanical output of wind turbirean beextracted from equatiof2.3):

. T L O

5 v L X c U Q)
g pT W L C® (225
w Tt C® L

As this WECS model is a PMSG model, the final electrical power output
of this system is derived as the product of PM&Eantaneous efficiency

and the turbine mechanical power input:

~ ~

b -0 U (2.26)
According t0(2.9)(2.11)(2.25), this equatiortan berewritten as

. o
” CP TTW ocomy G U (@)
Y et p T «p U () (2.27)
v T C® U
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2.6.3 Generating Weibull distributed artificial wind speed

The annual average wind spaadasured at thg@eather station is 1.9 m/s.
According to(2.23), the wind speed at 100 meters height is the original
wind speed at weather station leweiltiplied by a coefficient 3.95igure

2.11 gives the original wind speed and the h@€erspeed respectively.

The wind speed distribution varies in diffetseasons. In this case, wind
speed data in January and July are chosen to stand for two different types
of distributions. Weibull distribution parametéfs p& ¢ @nd®d p @
derived from the January wind speed data by equafibhd) and(2.20).
Applying these parameters {2.22), the wind speed versiise random

number equation is

O p@O 110 8 (2.28)
Alternatively, the wind speed verstieerandom number equation for
July is

O @& XD 116 8 (2.29)

Infinite wind speed samples of January can be generated by Monte Carlo
simulation based on equati@28) and(2.29). The artificial wind speed
density is shown irFigure 2.13. The wind power in winter season is

stronger than in summer. Wind speed varies motiedsummer.
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Figure2.13Wind speed distribution of Wensum in January and Ju
2014

2.6.4 WECS power output based on the statistical wind speed model

In previous sections, the wind speed versus electrical power output
equation2.27), and thestatistical wind speed model equat{@£8)(2.29)

are obtained.

Figure2.14 andFigure2.15 gives the results of WECS output at artificial
wind speed dateegpectively. Theformer figure is obtained within 100
times repeat calculating using Monte Carlo method. The green line and
purple line represent the probability density by reforming the WECS
output in ascending order. The dash lines are the original WECS output
samples. Te latter figure is the result after 10000 times repeat calculating.
It is observed that, theimulation results are significantly closer to
theoretical distribution when the repeat times increases to a relatively
large numberln practise, the Monte Carlo simulatishoudbe stopped
when the standard deviatias reduced t@n acceptable range, which is

determined by thepecific situationsThe WECS power variations model
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used in the research in this thesis is based on thistisa&t model
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27 Summar y

This chapter gives the background knowledge about modern wind energy
issues. With the benefit of relatively stable wind speed and more
centralized regulation, offshore wind farms are getting more concerns.
However, up to year 2016, the worldwide onshoradniarm installed
capacity remains over 97% of cumulative wind energy capacity. The
combination of the microgrid concept and modern control technologies
provides a feasible solution to the power quality and safety issues caused
by the randomly power outpueature of onshore wind farms. The
following chapters of this thesis atenceredabout how to achieve this

combination system for the onshore WECS.

There are two most commonly used commercial wind genergjoes:

DFIG and PMSG. DFIG has a lower capital cost as there is no need of
full-scaleconverters and permanent magnetic rotor. However, the power
efficiency of DFIG during slow wind condition is much less than PMSG.
Besides, there is a potential cost reductiothagearbox and transformer

part which usually take over 10% tfe total investment cost are not
necessary for PMSG. The WECS using PMSG technology becomes more
popular in recent years. In most place, the average onshore wind speed is
less than 6.5 m/s ithin the height of 45m. In case of that, the WECS
model used in this thesis is based on PMSG model.

The statistical model of WECS which is used to evaluate system
performance is provided in this chapter. This model is created based
the artificial generated wind speed and aerodynamic features of wind
turbine. The Weibull distribution is a probability distribution which has a
good fit of describing wind characteristics and can be used to generate

artificial wind speedThemoment nethod which is used to determine the
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shape and scale parameters of Weibull distribution based on historical
wind speed samples. A case study shows how to build this statistical
model, and the simulation results proves the model has a good probability

distnibution feature which can be used in system evaluation
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Chapter3: Review of microgrid
features and control t heor

31 I ntroducti on

A microgrid can form an individual system with high penetration of DGs
without causing power quality problems to the maiwl.gfihis provides a
solution for how to effectivelyutilize wind power. In contrast to a
conventional wind farm, the aggregate local leddch is in charge of a
Microgrid is highly relative to the install capacity of generators in this
Microgrid. Besidesa microgrid has to be designed to operate with or
without utility grid. These features make the operation and control of a
microgrid more sophisticated than a wind fafPnopercontrol theories

are needed to make a microgrid achieve multi functions sudbads
sharing management for each DGs and demand side management. The
operational features and existed control theories is introduced in the

following parts of this chapter.

Section 3.2 introduces the fundamentals of microgddcept Typical
microgrid features and hierarchical control theory which integrated
several control procedures addressed in different time scales to deal with
the issues including accuracy load sharing, reference value correction,
seamless mode transition, optimized energy managearentbriefly
introduced.The inverterbased DGs models ithe microgrid are also
explained in this sectiolhe basic control principles consist of current
controller and voltage controller for single inverbarsed DG in microgrid

are providd in section 3.3. The next section gives a brief review of grid
code requirements in modern transmission and distributidwonle,

especially the UK network. This section indicates the isthesneed to
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be considered related to wind power embedded microgrid. Section 3.5
reviews theexising control theories on theontrol level 1 applied in
microgrid. Most of the control thees concerned at the variations of
demand side. However, for onshore wind turbines, the output of WECS is
varying continuously. It is difficult to properly operate a microgrid in long
term without monitoring and correction. A summary is provided in tte la

section.

32 Fundament al scohceptrogrid

3.2.1 Microgrid features and hierarchical control structure

A microgrid is typically a smalscale power gridconsising of DGs,
energy storage units and loads and control system. In normal operation
conditions, the microgrid often runs connected with the utility grid, and

behaves like a controllable load or embedded gendgfipr

A multi-DG microgrid architecture presented Hye Consortium for
Electric Reliability Technology Solutions (CERT) is showrrigure3.1.

This microgrid is connected to the utility grid through a PCC point. There
are four invertebased DGs controlled byhe Microgrid Central
Controller (MGCC) andhelocal controllers (LC) inhis microgrid. The

DGs are operated by the LCs following the commands sent from the
MGCC which manage the overall system performance. For economic and
security consideratiathe MGCC is often located near the PCC. Besides,
acombined heat and power furmst is available in the microgrid as the
DGs in a microgrid is often located near demands. These inEsed

DGs in microgrid could be microturbines, fuel cells, photovoltaic cells,
wind power generators, diesel generators etc. Wind power generators

emleddedin the microgrid are theconcernof this thesis. The local
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demands in this microgrid are classified into the sensitive loads and the

traditional loads. The sensitive loads such as hospital and industrial loads,

which are often inelastic, have the Ihigriority of the power supplyOn

the other hand, the traditional loads such as lighting and some residential

loads are interruptible. A microgrid is designed to secure the power supply

for the sensitive loadswvhere thetraditional loads will be dropped if

necessaryg84].
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Figure3.1 CERTS Microgrid Architecturg8s]
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When the microgrids disconnected from main grid either caused by
external faults in the main grid or intendé€slandingis formed. The
control system &s to be designed to achieaesmooth mode transition
function and provide stable and secure running ability for the islanded
microgrid [86]. The same control circuit and hardware whlapable

of different operation modas preferred as it has the benefits on reducing
the distortions during transition periods. Besides, a microgrid shaurkel
flexible features to support load variation and DGs switching inlout
that casg, a fast responthg decentralized control algorithm without
communication is preferred. However, most of decentralized control
methods which are based on droop theotgrofesult in a certain level of

power quality deviations such as voltage drop or frequency variation.

A well operated microgrid usually has both critical and -notical
requirements[86-89]. The critical requirements include maintaining
system stability, voltage and frequency regulation, proper load sharing
among DGs. The nearitical requirements include power flow regulation,
system deviations compensation, microgrid operating cost optimization
and resynchronization before reconnectidmese control objectivesften
needto be achieved by different control strategies in different time scales.
The hierarchical control structure which addresses these objectives at

different control hierarchy is a feasible solut|64].

A commonly used hierarchical structureamicrogrid with three levels
is presented ifigure3.2. The controlevel 1 is often addressed in the DG
local controllers. It provides the fastsponse functions which can work
within several milliseconds to seconds to meet the critical ragemées

such as voltage and frequency regulation, load shalWast of the
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published papers are concerned about the control theories can applied at
this level. Thelevel 2andlevel 3 control functions are achieved by the
MGCC. The second level impraos¢he power quality by providing the
compensating functions to eliminate to voltage and frequency deviations
caused by contrdlevel 1 This controllevel 2 takes place in several
secondsThe controllevel 3gives a microgrid some particular functions
including either reatime or not.This levelachieves the objectivedthin

several seconds to houvghich is determined by what the control function

is. For instance, economic running, constant power exchanges with the
main grid, seamless stateansition takes secondsand the system

optimization may take hours
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3.2.2 Inverter based DG model in nicrogrid

Most of the power generated by distributed energy sources in microgrid
cannot be directly injected into the grid. For instance, the rotor in a
microturbine can rotate over 90,000 r@i], and the highHrequency AC
power has to be transferred to 50Hz before it connected to the grid. One
of the most commonly used DG structaredelsin microgrid is shown in
Figure 3.3. The primary energy source can be either renewable energy
source, fossil energy source or chemical energy solineeoutput power

from primary energy source can be AC or DC depandn the type of

the generator. The inverter here converts the power from energy source to
AC form. For DC energy source, for instance PV array, before the power
is passed to a DC to AQwerter, normally there is a DC to DC boost
circuit used to transform the voltage level to a certain value. If the energy
source is an AC source, for instance wind turbine, the AC/DC/AC back to
back converter is often used. The AC power converted from\aatter,

even multilevel inverter, normally contains square waves which may
cause damages. To eliminate the harmonics, a filter has to be placed in
most cases. A transformer is needed if thereaisequirement of

trangorming voltage to a certain level oat the operating range of the

inverters.
AC/DC AC
_— _—
Primary DC/AC or ' ]
Energy AC/DC/AC Filter | Transformer Grid
Source Inverters —|L_______J—

Figure3.3 Singlephase model of DG in microgrid
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For either AC or DC sources, the electricity power has to be transformed
into DC form and passed through the DC to AC inveitee DG model

used in this thesis ieeducedas Figure 3.4 shows. In this model, the
primary energy source is replaced by a constant DC soliteeis only

one DC to AC inverter here used to convert DC input to AC oufjné.
control techniques which makes the primary energy source behaviour like
a constant DC source is not considered in this rese&tth.reduced

structureis widely used in microgd modelling[23, 32, 47, 92]

DC AC
— —_—
Constant e 1
DC Ir?vc;/r?; Filter | Transformer Grid
Source —'I_________I—

Figure3.4 Reducedsinglephase model of DG imicrogrid

The control theories discussed in the following sections are based on this
simplified structure of DG modelThe control theories are concerned
about the DC to AC inverter part. Control of primary generators, DC link
voltage stabilizer controffilter design and transformer design are not

considered in this thesis.

33 Basic control pr i Abcaispelde sD & oir
mi crogrid

3.3.1 Referenceframe transformations

When a controller designed with the original three phase AC signals under
Natural Referace Frame (NRF), it has to treat three phases separately. To
make the control procedure for a three phase AC power system be easier,

three phase voltage/current signals in NRF are usually transformed to
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Stationary Reference Frame (SRF) or SynchrondestgtingReference
Frame (SRRF) signals. The biggest advantage of using SRRF is the
control components are DC signals which can be easily controlled by PI
controller. It has good performances on eliminate steady state errors with
this widely used PI contrdheory. PR controller which relatively more
complicated is used for SRF contrf23]. This PR controller has
advantages in solving unbalanced conditions and harmonic prof@8ms

94]. However, it is not costffective compared with Pl contrdh this
thesis,the power system is assumed to be operated under balanced three
phase condition, in case of that the SRRF is preferred. This NRF to SRRF
transformation usually called direquadraturezero (dq0) transformation

which is derived from Clarke transfo(@11) and Park transfor(8.2).

99) P By
@ 1S Sno@g
@ Sy Vo Voigg (3.1)
%] O'IF C Cn @
p p p n
K ¢ ¢V
@ ATSD OBIO nn Y9
) OBIO Aix® n 09 (3.2)
@ - n o p 9

When the balanced three phase condition is considered in the power
system design here, both ten (3.1) and@ in (3.2) are kept zero. In case

of that, the SRRF which is applied in this gfsehas two axis,-dxis and
g-axis. The daxis rotates with the samagular velocity of original AC signall.

The g-axis is perpendicular to-axis. Equation(3.3) gives the relationship of

threephase AC signal and SRRF DC signal.

3® AT 0 pcmd AT 50O pcmd 2

T
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Where:
@ is the instantaneous variant praxis of SRF

@ is the instantaneous variant praxis of SRF

@ is the instantaneous variant oraxis of SRRF

@ is the instantaneous variant oraxjs of SRRF

@, andd are the original instantaneous three phase signals
S is the Angular velocity of original AC signal (degrees/s)

3.3.2 Inverter-based DG components

An inverterbased DG model with control components is showriguire

3.5. There are several main components used in thisADCQoower
conversion system: inverter, phdseked loop (PLL), current or/and
voltage control loops and switching signal modulati@y]. Both
instantaneousoltage and current informatiddhiQat the inverter output
ports and) FQwhich are injected to the main grid are gathered and passed

to the controllerd H) KRQ hw are the reference output values of

active power, reactive power, frequency, voltage magnitude respectively.
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Figure3.5 Single phase diagram of Inverter

3.3.2.1PLL and current/voltage controller

The PLL is an important and wedeveloped tool for signal frequency
synchronization and generati¢®5]. A PLL normally has a filter part
which can eliminate the noise in the original signal. In this control system,
the PLL is used to track the instantaneous frequency of-firage
voltage or current signal gathered from original electricity circuit and
passes the phase angle information to the controller which deals with
NRFSRRF and SRRINRF transformation. In this thesis, the phase angle

of U is tracked.

The reference voltage sigr@al for Sinusoidal Puls&Vidth Modulation
(SPWM) is generated by theontroller based on different control
strategies. The power conversion system here can perform as either
currentcontrolled voltage source or voltagentrolled voltage source
depends on the controller. The detailed controller structure is introduced

in the following section 3.3.3.

3.3.2.2Pulsewidth modulated inverter and SPWM technique
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PulseWidth Modulated (PWM) inverter is widely used for converting DC
input to threephase AC output in power systelffigure 3.6 gives a
common circuit topology of a PWM voltag®urce inverter. The power
electronic valves are switching follow the gate signals generated by the

modulation device.

1
|
|
|
|
|
|

Vdc *Vag ® Voo “TVeg :
|
|
|
|
|

Vas zs  Vbs zs V¢S Zs

— — — — — — — — — — — — — — — — — — — — — — —

Figure3.6 PWM voltagesourceinverter[96]

One of the most commonly used modulation techniques in modern power

systems is the SPWM. Normally, the gate driven signal is generated by
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the comparisons of a high frequency triangular carrier wave and the
desired reference waveforiaigure 3.6 shows a typical characteristic of
singlephasevoltage output of a SPWM driven inverter. When the
amplitude of carrier signais larger than the desired waveform, the
negative dc bus voltage is applied for the output of inverter, and vice versa,
positive voltage output is applied. The root mean squalee of the ac
voltage waveform is equal to the original dc voltage. In this figureis

the amplitude of desired sinusoid waveform, &nds the amplitude of
carrier waveform. The ratib : | is called modulation index. The

high frequency harmonics filtered after passing through low pass filter.
This square waveform is transformed to the desired sinusoid waveform.
The final output voltage quality will be better when the carrier frequency
increased. However, the larger number of switching per cyatlses more
power losses. In power system applications, the carrier frequency is
normally chosen in the range &2z to 1%Hz. For a thregohase system,

this number has to be multiples of 3.
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Figure3.7 Principle of SPWM97]

3.3.3 Inverter controller design
3.3.3.1Equivalent voltage and current circuit

When a power conversion system equipped with a LC filtErgare 3.5,
singlephase equation8.4) (3.5) which are used for control loop design
can be obtained. The design proceduréhefpower conversion system
with other types of filter is the same as the LC filter situation discussed in

this section.

) (3.4)

(3.5)

Where:
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O is the perphase instantaneous voltage value at the output port
of the inverter (V)

Eis the petphase instantaneous current value at the output port of
the inverter (A)

O is the petphase instantaneous voltage value at the grid
connection point (V)

E is the pesphase instantaneous current value at the grid
connection point (A)

, Isthe perphase inductance value of the inductive part of the LC
filter (H)

# is the pephase capacitance value of the capacitor part of the
LC filter (F)

This equation can be-aritten as equatio(B.6)(3.7)

- Py (3.6)

{ & > &

>

P o
= VE 3.7)

Where:

YO O O is the voltage difference value between inverter port
and grid side\)

YE E E is the current difference value between inverter port
and grid side (A)

For athreephase system, the equatigB<}) can be expanded as equations
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The dgframe inverter output curref® HQ and the filter output voltage
O R are given in the equation®.10)(3.11)(3.12)(3.13) which are
obtained from the NRSRRF transformation equatiofB.3). The
reference frequency is the frequency of grid side voltage tracked by

PLL.

