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Abstract

Recentenvironmental policie and higher needs of enettgve led to the huge growth in renewable
sources consumptions. Consumiegewable energies however, is not always free of challehges,
studies have been dotehave a reliable integration and localization of the distributed sources, lehvieh
evolved into microgrid concept. These studies are mainly focusean@rogrid®s occurrenceprediction
methods control schemes and thendenialte part,grid synchronization technigeeThe main goal of the
studies isa help themicrogridand their distributed sourcesride through the short disturbancesgrid-
connected and istaled modesDisturbancesand unplanned changes tluaicur to amicrogrid result in
voltage and frequency fluctuations. These fluctuatcandgdhave destructive effects @ower equipments
Therefore the existence of a robust and reliablercldet and syichronizeris amust inmicrogrids.

In this thesisthe focus is orsynchronization techniques and control systefimsong different
synchronization techniques including Rbased methods and frequency adaptive methbdsAdaptive
Notch Filter(ANF) is slected to be studied in more detafscontroller desigrconsisting of an ANFs
thenproposedo fixate the voltage and frequency of the systehile islandedand to ensur¢he power
generation sufficiencyAnother importantand criticaltask of the prgosed controller is to prepare the
islandedmicrogrid for transitioning to the gridonnected modelhe Fast and accurate synchronization
techniqueis selected and a fast responding control system is proposed to achlimaoth transition
between the twanodes.

The ANF synchronization technique along with the prop&dddlesscontrol design are meded
in Simulink/MATLAB, which their performancesn a system with disturbances and occurrermes
evaluated Balanced and unbalanced loagi® added to theystem and the connection between the
microgridand the grid is establishelt this thesishteaccuracy otheproposedontrol systenin different
conditionsis examinedand simulatiorresults are presente@ihe resultsshowthat balanced three phase

voltagesat a fixed frequency are achieved, whadboensures amooth transition betwedwo modes.
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Chapter 1

| ntroducti on

Renewable Energy Sources have been gaining more isteteit This is because of tiggher
needs of energy, changes in environmental policies, and also the dispersed population around the
globe. Wind andsolar as the more specific renewable energy sources havaiggegrowth in
their developments in the last decadéw installed capacity of wind energy in Canada in different
provinces are illustrated iRigure 1-1 [1]. Thirty sevennew wind energy projects were built in
Canada during 2014 whicadded 1,871 MW energyo Canada 6s t asts@mtbdirwi nd ¢
iCanadi an Wi nd Ener gly Mak ofs2016, iCanada aeaahed wthe @ i t e
threshold which placed @s thke seventh country in the world regarding its installed capacity. As of
today, the wind energy suppligs Canadahe electricity required for over 2.5 million Canadian
homeq1]. Solar energy has been also plannedto provide5% Canadads ener gy nee
of 2025. The new efmonmental policies are n@pecified to Canada. In Germany the share of
renewable sources in the power generation of the couagbien targeted to reach3B6 by
2020 and 50% by 2030. In UK thmolicies were to reach 15% share for renewable energies by
2015/2016. Inthe US the California stathasbeenalsoplanned to achieve a 33% of the market
load to be fed by renewable sour{®s

It is perceived that the role oénewable energy could not be unnoticed. The huge role of

Distributed Generation (DG) sources in the future power generation leads to the concept of
localizing goups of DG sources. Btd integrate renewable DG sources there are many challenges
to overcane. Some of these challenges are scheduling and dispatching the units under supply and
demand, designing new market models, reengineering the protection schemes at the distribution

level, and development of a new voltage andydency control design. Teonquer these



challenges, the localization of DGs, energy storage system, and local loads has evolved to
Microgrids[2].

NowadaysMicrogrids have been gaining more and more attention due to their high
reliability towards local lods, capability of improving power quality, reducing environmental
crises, and energy costs. Tinecrogridarchitecture could be organized as either AC or DC. The
two architectures differ in their common bus, which is either DC or AC, and the numbef@EPC
DC/AC, and AC/DC converters. An AC and D@crogridsstructures are shown in Figute& and
Figurel-3 respectively3, 4].

Microgrid laboratories have been implemented in different areas of the world in order to
study their behaviour in different oditions. Some of these micorgrid laboratories are the ones
built in National Tehnical University of Athensinstitute of Solar Energy Supply Engineering
(ISET) with Kassel University in Germany, and the Consortium for Electric Reliability Technology

Soluions (CERTS) in United States. These Laboratories mostly contain photovoltaic cells, wind

Canada'’s current
installed capacity:

SR )y | 204 MW
4,042 Mw [ 294 Mw [ ESERE
s\ G T 498 MW
NB
NS

(as of September 2015)

Figure 1-1 The Wind Energy Installed Capacity in Canada as of September 201%]
turbines, energy storage systems and constant/variable loads or unbalanceddoalttsy a
seamless implementation wficrogrids several issues are musts to be solved such as their control
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systems and protection schemes. The more attention that is dttbgcbeicrogrids the more
challenges the researchers and engineers would face regarding their control systems and reliable
operationMicrogrids could operatén standalone or the griconnectednodewhich bothof them

need to be highly reliable. The othentical stage of eacmicrogrid operationis its transition
between grieconnetced and staradore modeg2, 5-8].