£ gémm EAT YO pcmEAT 60 pcnd (310
£ %EC)EbTO EOESO pc MEOESS pcmd  (311)
& %o Ais® O Ai 60 pcmdd Al 60 pcnd (312
O 20 OB O OEJ0 pcmd OESO pcnd (313

o
Alternatively, the current and voltage differences equation in SRRF can
be obtained as equatio(%14)(3.15)(3.16)(3.17)

VE gyém 5 YEAT X0 pcnVEAT 0 pcmnd (314
VE gyéosar VEOESO pc nmIVEOESO pcmnd (3.15)
Yo gyo/:'rm VOAT £0 pc mVOAT 60 pcmnd (3.16)
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e gyoosai YOOESO p ¢ mIOOESO pcmd (317)

Equationq3.18)(3.19)are obtained by applyg derivation of time to
equationg3.10)(3.11)

£A SE~'I'5@£ '|mpan—éA|®o pgmd

AO o A A (3.18)
25 EOBIO EOEIO p o MEOESO pgml

EA SAEOE‘)TA E”ﬁ@ panAE"SO pgmd

AO c AO AO AO (3.19)

Eb EAIXD EAT X0 p¢cnEAT 80 pgnd

According to equation§3.6)(3.16)(3.17), the equation$3.18)(3.19) are
reformed as

- Py s (3.20)

& |7

5 TY0 OE (3.22)

>

After doing Laplace Transformation to equatio(®20)(3.21), new
equationg3.22)(3.23)are obtained.

Q& w Yiu 3, & (322
Q& Yh 5, & (3.23

The equivalent block diagrafigure3.8 of current circuit can be derived
from the equationg3.22)(3.23).
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Figure3.8 Current circuit equivalent circuit

Similarly, the voltage circuit equatiof#24)(3.25) and equivalent block
diagramFigure3.9 can be obtained.

Gty Y8y S#Tj (3.24)
Gtif Y& O# 1 (3.25
iod
lig A > »Vod
_>_< » @t—} V|=l_ >
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H—% > V|=l_ >
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Figure3.9 Voltage circuit equivalent circuit
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3.3.3.2Current controller

A current controllemeedsto compare the input current and reference
current differentials and generate reference inverter output voltage to the

SPWM. The current control loop can be obtained from inverse of current

equivalent circuit irFigure3.8. The— block which contains proportional

and integral part can be replaced by a PI controller. Finally, the current

controller is given irFigure3.10.

Vod
lidref P , @ : é V, idref

lid

o

g
iiq

o

l 1

iiqref A Viqref
—»—Gg —{ PI —>—®—>

Voq
Figure3.10 Current controller loop

In power system, the complex power provided by a DG can be calculated
by equation(3.26).

3 BF % & ) B %) %) E%) %) (3.26)

Where:
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S is the complex power generated by the DG (VA)
%is the injection potential (V)
% % are the projections &®on d-axis and epxis (V)

¥ is the conjugate of injection current (A)

) h ) are the projections & on d-axis and epxis (A)

As the SRRF rotates synchronized to the grid side voltadgere is equal
to 0. Then relationships among voltage, current, active power and reactive

power output of previous section are simply expressed in equations

o O &E (3.27)
1 O E (3.28)

When the microgrid is running under giednnected mode, the grid side
voltage magnitude is often set at a fixed value which is close to the
nominal voltageThefrequency of this microgrid systemdstermined by

the main grid. The DGs in this situation usually runs to provide certain
power to the grid. In this case, if active poWerreactive powet and

grid side voltag® are predetermined, the reference injection cuient
and E can be asily obtained by equationg8.27)(3.28). A typical
structure of current controlled inverter structure running in power support

mode is shown ifrigure3.11.
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3.3.3.3Voltage controller

Vodref )

Vod
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l
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single gridconnected invertd23, 98]

The input parameters for a voltage controller are the voltage differentials,
and the outputs are the inverter current valugke the current control

block, the voltage control block is givenkigure3.12.

|od
lidref

Figure3.12 Voltage controller loop
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When a microgrid is islandedyhich meanst is operated standalone
without the connection to the main grilere has to be one or more DGs
provide support of the frequency and voltage regulation. In this case,
voltage controller is applied. However, the controller with only voltage
control loophas poor performance for transient over current. The nested
loop structure with a current controller in the inner loop is preferred. A

typical structure is shown iRigure3.13.
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Figure3.13 Control block diagram of the nested controller for a sin

standalone invertdR3]

34 Power system control Il ssues
wind poweednpemegrats

3.4.1 General Grid Code requirements

To meet the demands of the secure, safe and economy, many specific
technical requirements called 6grid
and principles of all participants involved in the electricity grid. The

contents of grid codes vary in differentountries as the
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transmission/distribution systenase operated by different TSOs/DSOs
[70, 99102). For example, according to Spanish grid codes, wind farms
have to stop drawing reactive power within 100ms of voltage dips and
inject reactive power within 150ms of system recovémUK, the grid
codes which published by National Grid requires wind aproducing
their maximum reactive current for the period of voltage dip caused by a
network fault[103]. System design requirements in this thesis are based

on UK grid codes.

In a conventional grid, high voltage level wind farm which directly
connected to utility grid is often integrated by a gradpvind turbines.
Wind power is classified as intermittent power source in the UK grid code,
the primary source of power for a WECS cannot be considered as
controllable. There are specific grid codes provided for the purpose of
improving WECS performanceand making WECS behaviour with the
operational characteristics similar to conventional power plants during
normal and abnormal grid conditiongl04]. The most common
requirements related to high voltage wind farms include fauktho®igh
capability, frequency and voltage operating ®ngctive power and
frequency control, reactive power and voltage regulafid¥b]. These
requirements are often specified at the P@4hd turbine manufactures

specify individual WEES performance rather than entire wind farm.
3.4.1.1 Frequency and voltage operating range

3.4.1.1Frequency operating range

According to connection conditions CC.6.1.3 in the UK grid code, the
system frequency could variate between 47Hz and 52Hz in exceptional

circumstances. The plants and apparatustbe designed to operate with
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this frequency variation. For over frequency conditions, they must be
capable of operating for 15 minutes at system frequency over 51.5Hz, and
90 minutes if the frequency is above 51Hzlow frequency situation, the
operation period is at least 90 minutes for the system frequency between
47.5Hz and 49Hz, and 20 seconds when the frequency is less than 47.5Hz.
Besides, all the devices need to be continuously operating when he system

frequency is in the range from 49Hz to 50Hz.

3.4.1.2Voltage operating range

When doing control category research, most of the contemporary
microgrid researchers consider the voltage at PCC as a constant value.
However, the voltage at PCC does variate when a micragns as a
subsystem in a main grid. There are 3 categories in CC.6.1.7 that give the
constraints of voltage changes at a PCC of onshore transmission system.

These 3 categories are classified by the indicddYs and

b Y6 in equations(3.29) and (3.30). For offshoresystem, which

usually depends on the useros bil at
section.
o 6 6
P Y6 5 pmtmb (329
6 6 v Arm o as
v—e—— pmTP Ol | GA QO A
b Y6 (3.30)

pnimth O 1 GARGH A
Where:

All voltages are the root mean square value measured over one
cycle and refreshed every half a cycle based on6dHIDG4-30
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6 is the initial steady state system voltage (kV)

6 Is the system voltage with less than 0.5% rate of change
over 1 second (kV)

b Y6 Is the absolute percentage value of difference
betweer6 and6

6  isthe maximum system voltage when voltage is increased (kV)
6 isthe minimum system voltage when voltage is decreased (kV)

bY6 s the percentage value of maximum diéetial between
6 and current system voltage

Whenboth absoluteralues ofe ¥6  andb Y6 are less than

1%, the system is running under category 1. There is no limit of
occurrence number for this category. Both categories 2 and 3 have the
condtion of p b b Y6 o b, they are classified by the
differences ofb ¥6 . In category 2, the voltage variations with

PY6 less than 3% occur evenly distributed. The maximum number

allowance of occurrence in one hourgs — 5y
If the voltage deviation from thé is up to 12% decrease or 5% increase,
category 3 happengigure 3.14 gives the time and voltage magnitude
restrictions of category 3 for the system. Each time the vottemesup

to 12% happened, it has to be modified to no more than 10% in 8@ms.
voltagedeviation has to be reduced to less than 3% within 2 seconds.
Alternatively, if the voltage is increased within 5%, operations are needed
to maintain it in the steady state with up to 3% deviation in 0.5 seconds.
After that, category 3 is transferred irdategory 2.
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The maximum number of occurrences of category 3 is strictly limited.
Normally, it only happens when commissioning, maintenance and fault
restoration which is notified to the TS@.can happen no more than 4

times per day. At the PCC, categ@rizappens no more than once per year

on average.
Voltage A
Non-compliant zone
Vo+5%
Vo+3% | ________
Vo |
Vo-3% |f-------- R
Compliant zone Vsteadystate IS reached when
Vo—10% ' dv/dt < 0.5% over 1s
] I
:-'_ " L
Vo120 [ I
| ! |
1 ' 1
; ! ! Non-compliant zone
L :
| | | >
80ms 0.5s 2s Time

Figure3.14 Time and magnitude limits for a category 3 Rapid Volt:
Changq103]

3.4.1.3Power factor regulation

In the UK gridcode section OC2, the power output zone of a subsystem
at PCC is given aBigure3.15. The MVAr values at point A and point B
present 0.95 leading p@r factor and 0.95 lagging power factor at rated
active power output respectively. At point E, the subsystem absorbs
reactive power which is 12% of rated MW output. When the active power
output is 20% of rated MW, the power factor at PCC reaches minimum
value of 0.8575 leading. Under normal operating conditions, the power
output at PCC is located inside the bold line area. The power factor has to

locate in the intervals [0.8575, 1] leading and [0.54, 1] lagging. The
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dasledlines C and D represent the leaglpower factor and lagging power
factor restrictions of the reactive dispatched on the power network. These

restrictions are depending on local voltage requirements.

MW
Rated MW
Output C| |D
100% > : :
| |
| |
| |
| |
| |
| |
5090 e | |
| I I
| I I
| I I
20%—>||—— - :
Leading | : | | : Lagging
| o I )
A ET B MWATr

-12%

Figure3.15 Power park module performance chart at the connect

point or wuser 0[803]syst em

3.4.2 UK distribution network connected microgrid design
requirements

A microgrid system is often at a low voltage level (less than 6.3kV) or

medium voltage level (up to 33kV). It means this microgrid system is
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normally operated part of a distribution network rather than directly
connected to transmission network. Thereraegnly 10 licensed DNOs
and IDNOs in the UK a&igure3.16 shows. They are Electricity North
West, Northern Powergrid, Scottish and Southern Electricity Networks,
SP Energy Networks, UK Power Networks, Western Power Distribution,
Energetics LimitedESP Utilities Group, GTC, UK power Distribution
Limited. When a microgrid power system operated as a part of a utility
grid, its design has to follow the Distribution Cdde6, 107.

Electricity Distribution

Y seonssounm - «
SP ENERGY
NNNNNNNN
@ w powEr Zat
ERG ISTRIBUTI
NETWORKS . S e e
UK 3
icit Power =2
& Electricity Q
// I Networks ﬁe“t::lorks =
=
i el Scotin st
north west
ing enes ur daor
NORTHERN I
POWERGRID
gte--
 onang ety etwerts

Figure3.16 UK Electricity Distribution Mag108]

According to section DPC4.2.3.8%ere could be a o bvoltage step
changes due to infrequent planned switching event or outages. A
microgrid need to be designed working properly with this stesrh
voltage changes at the PCC bufith different operating features, a
microgrid can be ei#tr considered as an embedded generator module or a
demand[109]. Section DPC7 indicates thequirements for embedded
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generators. A microgrid need to be operated with the registered power
output within the system frequency range 49.5Hz to 50.8Khould not

be affected by voltage changes in the permitted operating range.

According to section DOC1.5.4, if the power flow deviation at the PCC
of a microgrid is greater than 5MW over any Hadfur period, the
information has to be passed to the DN@hwi a reasonable time. For

this requirement, a high wind power penetrated microgrid needs sufficient
back up energy sources or energy storage devices that restrain the
fluctuation of total power output or consumption within 5SMW. Otherwise,

the loading sheding process need be applied.

35 Reviefw Exi sted microgrid cont

3.5.1 Conventional droop control method

For a conventional rotating generator, when the active power output
exceeds the rotor driven mechanical power, the generator will slow down
until the power balance is restored. During this procedure, the frequency
continuouslyto decreasdn a high voltage power system, the transmission
line is normally inductive in characteristic. In this situation, the voltage
magnitude drops if the reactipewer provided by the generator increases.
This inherently0¥5 AT 876 droop characteristics makes conventional
generators achieves good autonomous load sharing performances. Inverter
control method performs with this conventional droop characteristics has

been proposed and applied in microgdé-50].
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Figure3.17 Simplified diagram of a DG connected to main grid

In a microgrid, if DGs are connected to a common AC bus, and the
switching ripples and high frequency harmonics are neglected, a
simplified singlephase system of a DG connected to the grid through line
with impedance” [ can be modeled d5gure3.17. % ) is the DG side

bus voltage. For a single DG, the grid side bus is considered as a reference
bus with the voltagé”™ mThe grid received complex powfeom this DG

is calculated ag3.31)

B P W 58 ° %R 5 A
5A _ _

- — (3.31)

3 Y B

The real part and imagine part of this complex power are represent as

active power P and reactive power Q as equa(i®ig)

%5 Af O 5 AIfO

(3.32)
%5 OFTY 5 OKFI

The line impedance in the conventional droop theory is considered as

highly inductive.In this casef is replaced byo Tt Whenthe DG bus
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voltage anglq is relatively smallO B ican be considered be equal to
in radian.(3.32) can be reduced as

%5

3 1

(3.33)
5% 5

As the anglq is the integral of the angular frequentyn time domain,
theOT> AT B¥6 droop characteristics can be obtained in the interval

around a steadstate point as
(3.34)
% % E 1 1
Where:

O is the active power injected to the common bus at the original

steadystate point (W)

1 is the reactive power injected to the common bus at the

original steadystate point (Var)
S is the original angular fopency of the DG output (rad/s)
% is the original voltage RMS value at DG bus (V)

E andE are the droop coefficients of active power and reactive

power respectively
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When the idle values are chosen as the original stet@atly operating

point, these droop expressiong3834) is simplified as

5 5 EO

(3.35)
% % E1

The active load sharing can be adjusted by the droop characteristics of
each DG. A two DG loadhairing algorithm is given ifrigure3.18. 0

and0 represent the active power output of these two DGs at their
maximum frequency . When the system being stable with the
frequency ofd , the output of each DG is determined by the different
droop characteristics. If the microgrid is running connectetthéomain

grid, the system frequency is forced to be the same as main grid frequency,
the active load sharing can be easily achieved. When the microgrid runs
in islanded mode, the system frequency is determined by the DGs in the
grid, they can also shareetlactive load properly after system steady state

is reached. Because of advantages of the simple structure and no
communication is needed, this conventional droop control method has

high reliability.
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Figure3.1807 droop characteristics of two paralleled inverter ba
DGs

For a nonlinear system, the dynamic response of a control system at a
certain operating point can be evaluated by the small signal emEsdss

[37, 110, 111] Although if the inverter control loops and filters do not
take places, this conventional droop control system itself is inherently
linear, it can banalysedy the small signal assessment as well. When the
conventional droojgontrolled systemunning from a steadgtate point at

Y, 0,5 , the linearized equations of this DG simplified model can be
derived from(3.33) as

(3.36)
Yi ' Y%

' —," — are constant values.
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And the linearized equations of the controller itself are obtained from
(3.34) as

~

A QY0
(3.37)
Y% QY0

The differential of anglé/) is the integral of the differential angular
frequencyy5 in time domain. The smaflignal model of this DG system
can be obtained by injecting a small disturbing signal as showigiime

3.19. ¥5 andY%are the disturbing signals.

w

y Yo Y yP

«!

ES)
A

I
w

Figure3.19 Block diagram of smalsignal model of the conventiona

droop control

The transfer functions of this smaiignal for active power anceactive

power are

85



30 v T
» (3.39)
. YO i '
3 0 Yni p Q'

The time constant of active power controlleHs-." is a constant value

at a steadstate operating point. By using lar@g, it can improve the
dynamic performance of load sharing. However, a large droop coefficient
causes large steadyate frequency deviation. This makes this control
system responseelatively slow. For the reactive control part, the
controller presents as a proportional gain. Mtwsed loop makes this
reactive power control lack of accuracy. Besides, some assumptions used

to develop this control algorithm not applicable in a micmbgri

a) In the conventional droop theory, pure inductive line model is used
to develop the control system. The line impedance in a microgrid
is usually not inductive but resistive. This feature causes active
power and reactive power control decouple failure.

b) DGs in a microgrid may not connect to a common bus. The
different grid side bus voltages may cause reactive power

regulation failure.

3.5.2 Modified droop control methods

The shortcomings of a conventional droop algorithm have already been
discussed in many literatureddany modified methods have been

proposed to solve these problems.