The control systems a@ficrogrids and their transition between the two modes of operation
have become a hot topic in this field of studiie most proper control system should have the
ability of controlling the output voltage and frequency of DGs since most of the power systems
equipments are sensitive to their fluctuations. In addition to controlling the actual output voltage of
each DG, he power balance between the distributed sources are also of a high importance since
each DG6s share of power has impacts on its vc
proper control scheme are ensuring of the existence of the economicluisgdatrease the profits
and decrease the operation castsl providing thenicrogridto have a mooth transition between
theislanded and gridonnected modes of operatif@; 9-12].

One other important topic ahicrogrid control systems is its prepéian for facing
transients and stability concerns during intentional or unintentional islanding and reconnecting it
to the main grid. Since these occurrences might be unplanned, consideration for the reliable control
strategy which is applicable in all#ttions must be done before connecting renewable sources and
systems to the utility network. This applies to the synchronization system awhiell should be
considered before connecting renewable sources to the grid and be highly precise and of high
importance because of the power electronics interfacing with the main grid. Therefore two
inevitable parts of enicrogridare its control strategy and the synchronization technique that is used

in the control system.
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1.1 Microgrid Control Strategy

Being able to get the most outrofcrogrics regarding the reliable and higbality power
system cald only be achieved by aontrol system.The control system should provide the
reliability and robustness to microgrid by output control, power balance, and its economical
dispatchThe most significant role of this control systento managenicrogridin islanded or grid
connected operation mode and the transition between the modes. There are many researches done
in this area to design a proper control system. The variables that need to be controtietagréd
by the controkystem are voltagefrequency, active and reactive power. The voltage and frequency
of themicrogridwould be forced by the main grid if the operation mode is oramthected. In
this case it is only the active and reactive power generated by thieutiestrsources that@abeing
controlled. Because of the interconnection betweemtioceogrid and main gricthe active and
reactive power could be intdranged in betweeilhe excessive power generated byrtherogrid
could be injected to the main griddmicrogridcould also rely on the power generated in the main
grid in case its power generation is not sufficient enough to meet the local deidantb forget
that the injection of reactive power to the main grid could also be used for powerdattmtion
[13]. The microgrid operatng in Islanded mode however is in chargeitefown voltageand
frequency control whiclis more challengg than the grieconnectedIn this mode the control
system is responsible for conting the voltage, frequency, and the power balahoeughouthe
operation which coulfacesudden changes in active and reactive power demands. Power balance
in microgrids could be ensured either for each distributed source individually or by commanicati
of the different distributed sources and controllable loads. The control system in this mage is ve
critical since even a minut@ismatch in amplitude, phase angle /andrequency of the voltages
of distributed sources could result in high currentsutating thewholesystem2, 14].

Control strategies of aicrogrid operating in either islanded or grednnected modes

could be classified into 3 different groups: Primary, Secondary, and T¢if#gry he first level in



the control hierarchy of microgridis known as the primary level or local control. The primary
control features the fastest response among other classifications. This level of control only relies
on the local measurements of each DG and needs no comtiamigih other distributed sources

and loads. Islandindetection, power balancand output control of each DG is included in this
level of control strategy because of its speed requirements and reliance on local measjif@€ments
The economical dispatch and reliable operation ohtleeogridis taken care of in the Secongar

level of control systems. THeanctionality of this level is also known as the Energy Management
System (EMS). Secondary control is the highest hiei@athevel in microgrids operating in
islanded mode. This class of control has a slower time frame in comparison with the Primary level
of control. There are two different approaches towards tlworslarylevel One being the
Centralized supervisory contrstrategy and the other one thed@ntralized contradtrategy. The

power output ofeach local control, each distributed source, on the Centralized control strategy
would be determined by a centiMicrogrid Control Centre (MCC) based on each local cdntfos
production capacity. The central MCC in this strategy estimates the amount of needs and production
of energy while it considers the amount of market price for energy optimizatn. in
Decentralized control strategy the purpose of control is omgéitowards the overall performance

of microgridand the local loads productions while the financial aspects are not codsiders

Agent System (MAS), a €&entralized control strategy, is an improved form of conventional and
classical control method dfistributed energy sysins. The MAS has the ability tntrol large

and complex entitiesimply since the financial aspects would not be considered indbsign[2,