3.5.2.1"Hf H1 "BF droop method
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As mentioned in previous sections, the transmission fire finicrogrid
could be highly resistive. An algorithm has been developed by assuming
pure resistive ling51]. The new droop characteristics are developed by

introducing[  Ttinto (3.32). This control theory is described {B.39)

alternatively.
. 5% 5
rQ —
I'p cy .
0
— 3.39
o 5] (3:39)
r% % EO
¥ S E1

This method has the same advantages of conventional droop. However,
they share the same drawbacks as well. This method only performances
well for highly resistive line. For a medium voltage level microgrid, the

2j wratio varies depends on the materials and length of the transmission
line. It could be inductive or resistive, or even around 1. This transmission

impedance variations impacts on the control perform§gije

3.5.2.2Adjustable load sharing method[90]

To improve the dynamic response without affecting the droop
characteristics, a proportional ga@ for the angular frequency is
introduced into the active power control loop. To eliminate the impact on
reactive power sharing caused by different gid# $us voltages, a grid
side voltage regulation part takes place inside the reactive power droop
control loop[52, 112] The smallsignal model block diagram of this
improved control method is described kgure 3.20. The transfer

function(3.40) is given alternatively.
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Figure3.20 Block diagram of smaidsignal model of the adjustable lo

sharing method
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By using this control method, the time constant of active power can be
adjusted by changing the value'@f . The original droop gain is kept

constant, which makes this system voltage deviation relatively small.
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Furthermore, the reactive control panrfe a close loop system, and there

is an adjustable coefficie® as well. It makes the reactive power

regulation of this control theory have good performance on both dynamic
response and steadyate deviation. Because this feature of no impact

to original droop characteristics, this method can be applied to the
076 A1 BI5 droop as well. However, the active power and reactive
power crossoupling issue caused by line impedance impacts are still not
solved in this method. The system stable opegatmges are affected by

the voltage differences between DG bus and Grid side bus.

3.5.2.3'Effr droop method

A method which improves the accuracy of reactive power sharing by
replacing voltage by the rate of change of inverter voltage in the

conventional droop ntkeod agq3.41) was proposefb3].

O % E 1 1

(3.41)
O O 0Qo

Where:
QOis the rate of change of inverter voltage in time domain (V/s)
% is the nominab, it is set to 0 V/s here

1 is the reactive power set point%t (\Var)

O s the voltage magnitude value reference for inverter voltage

output (V)
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O is the nonmal phase voltage magnitude (V)

For a multi DGs microgrid system, the reactive power output of DGs
continuously variates until the rate of change of frequency of DGs settled
at a same value. This method eliminates some line impedance impacts on
the reactive power sharing. However, thaliidnal differential and

integral parts slow down the dynamic response of this system.

3.5.2.4Active and reactive power decoupling control methods

As mentions in previous sections, the active power and reactive power
crosscoupling issues caused by the resestpart of line impedance
significantly affect the performances of droop control. Some decoupling

theories have been proposed to eliminate the line impedance impacts.
a) Virtual output impedance method

A feedback path with a virtual impedance as proportioasl i added to

this control system as shownRigure3.21. This virtual impedance could

be complex impedancgb4], inductive impedancgl13] or adaptive

virtual impedancg55]. With an accurate designed virtual impedance, the
line impedance angle appears there changed. This provides a possible way
to decouple the relationship of active and reactive power. Furthermore, a
feedback loop has positivéfect on damping harmonic current. However,

this virtual impedanceeedsto be carefully designed, otherwise it may

cause voltage and frequency deviations.
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Figure3.21 Simplified diagram of virtual impedance

b) Virtual frame method

The control components including active/reactive power and
frequencyl/voltage are transferred to a new reference frame which can

eliminate the line impedance iagt[56] as(3.42).

OBl Al.00

;

5 Ai.0 OBIT 0

| OBT Al+0O] (342
0  Ai:0 0BT ©

This method gives a good performance on the decoupling control.
However, the line impedance information is required for the orthogonal

transformation matrix desigiihevoltage regulation is not guaranteed.

3.5.3 Active load sharing control methods

The referenes for the inverters in the active load sharing controlled
system are generated from central controller or somewhere else where it

is not local. Because of the requirement of fast and high bandwidth
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communication channel, most of these active load sh&timiques are

used in UPS applications rather than distributed power system.

3.5.3.1Centralized control method

In this type of control system, all the system performances and inverter
references are regulated by the central contrffiél. Depends on the
signal generating procedure and algorithm, there could be some particular

variants, for instance current distributi@8] or average load sharig9].

3.5.3.2Master-slave controlmethod

In a mastesslave control system, a DG is considered as a master unit. This
master DG regulates the system voltage and frequency during islanded
period Otherslave DGs performances as current souf6és61, 114]

The referene current for slave inverters is normally generated from
central controller or the master unit. There are some variants of this
method. The master unit can be fixed or rotating selected by features. A
decentralized mastatave control is proposed [62]. Because there are

no requiirements for communication channel by using the decentralized
masterslave method, it can be easily applied in microgrid. Aalirthe
methods, the master unit takes the responsibility for the whole system

regulation, there is risk of transient over emtrduring stats transition.

3.5.3.33C method

A 3C strategy is proposed p§3]. In this 3C strategy, there are two loop
controls, inner current loop controller and outer voltage controller. The
current controller loop forms a circular chainFagure 3.22 shows. The
inductor current of inverter-fi is used as the reference for the nth inverter

to regulate its inductor currernithe outer voltge controller regulates the
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sinusoidal output voltage. This strategy has good performance on current
sharing. However, if any of the inverters failed, the rests will lose current
references. It causes the whole system d@srthe interconnections of
inverters are used to deliver signals, the inverters have to be
geographically closed to others.

I
Inverter 1 filter
A
v ) 4
Inverter 2 filter Load

Inverter n filter

A

Figure3.22 Block diagram of the multimodule inverter system
controlled with 3C strategi3]

3.5.4 A summary of the DG control techniques in microgrid

A summarizabn of the centralized and decentralized control methods

discussed above is present in Table 3.1 and Table 3.2 respectively.
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Table 3.1 A summary of the decentralized DG control techniques in microgrid

Control method

Main concepts

Advantages

Disadvantages

Conventional

droop

075 and Q/V droop

1 Simple implementation
1 No communication required

1 High reliability

1 Voltage and frequency deviations cannot
eliminated

1 Only work for highly inductive line impedanc

1 Poor transient pesrmances

 Cannot deal with harmonic distortions

Modified droop

076 and Qb droop

Sameas conventional droop

Only work for highly resistive line impedance

Adjustable load sharing

1 Dynamic responssgpeed improved
1 Improved reactive poweegulation
1 Robust to the system parame

variations

9 Not suit for nonlinear load
1 The line impedance affects the stable runr

range

1¥wdroop method

Accurate reactive power sharing

Slow dynamic response

Virtual impedance

1 Decoupled active aneactive powel

control

1 Inherently harmonic damp

1 Voltage regulation not guaranteed

1 Need properly designed

Virtual frame

Decoupled active and reactive power

control

i Voltage regulation not guaranteed

i Effective line impedance value needed
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Table 3.2 Asummary of the active load sharing DG control techniques in microgrid

Control method

Main concepts

Advantages

Disadvantages

Centralized

control

Reference signal generated b

central controller

l
l

Easy software programming
Good voltage and frequeng
regulation

Accurate load sharing

High communication bandwidth needed for

current signal

Masterslave

control

One master DG runs as VSC,

other slave DGs runs as CSC

Good voltage and frequenc
regulation

Accurate steadgtate load sharing
No communication required fg

decentralized mastatave

1 Fast and high bandwidth communicati
required for centralized mastsiave
1 Risks of losing master unit durin

transition

Circular chain
control (3C)

Current reference comes from

the previous inverter

Good current sharing

Any inverter failure cause whole system do
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36 Summary

In this chapter, th&ey features othe Microgrid and a commonly used
three level hierarchical control structure utilizedguth amicrogrid have

been briefly introduced. The invertbased DG model andhe
current/voltage control loops are also summarized. The operating issues
of the microgridthat need tobe considered irthe UK power systenare
discussed. Most of contemporary researchers build microgrid consider the
voltage at the PCC as a constant. However, it does vary during operation
when issues happen in the main grid. The power exchaofjage and
frequency variations at the PCC all need to be considered. The rest of the
chapter gives a review of existed control techniguésch is divided into

two groups: droop control and active load sharing control. Most of the
droop control techgjues have the advantages of fommmunication

required and certain level of autonomy.

The adjustable load sharing method is chosen as thellewptrol method

in this thesis because its dynamic response can be adjusted without
affecting the droop chartristics. In the following study the lack of
accuracy regulation caused by the droop controllees expectede
eliminated by applying higher level controller which is used to actively
modify the settings of the local controller. These features are suitable for
the microgrid with the WECS where output power is continuously

variating.
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Chapter4: Enhanced hi erraorlc hmectahlc
for the winhndgMoaaweogr i d

41 | ntroducti on

The commonly used three level hierarchical control structure has been
briefly introduced in chapter 3. However, for different power system, the
essential requirements and control methagquidied in certain hierarchical

level are dependent on some system features. For instance, in contrast to
the conventionajeneratorsvhich often havénherentlylarge inertia, the

output of invertetbased DGs in the microgrid have to be instantaneously
regulted. In this chapter, an enhanced hierarchical control method
specifically designed for the high wind power penetrated microgrid is
proposed. Section 4.2 introduces the proposed control system in physical
domain. The components and how information is erged between

them are briefly explained.

As reviewed in chapter 3, most of the droop control techniques uses the
frequency signal as the global refereffigg, 53, 62, 115118]. The PLL
tracks the gstem frequency and generates plasgesignal for the frame
transformation which is used in the inverter voltage and current control
loops. For a microgrid with many invertbased DGs, small deviations of

the reference signal can cause large voltageifhtions. The filters have

to be carefully designed to eliminate the high frequency signal distortion
impact on the PLL. A robust droop control method which uses the GPS
signal synchronized clock as the global reference is proposed in section
4.3. The caventional PLL is replaced by the virtual PLL which generates
the reference signal directly from the predetermined phase angle and
frequency. Tiecontrollevel 2 which regulates the load flow of this entire

microgrid is present in the subsequent secti@sides generating the first
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guess settings for the levilcontrollers, it also provides compensation
functions. The contrdevel 3which contains reaime and norreattime
functions is briefly introduced in the section 4.5. To minimize the output
variance of wind power generators, section 4.6 proposes a method, which
Is classified as a nerealtime function, for the settings optimization of
wind power generator and energy storage device combined system. A case
study is presented in this section to explthe design optimization

procedures for the generator and energy storage device combined system.

The simulationresults and discussion are given in the section 4.7. The
proposed hierarchical control method is tested inrA3 low voltage
microgrid modé which is built in MATLAB/Simulink. The result
demonstrates the power system control objectives in different operation
modes can be achieved by the proposed hierarchical control system.

summary is concluded in the last section.

42 Proposed hi gh wi nd power p
control system

In a microgrid with large amount of WECSs, the whole power system has
to be monitored and regulated to maintain the system stabilijyre4.1

is a proposed information exchange map among the components in the
microgrid. There are different types of information exchanggsch is
determined by whathe component isFor the renewable DGs, the
information is complex than others. It contairequest information,
admission information and the references informatidime other
components such abackup DGs, circuit breakers and loads only
exchange veryisiple information withthe control centrelhenon-elastic

loads must always be satisfiethe only send the demand information to
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the control centreMeanwhile, he interruptible loads can be coff if
necessary. There is dual channel between them and the omertod
Figure 4.2 shows the physical structure of this information exchange
sydgem. In this system a microgrid is divided into 6 sectors: Control centre,
communication channels, system information gathering and local
controllers, demands, generators and the power grid itself. The control
centre is consisted of two groups of servéhelevel 2andlevel 3control
operation commands are generated in the deem@king server. The
information used for determination is gathered and stored in the
communication and data storage server. This communication server also
takes the job of sending command to the remdevices through

communication channels.

The response time requirements for different components are not the same.
The power consumption status of the loads in the microgrid is not
frequently updated. The reporting frequency can be from once per several
seconds to minutes, or even waiting until receiving the uploading request
from the control centre. The message exchanged between the control
centre and demand side includes the amount of demands, and the switch
on/off signal whichis used to control thenterruptible loads. In case of

this, the relatively slow and low bandwidth wireless communication

techniques should be applied as the-edfi&ctive option.

Although the decentralized control techniqueappliedin the levell
controlle;, some abnormatonditions, for example large voltage or
frequency deviations at PCC, whigre beyond the stable operating
capability of the decentralized controllers may cause voltage fluctuations

in several cycles. The ethernet system should be used to form a lacal are
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network to secure the fast communication channel. The time latency of
signal communication process in an enterprise ethernet can be limited
around 2mg113, 119] This latency may increase depends on the signal
processing hardware and the number of switches the message is passed.
Normally, better hardware meanmsrecost and longer distance leads to
more repeaters which causeder network latency. Hence, the control
centre is usually located close to the PCC to achieve fast tracking. For
system stability consideration, the output of WECS in this proposed
hierarchical controlled microgrid is not allowed to instantaneously
changes following the automatic MPPT. It has to send requests to the
control centre and maintain the output till it receives the new settings and
permission from the control centre. This process usually takes several

seconds.
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Figure4.1 Information exchanged between control centre and

controllable components
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Figure4.2 Information transmission systenrfproposed hierarchica

control method
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43 Contleolkdesi gn

With the requirement of high efficiently utilizing the wind power, the
WECSs in a microgrid supply power depends on how much power it can
provide rather than sharing power follow droop characteristics either in
islanded or connected mode. When the micrbggiconnected to main
grid, the backup DG generate power to maintain the power exchange level
at PCC. If an islanded microgrid is formed, the backup DG will behave as
a master unit to regulate the system voltage level and frequency which are
determined byhe main grid befordt also covers the suppbjemand gap

caused by WECS output variations.

4.3.1 Virtual PLL (VPLL)

The accuracy level of a civilian GPS timing synchronizing systeior
canbelessthart p 1 i [120]. It means for a 50Hz system, phase angle
error caused by this time error is withim  p 1 degree. This amount

of error can be negleatan the local droop control process. It makes a
clock signal have the potential of taking place of system frequency to be
a global reference in different locations. With this benefit, VPLL which
generates the angular frequency signal directly from ttezerece angle

and frequency can be used instead of conventional PLL in this microgrid

control system.

Figure 43 shows a VPLL block diagram which issed in
MATLAB/Simulink. The output triangular waveform is provided as well.

It generates the angle signal in radian by using the global clock signal,
frequency signal and phase angle signal. As mentioned in chapter 3, in a
practical distribution networkannected microgrid system, the frequency

on PCC are variable. The frequency deviation causes system fluctuation.
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The PCC frequency has to be continuously tracked and sent to the local
controllers from the control centre. However, if this microgrid
disconneted from the utility grid, the frequency reference can be set as a
constant value. Because this VPLL does not use the practical voltage or
current signals, there is no need of filters for eliminating high frequency
interference signals. It makes the cohtsystem harmonic resistive.
Meanwhile, the phase angle replaces the frequency which represents one
of the controllable parameters in conventional droop control technique.

The frequency deviation problem is eliminated with this VPLL.

>
Freq
1234 B x |+
Digital Clock N
+
v ] E— mod
2pi | wt
pi/180
Phase
Deg->Rad
wt
High level [ ' ' ' '

Low level
/| 1 1 1 |
] 0.05 o1 015 0.2 025

Time (seconds)

Figure4.3 MATLAB/Simulink block diagram and the generated sig
of a VPLL
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4.3.2 Backup DG control

Because of the roles the backup DG plays in this microgrid mentioned
above, it is ugally geographically close to the PCC. The output power of

it is regulated by control centre to meet requirements, such as economic
operation or constant power exchange in connected running microgrid. In
this state, a PQ control mode need to be appliethe microgrid is
islanded, either intended to be or because of abnormal conditions, the

backup DG has to output constant voltagddats duty.

Figure4.4 is the control block diagram of the backup DG. The virtual
output impedance method and virtual frame method mentioned in chapter
3 are good for the active power and reactive power decoupbingol.
However, because of the parameters of decoupling components used in
these two methods are derived based on the line impedance between the
DG and the common bus, the performances are highly affected by the
network topology. For a microgrid with senal potential system
topologies, these powelecouple methods are hard to perform good
decentralized features with high reliability. As the backup DG is close to
the PCC, the line impedance between the DG bus and PCC bus is
considered as pure resistivEhe076 A T 81 droop is applied when the
microgrid is connected to main griddjustableload sharing method is
used to improve the dynamic performance of this droop control system.
0 andy are used to tune the control system without changiogpdr
characteristics. There is a saturation limiter which is used to limit the

voltage magnitude deviations from the initial steady state voliage
attached on the PI blocks—. The initial steady state voltage can be

modified by the highelevel cantroller or just setto 1 p.u.. Alternatively,

105



there is a limiter attached with the bloek- as well. The control loop

generates reference voltage magnitude and voltage angle of the DG
bus."O and’O are the transfer function of the invertesed®G with inner
inverter voltage control and current control loops which are introduced in
chapter 3. The inner inverter control loops are used to transfer the bus
voltage reference to the inverter reference voltage. In the event of
islanding, a constantoltage output operation can be achieved without
physical switching by setting the limiters on both active and reactive

power control loops to the interval [0,0] respectively.

A 4

Figure4.4 Control system block diagram of backup DG

106



4.3.3 WECS control

The two commonly used wind turbine techniques DFIG and PMSG can
provide a certain level of reactive poW&R1-123]. However, the reactive
power is preferred to be compensated locally by compensation devices
such as SVC. To limit the circulating current, the reactive power output of
WECS is usually be set to zerohe WECS outputs active power as much

as it can, it isiot necessary to apply the conventional droop characteristics
in the control system. In such case, there are some differences between the
control loop for WECS irFigure 4.5 and the backup DG iRigure 4.4.

The droop coefficients are taken away. The output active power and
reactive power are used dhe feedback signal instead of the voltage
magnitude and phase angle signals in the backup DG control loops. As the
transmission lines in microgrid are usually short lines with relatively high
R/X ratio, theO¥6 A T 51 droop relationships are still apgble here.

-
Y1 Tl E
o o

Vi . 'E
’ﬂ o

Figure4.5 Control system block of WECS
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44 ContleoeRBdesi gn

4.4.1 Initial references generation based on the steady state analysis

To maintain a stable system, the controllable parametersand

mentioned in controlevel 1 can only vary within a relatively small
interval around the initial steady state values. A guessed initial voltage
magnitude and angle informationhigh will be sent to the level
controller is necessary.oadflow calculation methods are well developed
decades ag[d24]. Thereare many existing tools can be used to solve load
flow questions. In this thesis, the MATPOWER toolbjd25] with

NewtontRaphson method is applied to the power flow calculation.

The information required for load flow calculation here are mainly divided
into three sections: buses, branches and generators. The Bus section
includes bus numbers, bus types, bus volagiations limits and demand

on certain buses. The bus type for a certain DG connected bus may vary
depends on the running mode of connected DG. The branch section
contains the impedance parameters, bus connected information for each
branch line, and theoad ability constraints. The system topology is
formed by this branch section. Ther
output limits and the bus number where it is connected. Besides, the
calculation procedure is based on per unit value, the system fdt#y

value and base voltage values for each bus are required as well. While
recording the information in a particular format, an initial steady state
information can be calculated by MATPOWER toolbox.

4.4.2 Deviations compensation

There are many nonlinear cponents in a power system, for instance,

power electronic switches, circuit breakers and nonlinear loads. It is very
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difficult to build an accurate equivalent model. A certain level of
deviations always exists, compensation procedures have to be introduced

to make the deviations within an acceptable interval.

System information
gathered by monitorin
system

l

Compared with Renew the Send new
mpe 4— information from [«—— references to the
Objective value o i
monitoring system DG local controlle
Add compensatioﬁ Load flow
i . o to the previous calculate baseg
leferentlal_wnhln N—> load flow BN on the
constrains? .
calculation case compensated
data data

Y

End cycle

Figure4.6 Deviations compensation procedure

Figure 4.6 gives the closed loop compensation procedures. There is a
monitoring system continuously gathering the system information
including demands bus voltagsomedthes ystemut pu
parameters are outside their constraints, the compensation based on the
differentials will be added to the original power flow case data mentioned

in section 4.4.1. A new load flow calculation is then exed from the

latest datset and the new references will be sent to the léeehtrollers.

After that, a comparison will be executed based on the latest information.
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This process loop repeats until the differentials is reduced to within an

acceptableange.

45 ContlrevdésBgn

4.5.1 Realtime operating functions

In practical longterm operating period, the demand, WECS output keep
variating. The control functions provided by tlevel 2 controller are
focused on a certain shdgrm period in which the system parameters
only changed once. The reahe operatingudnctions can be achieved by
utilizing an infinite loop inlevel 3 control system which send requests
continuously to théevel 2controller to renew the system information and

recalculate the settings for thexel lcontrollers.

When the power provide lifie main grid are chosen as the control object
for thelevel 2control system, the power flow and compensation function
are kept on executed follow the requests sent femel 3controller. The
power exchange on PCC can be maintained as the originaeéevalue.

A constant power exchange mode is formed. Alternatively, in an islanded
microgrid, if the voltage magnitude and angle on PCC bus are picked as

the control object, and the values are set the same as the main grid side.

4.5.2 Non-real-time operating functions

Besides the redlme operating functions, the neeattime operating
functions, such as load prediction and wind speed prediction, are also
addressed in the contrtdvel 3 These functions can either effectively
improve the system performanaasachieve more economic benefits. In
this thesis, a WECS and Flywheel Energy Storage System (FESS)

combined system, which can reduce the output variation of standalone
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WECS and provide a certain level of backup capability, is proposed in the
following section. The settings optimization procedures for this system are

executed in the levé controller as a neneattime operating function.

46 Proposed wind power gene (
n

ner at
device combined system and t he

4.6.1 Backup devicesapplied in high wind power penetrated

microgrid

As mentioned in chapter 2, the electrical power output of an onshore
WECS is highly intermittent. For this reason, there has to be backup
generators or/and energy storage devices which are used for magtainin
the microgrid reliability and power quality. For a microgrid with low
voltage and small installed capacity, a backup generatdbeaiseds a
master unit to maintain the voltage magnitude and provide power support
for the system. Diesel generator hastfdynamic characteristics. It can
pick up load quickly. Besides, it can work with very heavy load&iort
duration[35, 36, 126, 127]Because of these advantages, diesel generators
are often selected to supply the gap of load demand which cannot be

supplied by wind power in a smaltale power system.

When the installed capacity of WECSs increased to MW level, it is not
cost effective to use only backup generators. Energy storage devices are
required to reduce the power output fluctuations. Steorh energy
storage devices are preferred as the continuously variation characteristics
of WECS and relatively small investmesdst compared with longerm
devices such as battery. The Flywheel Energy Storage System is a very
commonly used shoterm energy storage technique as it has the feature

of high-power density and low energy dend®®, 64] Which means the
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energy stored in FESS is relatively felayt it can provide very large
power output in short terms. Besides, it has the advantages of good
durability around 20 years, low maintenance cost, high energy exchange
rate which is over 90%. The transient stability of a high WECS penetrated
system will bemproved by using flywheel as energy storage dejvibg

The FESS can be placed centralized in one place to provide stability
support or distributed with other local B® improve their performances.

In commercial applications, less investment cost is always preferred, it is
important to find the smallest amount of capacity of energy storage device
which can meet the essential requirements. An optimization setting
geneating procedures are proposed in the following sections. Distributed

FESS with WECS combined system is proposed.

4.6.2 FESS charging and discharging rules

Figure4.7 gives a proposed WECS and FESS combined system. The left
bar is the output indicates of the WECS with an installed capadity of

the unit is MW.Theright bar is the different energy stored states of the
FESS withaninstalled capacitpf C, the unit is MWh or Jules. There are
two reservation intervals used to prevent over charging or rotation stopped
situations.Table4.1 indicates the charging and discharging rules for this

system.
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WECS Pmax FESS Capacity
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P3
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P1 Cmin
0
0

Figure4.7 WECS power output and FESS states
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Table4.1 Charging and discharging rules

- F = F

N FF F
i fide
F I Standby | ”_ 1
”' ”' ”‘ ”_ Standby ”_ ”_
P I I Standby i
' I J:. I I I I

*P inbracketsindicate the supposed combined system output

When the wind speed is relatively low, the output of the WECS is below
the pointd . To meet the power balance of the system, FESS need to
discharge and provide a certain level of power output and this depends on
the its energy stored level. If the energy stored in the FESS is lower than
0 , it cannot provide power support for tlsystem. The backup
generator and other DGs have to provide the energy gap for power balance
requirement. When the energy stored levetigher thard , the FESS
discharges to make the combined system oulputWhen the FESS
energy stored level reach@s it is well charged, and it can pull the total
output to0 . The alternative charging and discharging cooperation rules

for the WECS power output in other intervals are displayddbie4.1.
Case: an example of WECS/FESS combined system output

A 1500 minutes result sample of output power with the setfings

piA c¢cml® Ttnh ¢l w, o6 md T UL B
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v L B ¢®0 W'Q is shown inFigure 4.8. Here 6  is the

reference value for the percentage valteBo .

The FESS is charged if the output of W& &t a high level. As part of the
wind power generatoros power output
output ofthe combined system is less than the original WECS output.
Alternatively, it is discharging during the periods with low output power

from WECS. The overall power output rises to a higher level. Besides,

there are some intervals the output of WECS and the charging level of
FESS both in medium condition. The FESS operated in standby mode for
these periods. The output of the combined systemskeppsame as the

WECS output. It can be observed from this figure, when this WECS and
FESS combined system operating followed the proposed energy

management rules, the total power variating interval is effectively

narrowed.
2 ;
Original wind turbine output
1.8" —wind turbine with flywheel
1.6
1.4 charge
§1-2 discharge standby
S 1
o
0.8 , H
0.6 M
Bkl MN
0.2 L H |
0 s ) .t ! N L - I - I o R
0 10 20 30 40 50 60 70 80 90 100

Time (15 minutes/unit)

Figure4.8 Combined system power output in 1500 minutes
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4.6.3 FESS installed capacity and combined system settings
optimization

The output characteristic of a WECS at a particular location is highly
seasons related. Thmapacity of FESS must be capable for different
situations.The setting points can be adjusted for different seasons to
obtaina better performance. This optimization procedure is separated in
two sections: to obtain the minimum FESS installed capacitgiwis
capable for the optimization requirements, and the setting points which

improve the system performance with a certain installed capacity.

4.6.3.1Installed capacity minimization object and constraints

The minimum investment cost is often used as the optifoizabject. In

this section the investment cost is proportional to the FESS installed
capacity, in case of that, the optimization object here is minimizing the
installed capacity. The expression of the installed capacity and the

constraints are presenter(4.1) and(4.2) respectively.

0 0 0 (4.1)

Constraints (4.2)

Where:
0 s the installed capacity of the FESS (MWh)
0 is the maximum energy stored in the FESS (MWh)

0 is the minimum energy stored in the FESS (MWh)
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0 Is the reservation capacity toeetthe over charged

situation (MWh)

0 Is the reservation capacity to prevent the flywheel

completely stopping (MWh)

0 0 h) are the setting points which are the percentage values of
the rated WECS power output (%)

6 I are the setting points which are the percentage values of

&

Y Qis the system reliability of nth month, when the variance of the

combined system output is less than 0.5, it is considered as reliable

In this sectionthe varianc& which defined as equatidd.3) is used to

evaluate the performances of optimized settings.

B & &
A - (4.3)

Where:
N is the total number of samples
@ is the value ofQ sample
is the average value of samples

4.6.3.2Setting points optimization object and constraints

The optimization object in this section is finding a set of setting points to

minimize the variatiolk of the combined system output. Altatively,
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the expression and constraints are present@#and(4.5) respectively
The variatiorA here is calculated from the combined system output with
a particularset ofsettingpoints. In contrast to the FESS installed capacity
minimization, the relialhity constraint here is based on thein the same

trial loop.

A QOB BB (4.4

(4.5)

4.6.3.30ptimization procedures

The flowcharts for the optimization procedures are giveRigure 4.9.
There are two main streams to achieve this optimizak&SSInstalled

capacity optimization andombined systersetting points optimization.
a) FESSinstalled capacity optimization

The leftpart of Figure4.9 is the procedure for finding minimum installed
capacity of FESS. It starts with an initial guess of capacity and settings
includingd I M K& hd hd hd  which definedm Figure4.7. The
output of combined system is calculated and continuously repeated with a
Monte Carlo simulation procedure for different wind spaaghtons. If

the result meets the predetermined constraints, the capacity value here is
recorded as a temporary optimized capacity (TOC). Then a reduced
capacity value is used to do the Monte Carlo simulatidns bop is
executed again and again tilletloutputc o u | sétisfothe constraints.

The TOC is replaced by the latest capacity which makes the constraints

satisfied. The setting values are continuously changed to check if there is
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setting group which makes this capacity feasible. When a possible solution
has been found, this procedure widl gack to the top loop by using the
latest capacity value and the settings. If all possible settings have been
tried, and there is no one meets the constraints, an increased capacity will
be compared with TOC. If it is less than the TOC, it will be puthm
Monte Carlo simulation and start the first loop. Otherwise, the TOC is

recorded as the final optimized capacity value.
b) Combined system stting points optimization

The rightpart of Figure4.9 presents the procedure of finding optimized
settingswith a certain installed capacityt starts with the optimized
capacity value from the left procedure and an initial guess of seffinigs.
settingsgroup is recorded as a temporary optimigettings (TOS). After

that, a Monte Carlo simulation similar to the capacity optimization is
placed to evaluate if the initial settings meet the constraints. The settings
keep chanigg until there is a setting Wwe makes this system performance
good enough. If the performanad the latest settingss better than
previous TOS, it will be recorded instead of previous one. Otherwise, the
settings are kept on changtill a better one béund,or all settings have

been testedlhelatest TOS is considered as the optimized settings.
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Figure4.9 FESS Capacity and Combined System Setting points optimization procedure
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4.6.4 Casestudy: WECS/FESS combined system design

optimization procedure

A case study is based on the wind speed data recorded by weather station
in Wensum England which has been introduced in chapter 2. The
statistical model of WECS output and Monte Carlo simulation method
have been discussed in chapter 2 as Whlik sectionis going to give the
procedure of how to optimize a WECS/FE$Begenerator power output

data used in th&€hapter 5 and Chapter i6 based on # optimized
WECS/FESSombination system.

4.6.4.1Artificial Wind speed and WECS output generating

The Weibull distribution parameters generated by the moment method for

12 months wind speed of Wensum in year 2014 are list€dhie4.2.

Table4.2 Wind speed distribution parameters of Wensum 2014

Month Weibull Shape Weibull Scale
Parameter k Parameter c
Jan 1.2285 11.6642
Feb 1.3741 15.4889
Mar 1.0725 9.5832
Apr 1.1010 7.6686
May 1.2515 8.9463
Jun 1.0334 6.6980
Jul 1.1169 6.2448
Aug 1.2155 45742
Sep 0.9622 3.0555
Oct 1.2695 4.7300
Nov 1.0267 4.4539
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Dec 1.6089 6.5354
Annually 0.9855 6.9812

The artificial wind speed data used for Mor@erlo simulations are
generated from the equation (2.49) in chapteftie WECS electrical
power output depends on the parameters: wind speed, cut in speed, cut out
speed, rated speed, rated electrical powgrutas(4.6) which is derived

from the equations (2.3) and (2.36) in chapter 2.

T V) V)
mO0 00 0L ‘ ‘ ‘
5 - - —— U U U U
b B0 6L 6 (4.6)
vl V) V) V)
Tt v v

Where:

0 is the electrical power output of the WECS (MW)

0 is the rated power output of the WECS (MW)
L is the wind speed (m/s)
L is the rated wind speed (m/s)

A, B, C are three constants which introduced in equations (2.37)
and (2.38)

4.6.4.2FESS capacity and the settings of WECS/FESS combined
system optimization

There are some experiences based initial guessing rulescaerat¢he

optimization procedure. The gasing of0 is start from half of average
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WECS output power. The initial guessed FESS capacity wvalue is

equal to the rated power of WECS. As the reservation is needed for
z z 8
preventing stopping) is larger than 8 0 . The guessing

value of0 is between twic® and 50%.

The objects and constraints of this optimization is: minimum combined
system output over 50% average output level of standalone WECS with

over 99% reliability, and the achieve the smallest variance.

4.6.4.3Simulation results

Table4.3 gives the optimization results for a 2MW rated WECS and FESS
combines system. The individual FESS capacity is the smallest capacity
which meets the constraints for each monthvildually. The numbers in

the brackets are the  values without reservation3he final FESS
capacity is the capacity capable for whole year. The optimized setting
points are calculated with the final FESS capaciyth D are
percentage vak of the rated power output of the WEGSH are
percentage value of tiie . Re is the reliability of this combined system
with the optimized settings. The minimum FESS capacities are calculated
by 10000 times repeat Monte Carlo simulatidine optimized setting
points, optimized variance and reliabilities are calculated by 100000 times
repeat Monte Carlo simulation. Better results could be existed with more

repeat times.
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Table4.3 Optimized settings and FESS capacity for a 2MW rated WECS

Individual Final FESS
Months | FESSCapacity | Capacity ”- ”- ”- ] ] e WI_ECS Combine.d
(MWh) (MWh) % Variance system Variance
Jan 1.1580(0.85) 19.91 | 25.93| 34.04| 48.66| 51.23| 99 0.7598 0.2394
Feb 1.1698(0.85) 20.51 | 26.41|31.77| 50 | 52.5 | 99.09 0.7835 0.2655
Mar 1.0667(0.75) 19.54 | 24.11| 29.70] 50 52.5 | 99.01 0.7523 0.2760
Apr 1.1095(0.8) 17.21 | 22.13[27.92] 50 | 525 | 99 0.6922 0.2293
May 1.1363(0.8) 17.09 | 22.02| 30.72] 50 52.5 99 0.6878 0.2134
Jun 1.1129(0.8) 1.35(0.95) 16.25 | 19.63| 25.67| 50 52.5 | 99.06 0.6622 0.2448
Jul 1.1986(0.85) 14.23 | 16.02| 25.62| 50 55 | 99.14 0.6041 0.2288
Aug 1.3197(0.95) 8.81 | 10.87|21.24| 50 52.5 | 99.05 0.3836 0.1061
Sep 1.3120(0.95) 6.54 | 8.72 | 12.28| 50 55 | 99.09 0.2862 0.0827
Oct 1.3197(0.95) 8.56 | 10.63|17.57| 50 52.5 | 99.03 0.3887 0.1142
Nov 1.2636(0.9) 10.65 | 12.62| 19.35| 50 52.5 | 99.03 0.4722 0.1666
Dec 1.2148(0.85) 9.79 | 11.8 | 18.62| 50 55 | 99.02 0.4388 0.1480
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The WECS and combined system output distributions generated from the
Monte Carlo simulation is given iRigure4.10. The blue line indicates
thatthe standalonwind power generator system hager 35 percentage
probability outputs no powelt keepsgeneraing the maximum power in
around30 percentage intervalBesidesthe output power variates from 0

to 2 MW at the rest part. This performance characteristics makes the
power quality of a microgrid with the standalone WECS very difficult to
regulate. When a wetlned WECS/FESS combinsgistem formed, the
output has over 85 percentage probability drops in the interval from 0.4 to
0.68 MW. This interval is less than 1/7 of original variation rodime
chance without output power is reduced to less than 1 percentage
probability. The heavy ariation probability also be limited in less than
4%. The combined system output 2MW rated power for the rest 11 percent
chance. This less fluctuation feature makes this combined system be friend
to regulation. Meanwhile, the purple dashed line indicatesenergy
stored in the FESS. The probability is close to evenly distributed, which

means it is used efficiently.