4].[2] [4] The third classifiation is the Tertiary control which is the highest level of control which
sets the long term and mostly the optimal set points. These set points are defined based on the
requirements of the main power grid. The interaction of multiptzogrics with oneanother in a
system is coordinated by the Tertiary control whiohy possibly also communicateeds or

requirements from the main grid. This class of control could be considered as a part of the main



grid instead of a part of thmicrogrid system Tertiary control which operates in order of several
minutes provides the Secondary control at th&rogrid with signals, information, and
requirements from the main grid. The Secondary level then coordinates internal primary controls
of each local loads and digtuted sources of microgrid This is while the primary control could
react to the local events by its own and without requiring to wait for the secondary control responses
through predefined wayg2]

These controlystems ould be indgO rotatory r ame, abc or Ub fr ames.
frame in which the control procedure should be appbdde next step it generate theeferene
signals. In this thesis a droop characteristias been chosen and discusgetiave the accurate
and desird relations between the active/reactive power and the frequency and voltagesiedues
droop characteristics should be applicable under occurrences to the system such as changes in either
the balanced load or the unbalanced l@2ake of the main situatis thathas not attracted enough
attention is the operation aficrogridunder unbalanced loads which is discussed in more details
in this thesis. But not to forget that brder to implement the desiredntrol system for the
microgrid a synchronization Ibck is needed which drives out the phase angle, frequency, and
voltage amplitude of botiicrogridand the main gridThe next part gives a brief introduction on

synchronization techniques.

1.2 Synchronization Techniques

As mentionedmicrogrids have broughthe feasibility of operating in both islanded and
grid-connected mode of operation to power systems. Many researches have been done in order to
generate a reliable control strategy where a smooth transition between two modes of operation of a
microgridis achieved and the load disruption and shedding during transitions are set to minimum.
In order to achieve the desired transition synchronization techniquélseareists inmicrogrid
control systems$o estimate the signals frequency and phase ampke votage or current signals
used for synchronization might not be free of noise, harmonics, voltage sags and swells and phase
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angle jumps or be corrupted by unbalanced operating conditions. This has made detecting the phase
angle of the utility as a challengice it has to be detected as fast as possible and also free of any
impacts of the corrupting sources.

Phasd_ocked Loop has been the statfieart in detecting the phase angle of an assumed
input signal. Changes applied to PLL schematics have causeshitiagon of different PLL phase
detecting schemeBigure 1-4 shows the basic structure of PLRLL structure has been advanced
to Synchronous Reference Frame PLL (SRE), Enhanced PLL (EPLL), Second Order
Generalized Integrator PLL, and Quadrature RIQPLL) [17]. Other than PLL, Filtering
Algorithms have been used for phase detection as well. In these algorithms the grid voltage (the
given input signml9t aviildnadrey fri dfsyechmmdsratatiigrla me
reference. However filtering techniques cause delays in the system. Therefore, a tradeoff is always
needed between the robustness and the transient convergencfl8pedbltage zerecrossing
method, filtering techiques such as lowass, space vector, and recursive weightedilegisare
estimation have also been ug&8-23]. Another Method of phase detection is based on Adaptive
Notch Filtering (ANF). There are modified structures of ANFs, also referred to asdR@g
Locked Loop (FLL) as welsuch as Second Order Generalized Integrator FLL and Double Second

Order Generalized Integrator FI[19, 2425].

Input
Signal Phase Detector Loop Filter
—_—
(PD) = (LF)

Voltage-Controlled
Oscillator (VCO) ‘

Figure 1-4 Basic Structure of a Phasd.ocked Loop



1.3 ThesisOutline

In this thesis the focus is on designing a control system which has the ability to control the
power balance between DGs and to control the voltage and frequency in their permissible and
desired limited range of fluctuations.

The first Chaptergives a brief introduction on the definition ahicrogrids and their
features and requirements. The challengestiabgrids bring along with them to power systems
are discussed and the need to reliable control systahenisxplained. In this chaptierarchical
control classifications aregeviewed Synchronization techniques as the undeniable part of the
control systems are also discussed and different methods such agopkeddoop and notch
filtering based methods are critically discussed

Chapter2 shares the background mfeviousresearches that have been donen@rogrid
control systems in two parts. The first part reviews different control stratdgiehdve been
developedo have a reliable control system foicrogrids in islanded and gticonnected modes
of operationand also in the transition between the two moddse second part reviews on
synchronization techniqudisat ainsto estimate the frequeypand phase angle of amput signal
The discussed synchronization techniques indRldebased methods such @i, EPLL, QPLL,
SRFPLL, DDSRFPLL, SOGIPLL, DDSOGHPLL, and notch filtering based methods such as
ANF, SOGIFLL, and DSOGIFLL.