Alternatively, the annual combined system performance characteristics
with the rest 11 months are given ffigure 4.11. The dashed lines
represent the standalone WECS outputs and the dotted lines represents the
energy stored in FESS. The solid lines are the combined system outputs.
It is eay to figure out, the average power outputs are different for each
month as the wind speed characteristics not the same. With the optimized
settings, the combined system output of all the 12 months are narrowed in
relatively small intervals for over 80 mentage probability. These results

demonstrate the variance improvement listedlable4.3. The variances
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of combined system reduced to around 1/8tafhdalone WECS for all 12

months.
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47 Si mul maéesohts and di scussi on

4.7.1 Simulation model description

In this section, a simple low voltage level microgrid which is used to
evaluate the proposed control theory and built in MATLAB/Simulink is
shown inFigure 4.12. The MATPOWER toolbox is used for the power
flow calculation. This microgrid is connected to the main grid through a
transformer. There are three investased DGs in this test model. G2 and
G3 represent two WECS/FESS combined DGs. The power output of them
do not automatically change when the loads vary. G1 is the backup unit
which regulates the power exchange between the microgrid and the main
grid in connected mode and plays the master unit role when islanded. Load
2 and load 3 are two local loads attachedie WECS local buses. Load

1 can perform step changes of demand as it consists of 4 individual loads.

The main parameters of this test system are giv@iale4.4.
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Figure4.12 A simple 3DG 4-Bus microgrid structure
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Table4.4 Test system parameters

DGs DG type Operating mode
DG1 Backup Generator Constant V/Constant
Power
DG2 WECS/FESS Constant Power
Combined
DG3 WECS/FESS Constant Power
Combined
Branches Resistance &’ 3 Reactance & 8
Line 1 0.0313 TBITTC W
Line 2 0.1563 0.0982
Line 3 0.1563 0.0982
Demands Active power (kW) | Reactive power §
Load 1 50*4 5*4
Load 2 50 0
Load 3 50 0
System Base voltage (phase _
frequency ohase) Base MVA rating
50Hz 400 V 50kVA
Figure413s hows t he Dbl oc k ledellaogtrolensbudt f

in the MATLAB/Simulink model. There are seven input parameters for

this controller: DG bus voltage, DG bus currentO, initial voltage
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magnitude, active power output reference, frequency reference, initial
voltage angle and reao¢ power output referenced. and'Oare gathered

from the DG bus. The other five parameters come from upper level

controllers.
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There are two control loops in this controller: P/V control loop and Q/

control loop. The settings of these controllers for each DGs are given in

Table4.5.
Table4.5 Level 1controller settings
_ Upper Lower
Proportional | Integral _ _
DG Controller saturation | saturation
(P) (1 . .
limit limit
PV 1 1 0/0.03 0/-0.03
DG1
Q/Delta 1 10 0/90 0/-90
DG2, PV 0.5 10 0.03 -0.03
DG3 Q/Delta 5 500 inf -inf

There are two parameters generated by this controller: voltage magnitude

@ and instantaneous phase angle signalThese two parameters are
used as the references g@neratinghe PWM modulation signal. In this

section, the backup DG is operatedden either constant voltage or

constant power output mode. During the constant voltage output mode,

the upper saturation limit and the lower saturation limit are set to O to

makes the output signal the same as the initial input signal. In this case,

only the VPLL function in this block is activated.

4.7.2 Scenario 1: Microgrid operated under grid connected mode

In the grid connected mode, the PCC bus is considered as the swing bus.

The voltageat thePCC bus can be consider as constant. It makes Bus2,
Bus3and B s 4

variations on each DG bus do not affect othEngload variations can be

be i

supported by the main grid.

s ol

ated

from

each
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4.7.2.1System reactions withlevel 1controllers

In this section, all DG1, DG2 and DG3 are operated¢anstant power
output mode. To present wind speed changes, the active power output of
DG2 is initialled with 40 kW and changed to 50kW at t = 1s. Similarly,
the DG3 is started with 50kW and changed to 40kW att = 1.75s, and then
back to 50kW at t = 2.75sThis schedule of power output changes is
presented in th@able 4.6. This section is designed to test the system

automatically reactiorfor the wind speed variations.

Table4.6 Experiment schedule

Time Scales Output of DG1 Output of DG2 | Output of DG3
0-1s 200kW/10kVAr 40kW/OVAr 50kW/OVAr
1-1.75s 200kW/10kVAr 50kW/OVAr 50kW/OVAr
1.75s2.75s 200kW/10kVAr 50kW/OVAr 40kW/OVAr
2.75s3s 200kW/10kVAr 50kW/OVAr 50kW/OVAr

Thetest results are given kigure4.14. Whenever the output of DG2 and
DG3 increased or decreased, only the main grid power flow follows the
changes. The DGs in this microgrid with the propodegentralized
control theory can ech the steady state within 0.2 second with accurate
reference trackingBoth active power and reactive power output of DGs

are regulated without deviations.
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Figure4.14 DG output power variations

4.7.2.2System reactions withlevel 2controllers

In practical applications, rather than keeping the output of DGs w
the microgrid constant, the constant power exchange at PC(
preferred. However, with the standaloesel 1 controllers, only the
power output of the DGs can be guaranteed. The tiavi
compensation approach which eliminates the power exchange de
is applied to maintain the objective power exchange at PCC. Ir
section, as it is representing a relatively short time period, the DG
DG3 which are two WECSs are assumed taoty generating 75kV
and 50kW respectively. The compensation is achieved by tunin
output of DG1.
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Figure4.15 shows the system reactions on exad®power regulatior
The object is absorbing 50kW active power and O reactive power
main grid. The test system started with an initial guess calculats
MATPOWER. The active power is well performed with the initial g
references. There is lesgah 10% more active power supplied from
main grid compared with the object. However, the reactive part |
away from the scheduled value. With four times repeat compens
procedure which processed by the I¥ebntroller, the reactive powe
absrbed from the main grid successfully reachedlte active power
generated from the main grid became dyaadkW. Furthermore, ther
IS no impact on the output regulation of DG2 and DG3 during

compensation procedure.

«10% Active Power Output of MainGrid <10% Reactive Power Output of MainGrid
4 1
3
T 0.5
X! g,
o
1 o
0.5
o
A
%10° Active Power Output of DG1 «10% Reactive Power Output of DG1
2 10
i
£ =
o " a0
5
-
<104 Active Power Output of DG2 <104 Reactive Power Output of DG2
. v r r 1 r : : .
B — 0
£ 4 5
e 2 -
o 2
2
«10% Active Power Output of DG3 . <104 Reactive Power Output of DG3
" . . v
4
= 0
g, =
* o
-2 2
o 0.5 1 15 2 25 3 35 L] 05 1 15 2 25 3 35
Time (seconds) Time (seconds)

Figure4.15 Grid exchange power regulation
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4.7.3 Scenario 2: Microgrid operated under islanded mode

When this microgrids switched to islanded mode, the backup DG (DG1)
will be operated in constant voltage mode. The operation tested in this
model is scheduled ifable 4.7 as two sections: only decentralized
controllers activated and cooperated with higher level controller. In
contrast to the grid connected mode, the voltage at PCC bus is constant.
TheDGs in the microgrid are not isolated from each other anymore. A set
of system behaviours including power output of each DGs and the voltage
variations on each bus during islanded peaogpresented ifrigure4.16
andFigure4.17 respectively As the microgrid was disconnected from the

main grid, the powdrom main grid was kept O during all the time periods.

Table4.7 Schedule of operating actions

Time scales Actions
Section 10nly | 0-0.5s System initialization
decentralized | 0.51s Drop Y4 Load 1
control applied | 1-1.5s Drop another ¥4 Load 1
Section 2Assisted| 1.52s System parameters renewed
with controllevel | 2-2.5s Reduce DG2 output
2 2.5-3s | Continuously reduce DG2 outpl

4.7.3.1System reactions with controllevel 1

This section is scheduled from t = Os to t =1.5s. In this section, only
decentralized local controllers without communication are applied. This
simulationsystem was initialized in the first 0.5s. The output of DG2,
DG3 were set to 100 kW/0 VAr and 75 kWNGAr respectively. This
microgrid became steady state within 0.Remandswere well shared

among DGs.
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At the time point of 0.5s, one of the four individual loads in Loadl was
disconnected. This event was successfully dealt without the help of
centralizedcontroller. There were no active and reactive power output
deviations of both DG2 and DG3. Another % of Load 1 was dropped in

the next 0.5s period. This amount of load changes was over the capability

of this system with standalotevel 1controllers. Alhough the voltage of

DG3, the active power of DG2 and the reactive power were still well
regul ated. There was an active powe
voltage was maintained constant during all the time peridusyvoltage

on the other two DG lages were increased following the droop control

characteristics.

The results show the standalone decentralized control method has the
ability deal with a certain level of system changes. However, it has the
limitation which cannot guarantee good performangeen system

parameters heavily changed.

4.7.3.2System reactions with controllevel 2assisted

The controllevel 2was introduced in the time interval (1.5s, 3s). Att =

1.5s, the new references settings were calculated and posted to the local
controllers. The DG1l6s output volta
The system with new references became stable witt#s.0r'he active

power output of DG3 was recovered to the original objective value of 75

KW.

To simulate the WECS output variations, in the next 1s, the active power
output object of DG2 was manually reduced to a half of the original value
with two stepsTo maintain the system stability, the bus voltage reference

of DG1 was changed to 1.0 p.u.. The output voltages of DG2 and DG3
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were modified when the power flow changed. In this scenario, when the
power output of DG2 changed, the power gap was providé€xddy, and
the power output of DG3 kept constant.

The simulationresults show that, with the assistaniefel 2 controller,
the bus voltages and power outputs of all DGs were well regulated during
all time periods. The system stable operating range waslygexpanded

with the controlevel 2 introduced.
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Figure4.16 DG output during islanded periods
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Figure4.17 Bus voltage during islanded periods
4.7.4 Scenario 3: Microgrid reconnection from islanded mode

In this section, the microgrid is reconnected to the main grid from islanded
state. This smoothly transition is achieved by applyangompensation
operation. This operation tracks the main grid side voltage magnitude and
phase angle at the PCC bus, and makes them as the control objectives for
the voltage magnitude and phase angle at bus 1. As the reconnecting
operation happened in ghort time period, the DGs output and load
variations are neglecte#figure4.19 gives the overalsimulationresults

of the output of each DGs and the

The simulation initialized and stabled in the first 0.1s. Then the voltage

regulation for smooth reclosing was started at the time point 0.4s. The

141



system reached the steastate point within 0.4. After that, the microgrid

was reconnected to the main grid at t=1s.

The voltages at each bus and output of each DGs kept the same during
transition period. There is almost no impact to either the main grid or the
microgrid during the reclosing time . The smooth transition function

is achieved as there are not voltage differential on the two sides of PCC.
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Figure4.18 DG output during reconnection period
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Figure4.19 Busvoltage during reconnection period

4.8 Summar y

The specific enhanced hierarchical control system designed for WECS
embedded microgrid is introduced in this chapté. modified

076 A1 BN control method with GPS synchronized VPLL is applied in
the levell control system. The backup DG operated with either grid
supporting mode in connected running period or constant voltage output
mode in islanded microgridlhe WECSsare always running in constant
power output mode. A -Bus microgrid model built in
MATLAB/Simulink is used to evaluate this control system. The
simulation results show that this decentralikekl 1 control performs
automatically norerror power output gulation. With this specific
control method, there is always no frequency deviation. However, to

maintain the system stability and restrict the voltage deviation in a certain
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area, there is a limitation of load change capability of this standiesle

1 control system. The simulation results demonstrated that, the control
level 2 system which provide power flow regulation and deviation
compensation functions eliminates the drawbacks ofetve 1 control.

The control objects are always well regulated with the cooperation of these

control systems in different two levels.

A WECS/FESS combined system which improves the system
performance is proposedihe settings optimization procedure is applied

in the controlevel 3 The output variance is reduced to 1/3 of the original
WECS after optimized. Besides, the real time opt@tian functions, such

as economic operating and smooth state transition, are applied in this level
as well. These functions are achieved by sending compensation requests
to the level2 controller A simulation result of reclosing procedure
demonstrates thgood cooperation among the control systems in these

different three levels.

Overall, this proposed hierarchical control method is easy applied and
robust with the simpléevel 1control structure. It is also good at system
parameters regulation and fuioct flexible with the assistant of the
higherlevel control systems. This proposed control system can be
extended to any invertdrased energy source with randomly power output

as well.
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Chapter5: Hi gh wind power penet
voltage microgrnidd comenreattiean
with hierarchical control t

51 I ntroducti on

In this chapter, a 2Bus medium voltage level(11kV) microgrid is built

in MATLAB/Simulink to evaluate the proposed hierarchical control
theory of microgrid. IrBection5.2, the main componenof this microgrid
including load, DG and distribution line are described separately. There
are two groups of loads in this model: industrial load and residential load.
The 24hour preset load curve is applied in the experiment. DGs in this
microgrid are also divided in two classes: the diesel generator which is
used as the backup generator and the WECS/FESS combined generator.
As the microgrid is normally geographically small, the underground

cables are chosen as distribution lines.

In the wnd power embedded microgrid, the behaviour of the system is
depending on the wind speed and demand states. In contrast to operation
with a constant power exchange rate, to operate under a schedule which
has relatively low requirements for backup capaeibyuld be more cost
effective. Section 5.3 gives the analysis for the microgrid operating
schedule based on the wind speed statistical model which has been
introduced inChapter2. A case study introduces how to derive the
operating schedule for tlsamulaion microgrid is presented in this section.

Theschedules for different months are presented in the results as well.

Thesimulationresults and discussion are given in subsequent section. The
experiment includes two scenarios:t2dur overall running restiand the

system performances with precise control in a specific time period. The
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first scenario evaluates the leteym system stability and prove the
feasibility of the power exchange schedule which is proposed in the
previous section. The second sasm#s focused on the control accuracy
and robustness. Both the voltage magnitude and frequency on PCC bus
variations are introduced in this scenarithe last section gives the

summary.

52 Si mul mt coogr iadorsfyisgwernmati on

The microgrid model presesd inFigure5.1 consists of 4 DGs, 11 loads,

20 buses, 19 branches, an infinite generator representing the main grid and
a number of circuit breakerBer unit values are used in the input signals
for the control systenf.ransformers are not considered in timmulation
model. The base MVA value for this microgrid is SMVA.
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Figure5.1 Single line diagram of CERTS microgrid mog26]
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5.2.1 Loadsin the simulation model

There are many well developddmandgprediction methodgl28, 129]

A load variation model based on the daily load curve characteristics is
used in this chapteFigure 5.2 gives two typcal daily load curves for
industrial load and residential load. The machines in industrial factories
usually start warming up from 5am. The demand reaches the peak value
at 8am as the workers come on duty. It falls a little during the lunch time
around 1m. Thisindustrial load backs to the fdtbad condition till 6pm.

After that, people are leaving for home, and only part of the industrial load
are still running during evening time. Alternatively, the residential load
keeps on a low level as people works daytime It grows from 6pm
because people start leaving job and back home. The residential load
reaches its peak value around 10pm. Then it decreases as people go to
sleep.In some temperate climate countries, such as China, the residential
demand ingmmer is higher than it is in winter because of air conditioning
load.By the same timan high latitudecountries such as UKhe heating

load in winter makes the winter curgeer it insummerln this study, the

differenceshetween countries is not considered.

SUMMER-__

WINTER.__

K.W. Load—

K.W. Load

|
0 6 12 18 24 0 6 12 18 24
hours ——» Hours ———»

Residential Load

Industrial Load

Figure5.2 Daily industrial and residential load curj30]
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In this MATLAB/Simulink simulation model,loads1-7 are the inelastic
industrial loads. They must be supplied in any situations. To reduce the
power losses and voltage drops on the transmission lines, the reactive
power consumption of them are usually supplied locally byré¢hetive
power compensation devices such as SVC. s8atllare the residential
loads. Each of the residential loads contains normal loads and controllable
loads. The controllable loads can be either plugged in or dropped off. They
could be washing machinedridges, heaters, batteries or electrical
vehicles etc. A bilateral contragsually needo be signed to control this
type of load[131]. A flatter total load curve can be obtained by properly
modifying the controllable loadlo simulate the load variations, each of
the load models consists of 4 siglads L1, L2, L3 and L4 asSigure 5.3
shows. Alternatively, the different stbads configurations are given in
Table5.1.

Table5.1 Load configurations

Industrial Loads

Load 1-Load 7 (each load consists of the following)
Onloff Onloff On/off On/off
0.15MW 0.15MW 0.15MW 0.15MW

Residential Loads

Load 8 (consists of théollowing)

Random Onloff Onloff Controllable
0.2MW 0.2MW 0.2MW 0.4MW
Load 9-Load 11 (each load consists of the following)

Onloff Onloff Onloff Controllable
0.2MW 0.2MW 0.2MW 0.4MW

148



|
: Connecting ports
: to the rest

| simulation system
|

—_—— e e —— -

!

|

I "8

| Branches =z

I Branchi? '::'

| .
I_____________________:T, ____________________________
| Switches

' %
ulutoutesstyshtystos syt

|

| Loads M
|

Figure5.3 Load model in MATLAB/Simulink

Each of the industrial loads in thsgmulationmodel is consisted of four
0.15MW loads. The minimum situation for industrial load is that only one
of the four loads is connected. Alternatively, the residential load is a
combination of three 0.2MW normal loads and one 0.4MW controllable
load. The 24ours demands of both industrial and normal residential
loads in this simulation system are concludediable 5.2. There are
randomly load variations for the residential load as the plug and play
function supported in the microgrdncept In this section, a 0.2MW load

of Load8 is randomly added in or dropped off to represent these situations.
The minimum situatiofor Load8 is 0. The load curves of individual and
total loads are plotted iRigure 5.4 alternatively. As the Total load curve
shows, the total demamdmains at a very low level during the period of
23:00 to the next day 6:00, picking up controllable loads in this time period
IS cost effective.
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Table5.2 24-hours load schedule

. . 0:00- | 6:000 | 7:00-0 | 8:00- | 12:00- | 14:00- | 18:00- | 19:00 | 20:00 | 21:00- | 22:00 | 23:00
Time periods 6:00 | 7:00 8:00 | 12:00 | 14:00 | 18:00 | 19:00 | 20:00 | 21:00 | 22:00 | 23:00 | 0:00
Individual

Industrial load | 1*0.15| 2*0.15 | 3*0.15 | 4*0.15 | 3*0.15 | 4*0.15 | 3*0.15 | 2*0.15 1*0.15

(MW)

Individual

Residential 1*0.2 2*0.2 | 2*0.2 3*0.2 2*0.2 | 1*0.2
load (MW)

*there is randomly plug and play variation for Load8 described in Tablge.1
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5.2.2 DGs in thesimulation model
5.2.2.1Backup DG

There has to be a backup generator to provide the system voltage level
and/or frequency reference in an islanded microgrid. It tdeds the
power supply and demand gap to assist better power regulation at PCC
when the microgrid operated in grid connected mode. To achieve fast and
good voltage regulation on the PCC, the backup DG should be placed
close to the PCC bus. In this case, D@hich is a diesel generator the
installed capacity of 2MW plays the role of backup DG. The operating
feature of DG1 is based on the FG WILSON P2000/P2250E diesel
generator seftl32]. It has two operating mode, prime and standby. The
prime mode can be continuously operated and capable for 10% overload
running for 1 hour every 12 hours. The fuel cost with class A2 diesel fuel
for this type of genetar is given inTable5.3. Due to the equipment safety
requirementsywhenthis diesel generator igperated in standby mode, it is

normally operated alve 50% rated power output.

Table5.3 P2000/P2250E fuel cost in prime running m@bia2]
%load 110% 100% 75% 50%

Fuel cost 483.4 422.8 311.5 212.2
(L/hr)

The diesel fuel price in UK is around 120 pence per[it88]. When it is
running with unit power factor, theegerator cost of this diesel generator

can be simply presented in a third order functio(bdl.

#1 OGP oYt xuvlp Cpo (5.1)
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Where:
Cost is the generian cost, in this chapter, it is equal to the fuel
cost (Pound/hour)

P is the real power output of the diesel generator (MW)

Figure 5.5 is the fuel cost curve plotted based on the equdlidn. The

four points on the curve are the prices derived from the fuel cost data in
Table5.3 multiply by 1.2 Pounds/liter. It can be observed from this figure
that the generator cost function expression fits these four points well. The
generating cost of this type of diesel generator is between 250 #MWh and
580 #MWh. According to the reporpublished by the Department for
Business, Energy & Industrial Strategy, in year 2017, the UK average
industrial electricity prices including tax for small (consuming429

MWh per annum), medium (consuming 2,608,999 MWh per annum),
large (20,00669,99 MWh per annum) and extlarge (consuming
70,000150,000 MWh per annum) consumers are 125.5 gMWh, 103.9
AMWh, 103.4 fMWh and 1028MWh respectively(134]. All these
industrial energy prices are much less than the generating cost of the diesel
generator, in case of that, the electrical power generated by diesel
generator has the relatively low priority to maintain the microgrid system

be economically operad.
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Figure5.5 Fuel cost curve of the diesel generator

5.2.2.2Wind power DGs

DG2, DG3, DG4 are the WECS and FESS combined generation systems
which is proposed in chapter 4. The Vestas V430 7 IEC Il B

model WECS is utilized. It has the featuraiscut-in wind speed 3 m/s,
rated wind speed 9.1 m/s, eniit wind speed 22.5 m/andrated electrical
power output 4AMW. The power output data of the WECS here is generated
by the artificial wind speederived from the historical wind speed data of
Wensum weather statid81]. The méhod which is used for generating
artificial WECS output is introduced @hapter2. In contrast to the diesel
generator, the generating cost of WECS can be neglected, the electrical
power generated by WECS has the highest priority in the microgrid
system.
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5.2.2.3Control block parameters of MATLAB/Simulink model

The DG models built in the MATLAB/Simulink uses the same block
diagram which is introduced in the section 4.7 @iapter4. The
parameters of the controllers are givefable5.4. In contrast to the low
voltage microgrid in chapter 4, the backup DG is not opeyainder
constant V mode as its installed capacity is relatively small compared with
that ofthe whole sygm.Hence the constant voltage level output cannot

be guaranteed.

Table5.4 level 1controller settings

. Upper Lower
Proportional | Integral _ _
DG Controller saturation | saturation
(P) (0 . .
limit limit
PV 0.01 1 0.05 -0.05
DG1
Q/Delta 0.1 50 90 -90
DG2, PV 0.05 10 0.03 -0.03
DG3, . .
Q/Delta 1 500 inf -inf
DG4

5.2.3 Distribution lines in the simulation model

The transmission line in this microgrid is built by using the R/L short

line model which often appliefdr distance less than 80km or voltage
level less than 20kY135]. The transmission lines in thsgmulation

model are Nexans three canearmouredopper conductor underground
cableq136]. The line resistance and inductance parameters are given in

Tableb.5.

Table5.6 shows the transmission line impedances of these 19 branches.
There are four branches linig the DG bus and the grid, and DG1 is the
backup DG which is located close to the PCC Buanche$31, B16, B17,
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B18 and B19 are relatively shoBranches B2, B3, B5, B6, B8, B9, B11,
B12 are relatively long distribution cables. To constrain the power losses
and voltage drop with economic consideration, the 3*240
conductors are used. The branché8 14, B15 connect the four buses
with noncritical loads in a relatively small area. As the DG2, DG3, DG4
can provide certain level of power and voltage supports locally, the
investment costs of branches B4, B10, B7 can be reduced without causing
reliallity or power quality problems. The cheaper transmission lines with

smaller conductors are applied for these six branches.

Table5.5 Voltage 6.35/11 (12) kV Three Core unarmored coppe

conductorg136]
Nominal
Cross
_ 3*70 | 3*95 | 3*120| 3*150 | 3*185 | 3*240 | 3*300 | 3*400
sectional
area(@ O )
Maximum
AC
resistance
0.342| 0.247| 0.196| 0.159| 0.128| 0.098| 0.079| 0.063
@ (o7
Inductance
0.396| 0.378| 0.361| 0.351| 0.343| 0.328| 0.316| 0.305
(mH/km)
Reactance
@50Hz ¢ T 0.124| 0.119| 0.114| 0.11 | 0.108| 0.103| 0.099 | 0.096
Eo
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Table5.6 Branches impedances simulationsystem

Conductor
Branches . Length (km) Impedance ¢
diameter @ O )
B1, B16, B17, :
3*400 0.1 0.0063+j0.0096
B18, B19
B2, B3, B5, B6, .
3*240 1 0.098+j0.103
B8, B9, B11, B12
B13, B14, B15 3*150 0.5 0.0795+j0.055
B4, B10, B7 3*150 1 0.159+j0.11
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The operating modes analysis in this chapter is based on the WECS model

proposed iChapter2, the WECS/FESS combination system mentioned

in Chapter4, and the 2{dbuses microgrid system introduced in this

Chapter To be noticed, for different microgrid sgms, theesultsare not

the sameln practical applications, better system performances can be

achieved by using more accuracy wind speed and load prediction methods.

However, the analysis procedure can be extended for different situations.

5.3.1 Power exchange on PCC

The active poweb

0

Where:

exchanged at the PCC is presented in equéi@h

Ca
Ca

0

0 0

0 (5.2)

0 is the active power generated by DG1 (MW)

0 is the total active power generated by DG2, DG3 and DG4

(MW)

157



0 is the sum of the industrial and residential loads which follow
the daily curve (MW)

0 is the randomly connected load (MW)
0 is the controllable load (MW)
0

IS the transmission line loss (MW)

The range of the parameters in this equation is given in eqat®nThe
transmission line losses are relativeiyall,and it is highly related tthe
power flow regulation, to make a simple analysis procedure, the power

losses in this section is neglected.

~

.0 N T OTEiT &

(Y 6 N T[ﬁD C

., 0~ psth (5.3)
I’ 6 N T[ﬁ'[&

v 0 N Tipw

5.3.2 Microgrid operating modes schedule

The average wind speed varies in different seasons, the mean power
output of a WECS is not the same in different time periods. As discussed
before, a microgrid can be operated to belas/either a generator or a
load. Thebehavioursof the microgrid with large amount of WECSs

installed capacity depend on the wind speed features.

Figure 5.6 gives the 12nonths scale parameters of Weibull Distribution
which derived from the wind speed data recorded by Wensum weather
station in 2014. In January, February, March and May, the scale parameter
is over 9, it means the wind power is relalyvgtrong in these months. In
these time periods, the microgrid has more chance to behave as a generator

unit. Alternatively, in August, September, October and November, with
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the weak wind power, the microgrid behaves like a controllable load rather

than generator.

16 Weibull Distribution Scale Parameter c
T T T T T T T T

1 2 3 4 5 6 7 8 9 10 M 12
Months

Figure5.6 12-months wind speed Weibull Distribution Scale

Parameter ¢ of Wensum 2014

5.3.3 Case study: Operating schedule for theimulation microgrid

The probability density of the total power generated by DG2, DG3 and
DG4 is given irFigure5.7. 0 hasa5% chancef generating lesthan 3

MW, which means even with the 2MW backup generator, the microgrid
generator system cannot meet the demand in peak hours. In this situation,
this microgrid has to either absorb power from main grid or cut off part of
the residential load. Both actis cause extra compensation costs.
Meanwhile, there is a chance of less than 1% that the power generated by
the DGsis over 10MW. It makes this microgrid have a risk of over SMW
power flow mismatch at the PCC from the schedule. As discussed in
chapter 3,tihas to be reported to the DNO if this situation lasts over half

an hour. Another possible solution for this situation is abandoning the over

159



generated wind power which cause a certain level of energy waste. Due to
this probability is very small here, thend power abandon is preferred to

achieve a better system performance.

AR -

1 million times Monte Carlo Simulation Result

ty Density Curve

Total output of DG1, DG2, DG3 (MW)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Cumulative Probability Density

Figure5.7 Total power output probability of DG2, DG3, DG4 in
January

Besides justmanaging power balanca microgrid has to provide better
power quality and be friend to the utility grid. In case of that, the power
exchange on PCC should be scheduled. As discussed in previous section,
the daily load variations can be divided into 11 sections which is
summaized inTable5.7. A procedure irFigure 5.8 is used to determine

the operating mode of this microgrid for certain time period. This

procedure starts with the initial guessed and a reliability constraint

Y'Q Y1t b These initial wlues are recorded in the memory as a
temporary best solution. After that, a Monte Carlo simulation is executed

to derive the probability distribution of power difference between the
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objective microgrid power outpul and the power it can provide
without the backup DG and controllable loads. If this differential value is
less thanl.6MW, it means even with all controllable loads picked up and
shutting down the backup DG, the power inject to the main grid by this
microgrid is more thad . In thissection, this probability is recorded as
the over generated probability. Alternatively, all the controllable loads are
dropped and the backup DG running in overload mode can feed a power
unbalanced gap of 2.2MW. When the differential value is larger than
2.2MW, it is recorded as the probability of over loaded. The probability
besides the over generated and the over loaded probability is considered
as the reliability of this system with this certain valuedof . If this
reliability is better than the tgmorary solution, the new solution will be
recorded and replace the previous one. This procedure is continuously
executed until all possible values are tested. At last, the temporary

best solution is recorded as the final best solution.
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Monte Carlo Simuliation results
== Probability Density Curve

(MW)

X:0.08937
Y:-1.599

Power differential
without backup generator and controllable loads

'8 1 1 | 1 J

0 0.2 0.4 0.6 0.8 1
Cumulative Probability Density

Figure5.9 Power differential probability distribution during 14:00

18:00

A probability distribution sample of the solution is given irFigure

5.9. Thed value for 14:0018:00 time period is set to 0 in January.
There are two points A and B on the cumulative probability density curve.
The area on the left side of point A represents the probability of over
generatedThearea on the right sidaf point B represents the probability

of over loaded. Due to the transmission power losses not considered, the
positions of point A and B will be slightly moved to the left in practice.
The slopes of this probability curve in both these two areas arvebjat
large. Which means a large amount controllable loads or energy storage
devices need to be installed to narrow the over generated area.
Alternatively, a double sized backup generator is needed to be installed to

eliminate the over loaded area. As thare large investment costs and
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little reliability improvements the reliability improving solutions are not
cost effective Making compensation contracts of residentials/microgrid
owner and microgrid owner/DNO for these situations is preferred. How to
make a contract with most benefits which related to the electricity market

behaviourss notcoveredin this thesis.

Table5.7 Microgrid daily operating schedule in January

Probability -
) o Probability
kit |Fos. o Time (=1 Reliability | of over
(MW) iod MW (%) ti of over
erio 0 eneration
P (MW) J loaded (%)
(%)
1.65+0.2 | 0:00-6:00 3.2 88.32 8.2 3.47
2.7+0.2 | 6:007:00 2.1 88.88 8.23 2.89
3.75+0.2 | 7:00-8:00 1.1 88.4 8.07 3.53
8:00-
4.8+0.2 0 88.81 8.28 2.91
12:00
12:00
3.75+0.2 1.1 88.33 8.14 3.53
14:00
14:06
4.8+0.2 0 88.82 8.3 2.88
18:00
18:00
4.55+0.2 0.3 88.21 8.26 3.53
19:00
19:06
3.5+0.2 1.3 88.89 8.2 2.91
20:00
20:06
3.25+0.2 1.6 88.41 8.11 3.48
22:00
22:00
2.45+0.2 2.4 88.25 8.18 3.57
23:00
23:006
1.65+0.2 3.2 88.32 8.15 3.53
0:00
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Table5.7 gives the daily microgrid output schedule with the reliability in

January. The columd represents the anticipated power flow at PCC.

There is a certain levef probability for over generation and overload
situations.Tables.8 is the amualoperatingschedule. The daily operating
schedules for 12 months are plottedFigure 5.10. The power output
curves for each monthasthe similar shapeThe magnitudes have the
similar trends of the Weibull scale parameters givefiguire 5.6 as well.

To be noticed, although the \ildell scale parameter in February is 25%
larger than it in January, the operating schedules are the same at these two
months. This is because they have the different Weibull shape parameters.
The average total generator output in these two months are W 44id
4.61MW. There is only 3.6% differential on electrical power output rather
than 25% of the wind power differential. This causes the over generated
probability in February is around 9% which is 1% larger than it in January.
Theover loaded probabilitis 1% less than January. The reliability of the
daily operating schedule is shownFkigure 5.11. The lowest reliability

for the whole year is over 836 which happened in July. Meanwhile, the
schedule in September with the lowest mean wind power has the highest
reliability. This is becauseith theoptimisedschedule, when the average
wind power speedoes slowthis microgridcan absorb power fronhe

main grid. Theload needso beshared by wind power generatdsobe
decreased. In which caseth a certain amount of energy storage devices
installed, the electrical power output distributes more concentrated with

less average wind power.
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Pmg (MW)

Months

Figure5.10 Annual daily operating schedule of thienulation

microgrid system
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Figure5.11 Reliability of the annual daily operating schedule
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Table5.8 Annual operating schedule and Reliability

Time 0:00 | 6:000 | 7:000 | 8:00 | 12:00 | 14:00 | 18:00 | 19:00 | 20:00 | 22:00 | 23:00
Period | 6:00 | 7:00 | 800 | 12:00 | 14:00 | 18:00 | 19:00 | 20:00 | 22:00 | 23:00 | 0:00
o 3.2 2.1 1.1 0 1.1 0 0.3 1.3 1.6 2.4 3.2
Jan (MW.).
Re'éfj‘/s’)"'ty 88.32 | 8888 | 884 | 88.81 | 8833 | 88.82 | 8821 | 88.89 | 88.41 | 8825 | 88.32
o 3.2 2.1 1.1 0 1.1 0 0.3 1.3 1.6 24 3.2
Feb (MW.).
Re'é"g‘/g"'ty 88.37 | 883 | 883 | 8832 | 8838 | 8838 | 8829 | 8825 | 88.29 | 88.42 | 88.33
o 3 2 0.9 0.1 0.9 0.1 0.1 1.2 1.4 2.2 3
Mar (MW.).
Re'é"g‘/g"'ty 88.88 | 889 | 8892 | 88.82 | 88.88 | 88.97 | 8887 | 89.01 | 89 88.89 | 88.93
o 2.8 1.7 0.7 0.4 0.7 -0.4 0.1 0.9 1.2 2 2.8
Apr R(Wﬁ
€ an/o)' Y| 91.06 | 8745 | 91.07 | 8741 | 911 | 8735 | 91.07 | 87.41 | 91.15 | 91.12 | 91.16
Ilhf/\ll 2.7 1.7 0.6 0.4 0.6 -0.4 0.2 0.9 1.1 1.9 2.7
May R(I' b'?'t
€ an/o)' Y| g755| 8753 | 8747 | 8752 | 87.45 | 87.46 | 87.46 | 8756 | 87.55 | 87.49 | 87.49
I!|/I-S/\I/ 25 15 04 | -06 0.4 0.6 -0.4 0.7 0.9 1.7 25
Jun R(I' b'?'t
€ ('oa/o)' Y| g7.49 | 875 | 8758 | 87.62 | 8757 | 8752 | 87.63 | 8757 | 87.56 | 87.57 | 87.59
”‘D' _ _ -
Jul M) 2.1 1 0 1.1 0 1.1 0.8 0.2 05 1.3 2.1
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Re'éoa/g"'ty 86.51 | 86.66 | 86.54 | 86.52 | 86.61 | 86.63 | 86.59 | 86.56 | 86.62 | 86.62 | 86.58
o 14 | 04 | 07 | 27 | 07 | 1.7 | 15 | 04 | -02 | 06 | 14

Aug (MW.).
Re'éoa/g"'ty 91.88 | 92.25 | 91.84 | 92.36 | 91.85 | 92.29 | 91.92 | 92.29 | 91.87 | 91.92 | 91.85
o 09 | -01 | -12 | 22 | -12 | -22 2 09 | 07 | 01 | 09

Sep (MW.).
Re'éoa/g"'ty 93.93 | 93.99 | 94.03 | 94 | 93.93 | 94.06 | 93.96 | 94.06 | 93.95 | 94 | 93.93
o 14 | 04 | 07 | -7 | 07 | 17 | 15 | 04 | -02 | 06 | 14

Oct (MW.).
Re'éoa/g"'ty 91.15 | 92.16 | 91.1 | 92.1 | 91.05 | 92.15 | 91.06 | 92.16 | 91.16 | 91.13 | 91.1
o 17 | 07 | 04 | 14 | 04 | 14 | 12 | 01 | 01 | 09 | 17

Nov (MW.).
Re'éoa/g"'ty 89.4 | 88.78 | 89.46 | 88.76 | 89.45 | 88.67 | 89.37 | 88.8 | 89.38 | 89.44 | 89.32
o 15 | o5 | 06 | -16 | -06 | -1.6 | -14 | 03 | -01 | 07 | 15

Dec (MW.).
Re'éoa/s’)'“ty 90.02 | 89.97 | 89.97 | 90.03 | 89.96 | 90.07 | 90.06 | 90.01 | 90.05 | 90.04 | 89.99
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54 Si mul aéesohts and di scussions

5.4.1 Scenariol: 24hour overall running results
5.4.1.1Backgrounds of this experiment

As discussed above, the daily operating schedule has the lowest reliability
in July. Thepower exchange at PCC has all the values of positive, negative
and zero in July.The WECS/FESS combined system outputs are
generated by the wind speed data of lbhosen to be used verify the
reliability of the proposed hierarchical controlled systasit hasthis

strictly condition

10 a2

—G3
G4
8 | |—Gtotall

Power Output (MW)

| AJ |\
|

| |
/ U'\_/\J'
Ii | m .III

|| \: | | | || \l II!\ { l}f ||I |I‘ |
AN MO oA A LAV ok

0 | | | | |
10 20 30 40 50 60 70 80 90

Time (15 minutes/unit)

Figure5.12 24-hours generator output

Figure5.12 shows the randomly generated-t2durs DGs power output
data which is used in the experiment. In this experiment, it is assumed that
there & only a little variation of wind speed in every 15 minutes periods.
This means the power output of a DG keeps constant within 15 munities.

These data are generated by randomly picking up 96 continuous points in
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a Monte Carlo simulation result points seri€éhe curves G2, G3, G4 and
Gtotal represent the power output of DG2, DG3, DG4 and the sum of these

three DGs respectively.

Figure 5.13 is the original Main grid output schedule. It is derived by
reversing thed schedule valuegjiven in previous section. This
microgrid generates power during evening and early morning. tim

represents a load absorbing power from main grid in peaking hours.

ety
T

Power Output (MW)

_3 | 1 | 1
5 10 15 20

Time (hours)

Figure5.13 Scheduled Power output of Main grid

The fastresponse operating rules of commitment for the backup DG and
controllable loads has tbe introduced in the control procedure to

maintain a high reliability of this system. The operating rules are given in
Table 5.9. The total power gap here is the differential between the

generated power and the demands, which is derived(B@in

0 0 0 0 0 (5.4)
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0 here is the scheduled microgrid output.

Table5.9 Operating rules for the backup DG and controllable loa

Total

power | Backup | Controllable | Controllable | Controllable | Controllable
gap DG Load 1 Load 2 Load 3 Load 4
(MW)

1.2to | Shut ) ) )
Picked up Picked up Picked up | Dropped off
1.6 down
0.8to | Shut _ _
Picked up Picked up | Dropped off | Dropped off
1.2 down
0.4to | Shut
Picked up | Dropped off | Dropped off | Dropped off
0.8 down
0to Shut
Dropped off | Dropped off | Dropped off | Dropped off
0.4 down
-0.4 to : :
. Start Picked up Picked up | Dropped off | Dropped off
-0.8 to :
- Start Picked up | Dropped off | Dropped off | Dropped off
-7.2t0
0.8 Start | Dropped off | Dropped off | Dropped off | Dropped off
Below
- Report to the DNO

As there areonly 1.6MW controllable load in total, whah

PE,

even all the controllable loads are picked up, thewvges generated power

injectedinto themaingrid.lfthe0  is in the range of 0.4MW to 1.6MW,
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the power exchange objects at PCC can be achieved by amending the

controllable loads.

Due to power losses which practically exist bregnot beng considered

in (5.4), whent@ 0 11, all controllable loads need to be dropped.
Part of the rest power supply support the power losses, and the other is not
used. In the interval 0£Q.8,-0.4), extra powefrom the kackup generator

is needed to maintain the power balari®ecause the diesel generator is
normally being operated above the halfed powerpoint, to meet the
power exchange schedutbe backup DG has to be started and operated

accompaning with controlleble loads.

If 0 X&, which means the deviation of the power exchange on
PCC bus is over 5MW, a report has to be passed to the DNO. However,
in this microgrid system, there are 4.8MW scheduled loads and 1.6 MW
controllable loads in total, this sttisituation happens onlyith heavily
system failure, in which backup DG fa@nd all loads connected during

off peak time at the same time. This situation does not occur normally.

5.4.1.2Simulation results and discussion

In this section, the total simulatiome is 960 seconds. Each 10s periods
in simulation represent 15 minutes in real world. Wind speed and loads
changes every 10s. To be noticed,
received the new references from conttehtre and the load variation
happens before any regulation actions. Besides the scheduled load curve,

a 0.2 MW load randomly plug in and out every when load changes.

Figure 5.14 gives the logs of the power output of DGs in the microgrid.
The periods of DG1 without power output are evenly distributed which
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means the probability of situations with positive or negaiive happens

is equal withtheopetai ng schedul e. According t
in Figure 5.12, there are 6 peak periods of G2 around the points 20, 40,

65, 70, 80, 90. Alternatiyg, 3 peak periods of G3 around points 50, 60,

80, and 7 peak periods of G4 around points 5, 25, 30, 60, 75, 85, 95. These

particular features can be foundrigure 5.14 as well.

Figure5.151 s a snap shot of the DGsO6 po\
point of system parameters changing. As DGL1 is very close to the PCC
bus, the transmission line impedance between them are relatively small.

To prevent system oscillations, small Pl controllettisg values are

applied in the local controller of DG1. This makes it has a relatively slow
response characteristic. Compare t
active power of DGz reached steady state within 0.02s, and the reactive
power reached stdg state in 0.06s. As the reactive power of DGs are well
regulated to 0, the reactive circulating current problem is well eliminated

in this system.
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Figure5.14 Power output of DG1, DG2, DG3, DG4
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Figure5.15 Snap shot of power response of DGs
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Figure5.16 Power flow from main grid to microgrid
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Figure 5.16 presents the power flow from main grid to the microgrid. The
active power curve of theimulationresult and the scheduled curve in
Figure 5.13 have similar shape. However, there are always deviations
between them. This is because of there are nonlinear components, and the
impedance of circuit breakers are not considered in the ptoer
calculation. The compensation strategy which can deal with this power
deviation issue without using a complex power system model is applied

in the following sections.

5.4.2 Seenario2: The microgrid system performances with precise
control in a specific ime period

5.4.2.1Backgrounds of this experiment

The overall systerbehavioursof DGs output and loads variations have
been tested itheprevious section. Th@mulationresults demonstrate the
long-term stability of the control system. The experiment in thoice is

focused on the accurate system performance control.

As mentioned in chapter 3, when a microgrid operated as a generator, it
should be operating within the frequency rangé 49.5Hz to 50.5Hz.
Thee could be step voltage changes at PCC bus witl% in UK
distribution network. The experiment in this section is designed to

evaluate the system performance under voltage and frequency variation.

Table5.10 gives the events schedule of the experiment in this section. At
the time point of 5:00, the power output of DG2, DG3 and DG4 are
3.89MW, 0.64MW, 4.0MW respectively. The industrial loads deanan
residential loads demand and controllable loads demand are 1.05MW,
0.8MW and 1.6MW respectively. The scheduled microgrid output is
2.1MW. Due to the wind power at this time point meets the demand, and
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the diesel generator has to be operated over 5@ patver output, DG1
Is shut down in this section.

Table5.10 Experiment events schedule

Time period Events

Simulation initialization and

0s0.5s system parameters of 5:00
applied
PCC Powedeviation
0.5s1.5s _
compensation
1.5s2s Voltage Step change to 1.03plt
252.5S Frequency step change to 50.5
System regulation from contro
2.53s
centre
PCC Power deviation
3s4s

compensation

5.4.2.2Simulation results and discussion

An overall system performance information on PCC during the simulation
periods are shown iRigure5.17. The total simulation duration is 4s as
given inTable5.10. There is a voltage step changetlod main grid at
t=1.5s, this causes an overshootstantaneous power exchange on PCC
before the system became steady. Alternatively, the frequency change at

t=2s also caused power exchange fluctuation.
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Figure5.17 PCC bus states variations

a) PCC power exchange deviation compensation

In this section, the PCC power deviation compensation procedure is taken
place.Figure 5.18 shows the power follow from the main grid to the
microgrid at the PCC bus&igure 5.19 gives the power output of DGs
alternatively. It isobserved form the figures that the initial system settings
camot meet the scheduled microgrid output. The power exchange at the
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PCC bus was close to 0. With the two steps of deviation compensations,
the power injected into the main grid reached the scheduled value of
2.1MW. The active power output of D&Rwere increased from 3MW,
0.4MW, 3MW to 3.89MW, 0.64MW, 4MW respectivelyhesteadystate
reactive power output of DGs were closed to 0 during all these procedures.
There is no power output from DG1 as it was shut down in this section.
The time duration from each compensation settings applied to steady state
achieved is less thdh2s.
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Figure5.18 Power flow on PCC during the time period 044&s
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Figure5.19 Power output of DGs during the time period 614%s
b) PCC voltage and frequency step changes

The system capability for voltage and frequency variation at PCC bus is
evaluated in this section. To make the result clear, during this time period,
the microgrid system performed with local controller orifigure 5.21

gives the variation information of the active power, reactive power,
voltage magnitude and frequency on the PCC Bigsire 5.20 shows the
voltage magnitude and phase angle control signals in DG3 local controller.
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Figure 5.22 showsthe output power variations of DGs when the voltage

and frequency step changes.

At the time point near 1.5s, the PCC bus voltage step changed from 1.0
p.u. to 1.03 p.u.. A transient large power flow on PCC bus occurred due
to the voltage differential beeen PCC bus and other microgrid buses
increased. The DG output power referensts/the same in the local
controller before new settings from controéntre are updated. As
mentioned above, in the proposed hierarchical control system, P/V and
14 droop ontrol is applied in local controller. As observedFigure

5.20, to maintain the active and reactive power output of DG, both the
voltage magnitude and phase angle control signals were changed. This
microgrid systems back to steady state within 0.03 seds. The power
consumed by this system increased as long as the voltage of this entire
system increased. As the power output of Xkept the same, the power

low to main grid was reduced from 2.1MW to 1.8MW.

At the time point near 2s, the frequencyradin grid is increased to 50.5Hz.

The phase angle differential between the PCC bus and the DG buses grows
w Ttelvery second as there is 0.5Hz frequency differential. Due to there are
crosscoupling effects by using the droop control method, the phase angle
differential causedby both active and reactive power flows changed. To
maintain the stability of the local controller, a saturation limgeised for

the voltage magnitude control signal. In this case, this saturation limiter is
set to 0.03 p.u. from #hinitial voltage setting valudn contrast to the
voltage magnitude control loop, there is no saturation limiter applied in
the phase angle control lodf¥hen the voltage magnitude control signal

reached its limitation, the phase angle control signal kepeasing the
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meet the reactive power differential eliminating requirement. This
continuously phase angle increase compeas$iagefrequency differential
and maintaia microgrid systenstability. However, there are time delays
in the control system, fahis reason, a certain deviation between objective
power output always exsst Although this microgrid system can be
operated stalwithout communication with central controller, the power
quality cannot be guaranteed. The new system settings from laeritce

should be applied as soon as possible.
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Figure5.20 Control signals of DG3 during the time period 158s
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Figure5.22 Power output of DGs during the time period of 1295s

c) System regulation based on the new PCC voltage and system

frequency

A set of system settings generated by cortasitrewas applied to the

DGs06 | ocal cont Figuteb2dgivesthe RCQbbsiates s e ct
variations informationkigure 5.25is the log of power output of the DGs

in the microgridFigure 5.23 shows the control signal changes procedure.
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At the time point near 2.5s, the settings of local controllers were updated
by controlcentre The output frequency of DGs were changed to 50.5H
As observed fronrigure 5.23, the initial voltage magnitude reference for
DG3 was change to 1.032 p.u.. Due to the large active output deviation
from the reference value, the voltage magnitude control signal
immediatelyhit the upper limit. The power flow oscillation happened as
the phase angle signal in the local controller continuously decreasing for
near 0.2s. There @saturation limiter in the feedback path of the phase
angle control loop to maintain system stabilituring normal condition.
This saturation limiter slows down the angle control loop response speed.
The power flow oscillation stopped at the time point 2.76s. After that, the
controller functions were effectively achievethe systemis back to
steady ste within 0.1s. AsFigure 5.25 shows, both the active and

reactive power output of DGs were well regulated.
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d) PCC power deviation compensation on new system voltage and

frequency

Figure 5.26 andFigure 5.27 show the power flow on PCC bus and DG

buses respectively. The compatisn performance in this section is

similar as itis in the time period of 0.5%.5s. The only difference is the

power flow mismatch from the schedidenot completely eliminated. The
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microgrid finally fed 1.9MW power into the main grid rather than the

object 2.1MW.

The changes of system voltage and frequency lead tohidnsgeof the

power consumed by the load and transmission lines with constant

impedances. The precisely power exchange has to be assisted by the

backup generator. DG1is shlddwnduring tis light load period. There is

a startup cost for back up DG, frequentitartup and shut down is not

cost effective. Due to this over voltage situation is a sieonh event in a

practical distribution network, no further operations are needed to be

amlied to eliminate this power deviation.
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59 Summary

In this chapter, an simulation microgrid model built in
MATLAB/Simulink is used to evaluate the performance of the proposed
hierarchical control method in chapter 4 .tiihe proposed control theory,

a grid connected medium voltage microgrid can perform as either
controllable DG or load. A microgrid system operating schedule is
generated from the statistical model proposed in previous chapters. The
long-term stability ofthis microgrid is verified in theimulationresults of
24-hours running without compensation. With the backup DG and
controllable load commitment decision and initial references generated
from control centre this microgrid system performs well followirtbe

schedule.

The proposed local controller with P/V and) @foop characteristics can
achieve accurate power sharing of each DGs during normal conditions. It
also can maintain the shddrm system stability individual when the
voltage and/or frequency variations happened on PCObesleviations
caused by theseariations can be eliminated by updating local controller
settings generated from the central controller. The compensation strategy
which eliminates the deviations caused by -tinear components and
inaccurate system parameters can be easily applibdsindntrol system

as well.
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Chapter6: HiI gh wi nd
voltage microgr.i
operation with t
t heory

power penet
d state tra
he proposed

6.1 Il ntroducti on

A hierarchical controlled microgridimulationsystem has been built up

and tested with grid connected mode in chapter 5. However, a microgrid
system is often required to be capable for both connected and islanded
modes. It can be either manually disconnected from the main grid or
insulated from the min grid by protection devices when abnormal
situations happened in upstream. When a microgrid switched from the
connected mode to the islanded mode, the power balance has to be
maintained without the support of the main grid. The control strategies
desigred for the gridconnected microgrid cannot directly applied in these
situations. In this chapter, the specific control strategies are proposed and
evaluated in two main sections: state transition and islanded microgrid. A
critical load shedding or wind paw curtailing time, which is depending

on the initial energy storage devices charged status, backup DG capacity,
wind generation power and the loads, is proposed in the section 6.2. A
case study of 2fours critical time probability distributions of 12 ntba

based on the 2Bussimulationmicrogrid is presented.

In section 6.3, the challenges during both disconnecting and reconnecting
periods are discussed. The previous steady state power balance within the
microgrid network will banterrupted as there i power exchange from

the main grid when disconnection happened. The operating mode of
backup DG has to be changed to feed the palsarand gap. The energy
storage devices also have to be charged to consume the over generated
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power or discharged to prale the over loaded power in a short term. For
the system stability consideration, the further operations have to be
executed within the critical time. The wind power embedded microgrid
system proposed in this thesis is designed to be operated with the main
grid. Inthat eventthe islanded microgrid will be finally reconnected to
the main grid. When a microgrid reconnecting procedure begins, there are
often differentials of voltage magnitude, phase angle and frequency exist
atthe PCC. The procedures whiamimize the system disturbance during
reclosing period are introduced in this chapter as well. The control
strategies for solving these issues are proposed and evaluated iR the 20

bussimulationmicrogrid system.

Besides the very short time period durstgte transition, the microgrid
system has to be operated in the islanded mode for a certain duration. In
section 6.4, the control strategies for skiertm islanded microgrid are
studied and discussed. As there are backup DG and energy storage devices
in the proposed microgrid system, the microgrid has the capability of
picking up all the existed demands and maintaining the power balance in
a short term. To maximize the duration capability, a DG power sharing
rule is proposed. For economic consideratiba,gower output of backup
generator should be as small as possible. An optimization procedure which
i's looking for the small estAchsackup
study based on tleemulationmicrogrid system is presented and discussed.

The chater summary is given in the last section.
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6.2 Crittcafeor | oad shedding an

curtailing

When a microgrid disconnected from the main grbth system
frequency and voltage magnitude will be determined by the DGs within
the microgrid. It has toneet the potential situations of missing balanced
power supply and demand. In the proposed microgrid system, each WECS
is coupled with a FESS which can output high power in a short term. In
case of that, the effect of wind turbine output variations cameg&cted

in the very short disconnecting duratiohhe power balance gap is

supplied by the energy storage devices and backup generator.

6.2.1 The critical time definition
Because othe energy stored in the FESS is limited, there is a critical time
during whichload sheddingwind power curtailingandbr load increasing

have to be applied to maintain the power balaimcihis thesis,he critical

time 0 is defined ashe equatior{6.1).
(4 B (:) 20D > - - ~
oy ¥ 5 5 v Y w D
0 w B 0
¥

o v 7 0 0 0 o D (6.2)

) B p O XD - .
Ly — — U U
¥y w OB v 0

Where:

0 is the current total demand power in the microgrid (MW)

0 is the current output power of tBe wind power generator in the
microgrid (MW)
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0 is the installed capacity of the backugnerator (WM)

@ is the overload capability of the backup generator (%)
6 is the installed capacity of tHe energy storage device (MWh)

O is the current energy stored percentage irEthenergy storage

device (%)

&) is the discharge efficiency of the energy storage device (%)
w is the charge efficiency of the energy storage device (%)

"(s the total number of energy storage devices in the microgrid
(s the total nmber of wind power generators in the microgrid

o) is the critical time of load shedding wheén B 0

or the wind power curtailing time whe B 0 (houn

Refer to this equation, when the load is larger thartotal power can be
provided by the WECSs and the backup generator, the energy storage
devices will be discharged to feed the gap. The critical time is determined

by the amount ofenergy stored in the energy storage devices and the
differential betweerthe power supply and demand. Alternatively, if the

power from the WECS is more than the demand, the energy storage
devices will be charged to absorb the over generated power. The critical
time is determined bihe amount oénergy the energy storage degcan

take in. Besides these two situations, when the power balance can be
mai ntained by tuning the backup gen

are not requiredlhecritical time is considered as infinite.
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6.2.2 Case study: The critical time of thesimulation microgrid

This case study iexecuted on the simulation microgrid moddlich is
proposed in Chapter Shis section isgoing to figure out what the
operationsieedgo be donandhow long the operations must be executed

afterthemicrogrid disconnect from the main grid.

The system parameters of the microgrid system are givéale 6.1.

There are three 4MW rated wind power g@eators in the microgrid, each

of them is coupled with a 2.7MWh FESS. Both the charge efficiency

and discharge efficienay of the FESS are 90%. A 2MW diesel
generator is installed as the backup generator. The overload capacity of
the backup generatap is 110%. The demand in the microgrid is
consisted of 7*0.6MW industrial loads and 4*0.6MW residential loads.
The i nstant wind power generators?o

storage devices and the demand are variable.

Tale 6.1 System parameters in teamulationmicrogrid

0 From 1.65 MW to 5MW variates

From OMW1to 3*4MW depending on the current wind
speed

C

0 2MW diesel generator

110%

€

o 3*2.7MWh fly wheel energy storage devices

0O From 0%100% depending on the current running stat

() 90%

90%

] 3

k 3
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The seasonal WECS power output and FESS energy stored status
probability distributions of Wensum have been studied in chapiEnet.
24-hours demand distribution characteristics of gmeulationmicrogrid

is presented in chapter 5. To make this sectia@arclithe Weibull
distribution parameters for the -l@onths wind speed of Wensum are
given inFigure 6.1. The Weibull shape parameter k indicates the wind
power strength, and the Weibull scale parameter c describes the

fluctuation character of the wind speé&the daily demand curve is shown

in Figure 6.2.
20 - .
——Weibull Shape Parameter k
——Weibull Scale Parameter ¢
15 -
10 -
5 L
o | 1 | | 1 |
2 4 6 8 10 12
Month

Figure6.1 12-months Weibull Distribution parameters of wind spe
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Figure6.2 Daily load curve of theimulationmicrogrid

The critical time probably distribution characteristics can be derived based
on the guation(6.1) by using Monte Carlo methoBigure 6.3 andFigure

6.4 show the 1zZnonths daily critical operating time probability
distribution characteristics which are derived by 100000 tinepeated
Monte Carlo simulations. In these two figures, the positive operating time
means the FESSs are discharging to supply the power gap. Alternatively,
the negative operating time means charginghigicase, when the critical
operating time is over 1 hour, the microgrid is considered as an islanded
microgrid rather than in the state transition period. In this situation, the
load changing or wind power curtailing operations for disconnecting is not

necessary.

Refering to the section 4.5.1.4 i@hapter4, in August, September and
October, the WECS/FESS combined system has the largest installed
capacity requirements of FESS as the wind power is relatively weak in
these three month§hevalue for theséhree months is chosen as the final

installed capacity of FESS. imhich case the other 9 months, the energy
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storage devices have relatively larger reservation capability. This makes
the probability of FESS charging and discharging in these 9 months

distnbuted relatively average.

It can be observed from the figures that, the probability of the situations
in which the loacthangingpr wind power abandoned have to be executed
is relatively small. In most cases, the probability is less than 30% in the
morning and midnighDuringthedaytimeworking hours, this probability

is further reduced to less than 5%. To be noticed, in thiedudperation
required situations, the negative critical time shares over 99.9%
probability. It means in thisimulation microgrid, only picking up
controllable loads and wind power curtailing need to be considered during

the disconnecting period.

As thewind power curtailing can be achieved by the local controller, the
critical time requirement for the further action from up level controller can
be relatively loose. In case of that, for the disconnecting operation, there
is no requirement of additional §& communication channels in the
proposed hierarchical control systerheFESS installed in the microgrid,
which is designed to maintain the power output of the WECS and FESS
combined energy source over half of average power generated by the
standalone wid power generator, also has good capability for secure the

critical loads during the transition period.
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6.3 Contr ol strategies for micro

6.3.1 Control strategies for the microgrid disconnection

A microgrid may disconnected from the main grid for different reasons. It
could be accidently isolated by the protection devices when there are
abnormal situations or faults happened in the main dfrid. is not a
permanent fault, this microgrid will reanect to the main grid in several
seconds. The microgrid also can be manually disconnected for the purpose
such as device maintenance and repairing. In this situation, atetmrt

islanded microgrid is formed.

In this section, the control procedure whics capable for different
disconnecting situations is achieved by adding time delay to different
strategies afigure 6.5 shows. After the islandingituation detected by

the monitoring system, the backup generator has to be switch to constant
voltage output mode as there has to be a reference bus in a power system.
A delay time is added to determine which control strategy should be
applied. If the tire limit is not reached, the control strategy for the
temporarily disconnection will be activated. This control strategy will be
continuously working until the microgrige reconnected to the main grid

or the delay timés exceededAlternatively, if the ilanded state lasbver

the time limit, the control strategy will be switched to another one which
is designed for sheterm islanded microgrid. This shadgrm islanded

microgrid control strategy will be discussed in Seetion6.4.
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Figure6.5 Control procedure for the microgrid disconnection

The control objective for temporarily disconnection contains two parts:
maintaining the power balance within the microgrid and keeping the
voltage magnitude and phase angle the same as before disconnecting. The
power balance can be instantaneously maiathiny the droomontrot

basedevel 1controller. The voltage magnitude and phase angle control
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are achieved by the deviation compensation procedure which is addressed

in the upper level controller.

Theoverallcontrol strategy for temporarily disconnextiis proposed in
Figure 6.6. This procedure is started with gathering the system
information which includes the microgrid topology, demands, the capacity
of generators. A case file which describes the system information is
generated for power flow calculation. In this thesis, thecdption file is
generated using the format of MATPOWER case file. A set of new
references folevel 1 controllers are generated by the MATPOWER
optimal power flow functionThe voltage at the microgrid side of PCC
bus is compared to the previous value determine whether the
compensation procedure will be introduced in. If the differential is out of
the allowance, the compensation procedure which is proposed in chapter
4 will be used to generate and add compensation parameters into the
description file.The new references based on the latest case file are
applied to the level controllers. The loop of power flow regulation will

be continuously executed until the voltage deviation at the PCC bus within

the limitation.

206



(s )
l

Gathering system
information and
generating description filg

l

Generating references for|
the primary controllers by
power flow calculation
based on the description fil

Adding the compensation l
parameters which is
generated by the deviation
compensation procedure intq
the system description file

Apply the references
to the primary
controllers

A4

A

The voltag
differential at PCC
bus within the
allowance

Y

End

Figure 6.6 Control strategy for temporarily disconnection
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6.3.2 Control strategies for the microgrid reconnection

The reconnecting operation is executed in mainly three kinds of situations:
automatically reclosing, reclosing from an islanded state and black start.
In this thesis, the microgrid is assumed continuously running, in case of
that, the black start situatias not discussed. The automatically reclosing
usually happened in several seconds to minutes after disconnecting
operation. As the PCC bus voltage is regulated the same as before
disconnecting by the control strategy for this siterin temporarily

discomection, additional operations before reclosing are not necessary.

After the microgrid operated in islanded mode for a certain time period,
the voltage magnitude, phase angle and frequency may have shifted from
the original values depending on the consitvhtegies. To minimize the
reclosing impact to the power quality, the voltage magnitude, phase angle
and frequency at microgrid side of the PCC bus should be synchronized
to the main grid side valudsefore closing. The preclosing procedure is
similar tothe control strategy for the temporarily disconnectidre only
difference is, the real time tracked main grid side values are used to

evaluating the deviations instead of the before disconnecting parameters.

6.3.3 Simulation results and discussion

In this setion, the experiment is divided into two scenarios. In the first
scenario, the microgrid is operated with only the Ielvebntroller. The
experiment here is simulating the communication loss of the control
system to evaluate the robustness of the proposetiol theory.n the
second scenario, the proposed hierarchical control system is introduced in

to evaluate the smooth transition function.
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6.3.3.1Scenariol: Microgrid state transition without higher level
controller

a) Backgrounds of this experiment

In this scenario, the experiment is scheduled in three main time periods as
Table 6.2 shows. The initial running status of the experiment system is
picked from the operating schedule which is introduced in chapter 5. To
evaluate the robust of the proposed control system di@efor 10 a.m. in

July which has relatively heavy load and large power provided by the main
grid before disconnection is applied in this section. There are 4.8MW
loads in total. The power output of the 4 DGs and the main grid are 1.5MW,
0.6MW, 1.0MW, 0.6MV, 1.1MW respectively.

Table6.2 Experiment events schedule

Time period Events

Os1s Simulation initialization

Microgrid disconnected from the mai
1s2s grid, and the system is regulated by {
level 1controllers

Microgrid reconnected to the main
253s grid, and the system is regulated by 1
level 1controllers

b) Simulation results and discussion

Thesimulationresults of power output of DGs, voltages of DG buses are
recorded inFigure 6.7, Figure 66.8 respectively. After the microgrid
disconnected from the main grid at t=1s, each DGs is supposed to share
the demand by their droop cha®cstics. It can be observed frdfigure

6.6.8, the response time of these 4 DGs for the microgrid state transitions
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are gradually increased. Thishecause the distance from the PCC bus to
the DGs are different. In case of that, at the first 0.15 second, the backup
generator DG1 which is close to the PCC bus, takes most of the demand
originally supplied by the main gridifter the steady state reachdbe

entire microgrid voltage level decreased about 0.35 p.u.. Although it is
acceptable for power grid, the disconnection effect on the voltage

deviation do exist.

At t=2s, the microgrid is directly reconnected to the main grid without any
synchronizatn operations. As all three DGs are operated under droop
control mode, there is no reference for the phase angle regulation. The
phase angle differential at two ends of PCC bus cannot be guaranteed in a
certain area. Although the microgrid finally backthe steady state the
same as the initial state, the voltage differentials cause large fluctuation

during the reconnection period.

All in all, the microgrid system can survive, but the power quality cannot

perfectlybe guaranted if only the controllevel 1 works properly.
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6.3.3.2Scenario 2: Microgrid state transition with the hierarchical
control system

a) Backgrounds of this experiment

In this scenario, the experiment is scheduled in 4 time perictoas in
Table6.3. The initial status is the same asiin scenario 1. In contsato
the last scenario, the highlewel controllers are involved in and improve

the system performances.

Table6.3 Experiment events schedule

Time period Events
Os1s Simulationinitialization
1s1.5s DG1 operating mode switched whel

Microgrid disconnection

1.5s2s Higher level controllemvolved,and
new references applied

2s2.5s reconnection

b) Simulation results

Thesimulationresults of power output of DGsdvoltages of DG buses

on each DG bus are recordedrigure 6.9 andFigure 6.10 respectively.

The backup generator DG1 switched to constant voltage output mode after
the microgrid disconnection happened. As it is located close to the PCC
bus, the bus voltage on tiR&CC bus is supported by DG1 and changed
little after the microgrid disconnected. This makes the disconnection
effects are isolated to the other DGswimich case, the output voltage and
power of DG24 are almost the same as before disconnecting. However,

DG1 has to pick up the demand supplied by the main grid before. At t=1.5s,
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this situation is dealvith by applying new references from the higher
level controllers to théevel 1controllers. The output voltage of D&R
are slightly increased, and thelyase more demand after this operation

executed.

The microgrid is reconnected to the main grid at t=2s, the only thing
affected is the power output of DG1. Thishiscauset is operated in

constant voltage output mode, the power output cannot automatically self
adjust. In contrast to scenario 1, the fluctuations on both of the active
power and reactive power during transition periods are significantly

reducedThesystem wltage deviation is maintained in a very little area.
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64 Control strategmessfandesldomt

For the highly randomly output characteristic of wind power generator,
the wind power embedded microgrid which is operated in-teng
islanded mode has to install a huge amairgnergy storage devices or
controllable loads to maintain the power balance. The large investment
cost makes this type of microgrid not feasible. In case of that, in this

chapter, only shoiterm islanded microgrid is discussed.

6.4.1 Power sharingamong DGs
As discussed in section 6.2, with the proposed WECS/FESS combined DG,

there is no overload risk in the shtetm islanded situation. lwhichcase,

the control strategy for the shdaerm islanded microgrid is about power
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sharing among DGsIn the proposed microgrid system, each DG is
consisted of a wind power generator and a flywheel energy storage device.
To maximize the duration of the system power balance in the-t&nort
islanded period, besides the wind power generator output, the power
sharing ratio of each DG is also related to the energy stored in the storage

devices. The output of each DG is regulated following the equé@ian

0 . —200 0 (6.2)

Where:

CA

is the output power of th@ DG (MW)

0 is the output power of tH® wind power generator part in the
DG (MW)

0 isthe energy stored in the energy storage device which is coupled

with the"Q wind power generator (MWh)

0 is the total loads (MW)

CA

is the output power of backup generator (MW)
0is a time consta (hour)
¢ is the total number of the energy resources

642The backup generatords output op
As the load is consisted of controllable load and inelastic badan
variateto a certain level if needed. The output power of backup generator

0 is also flexible.For economic consideratisnthe output power of
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backup generatal should be as small as possible when the power
balance is maintained. The optimizéd has to be satisfied the
constraints a$6.3) presents. The constraints have two rules: the backup
generator has to be running within its capable operatinge, and the
energy stored in the storage devices can support the request power output

in the certain time period.

Ai 1 OO0AET. QO ., °
0 J T (6.3)

O

The procedure which used to find the minimdm is given inFigure
6.11. This procedure is achieved hystepincreas inthe value of 0

from 0 until the first one which meets the constraints.
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643 Case: The backup dIniatmn shont-tepnu t
islanded microgrid

In the simulationmicrogrid, the wind speed is assumed to change every
15 minutes, inwhich case, the time constantn the equation(6.2) is
choserto be0.25 hoursAs the generating cost of diesel generator is much
higher than wind generatotiis alwaysbe preferred to generate minimum
power. In this case studjnaow much power need to be generated by

backup DG to maintain thmaximum reliabilityis discussed.

It can be observed from thi&gure 6.12 and Figure 6.13, thatfor each

hour in different months, there are only several times the backup DG
cannot operated with 0.8MW output, which is the minimum operating
mode of this diesel generator, during the 100000 times Monte Carlo
simulation. Thisbackup generators minimum output power requirement
in 12 months has the similar trends of the critical time probability
distribution which is discussed in the case study of section 6.2. It means
more energy storage device installed capacity can reducgpérating

cost. However, for this particular system, even in August, the probability
of output power over 0.8MW is around 10 times over 100000 times

simulation, which is much less than 0.1%.

In which casethe output of the badip DG can always set to the minimum
value which is 0.8MW in theimulationmicrogrid to reduce the response
time. The FESS installed capacity which is designed for the purpose of
reducing the WECS power output variation is capable for the-ttront

islanding situation.
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