Chapter Threproposes anicrogridcontrolsystem in details. The proposazhtrol system
suppors the power system requirements and restrictiomder randonthanges applied tthe
systemin both islanded and gridonnected modeof operatiorand also the transition between the
two modes.This droopbasedcontrol systenctonsists ofboth a voltage/fregqiency control block
and a PQ control blocl.o securea robust control system as it is mentioned in both chaptand
2, a synchronization technique is needed to detect the phase angle and frequency ainbgtid ma

and themicrogridat the point of common coupling.



In Chapter 4, amicrogrid consistig of two distributed sources ismodeled in
SimulinkMATLAB equippedwith the control systemproposed in Chapter. Fheperformance of
the synchronizer is confirmedh SimulinkMATLAB . First the solid ability of the selected
synchronizer is edmined in abnormal cases such as in deteclistprted and unbalanced input
signals, then the microgridontrol systems tested undedifferent modes of operatiohe
microgrid model is first operating on the islandedode.Balanced and unbalanced |sadre
connectedto the system to confirm theapability of the system to stabilize the voltage and
frequency of the systenwhile limiting them in their acceptable rangehen the connection
between thenicrogridand themain grid is established and the performance of the control system
and themicrogrid is observed. Theresented simulation results confittme accuracy of the
controller andhesynchronizer.

Chapter 5 concludes the thesis by giving a summary of the mopostrol system with
the use o ANF as the synchronizer. The resudte then discussed briefly andlag the possible

future works ormicrogridcontrol systems are included in this chapter.
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Chapter 2

Literature Revi ew

As mentioned in the first chaptericrogids as the localized distributed generation sources
could operate in Gridonnected mode as well as in Islanded m8aeh modes are essentials for
themicrogrids. The necessity of the Grasbnnecteanode isnore obviousvhen thdocal demands
of the microgrid which might becritical or importantwould become greater than threcrogrids
capacity in power generatioln this casen order to increase the reliability of the power transfer
to customersand to ensure a high quality power the Grichnected mae is a necessary mode of
operation. Having the Gridonnected mode would also enablentierogridto inject power to the
grid when its power generation is higher than the local demands and storage capacities. Since there
is a great chance that the powed contains very sensitive and critical loads, the generation of a
continuous and uninterrupted AC power is of a very high importarcleave the continuous AC
power generation the transfer between the two modes of operation isimperiant task talo.

To ensure this seamless transfer synchronization techniques have been introduced to synchronize
the voltages, frequencies and phase angle of the distributed generation tsoeactsother and to

the main power grid. Control systems are also requirextder to apply the synchronizer to the
sources. In this chapter both synchronization techniques and control designs have been reviewed

and presente[26].

2.1 Synchronization techniques

As mentioned above, amgicrogridthat isoperating under the transition between the two
modes of islanded and grabnnected has a very necessary component called Synchronizer in its
control system. Synchronizer has the responsibility of tracking the main grid and each distributed
generation saee of amicrogridd s f r equency and phase angle. The

done on this part of the control systems. Among the approaches that has been applied into systems
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in order to track the phase angle are Phamded loop and Notch Filteringnethods and their
modified and advanced structures. PLL structures have been advanced tePSasgePower

based PLL, Quadrature PLL, Enhanced PLL, Synchronous Reference Frame PLL, Decoupled
Double Synchronous Reference Frame PLL, Second Order Genelaliegdhtor PLL, Double
Second Order Generalized Integrator PLL, Positive Sequence Filter PLL, Sinusoidal Signal
Integrator PLL. Adaptive Notch Filters or Frequefimcked Loop methods and their modified
structures such as Second Order Generalized Integdiiat and Double Second Order Generalized
Integrator FLL are in the Notch Filtering methods category. In this chapter these synchronization

techniques are discussed in more details.

2.1.1Single Phase Powebased Phasd.ocked Loop (pPLL)

The main role of a PLIs to generate a signal which has the phase angle that is tracking
the input signal of the systej7]. The single phase PLL has the basic principal of PLL which is
calculating the phase difference between the input and outmatl ind drive this difference to
zero by means of a control loop. The structure of a single phase-pased PLL (pPLL) is
illustrated inFigure2-1. Different structures of PLL vary in their phase detection schamshown
in this Figurethe phase dettion block of this PLL consists of a Low Pass Filter (LPF) and a
sinusoidal multiplier. One of the drawbacks of pPLL is the high amplitude second harmonic
injection to the system which needs to be filtered ouhbyse of a low pass filter. This low g&
filter on the other hand would cause either transient or stability problems depending on whether it
has a low frequency or higher frequency cut off respectively. The transient problems caused by the
LPF with low cutoff frequency could be solved by aefal design of system parameters in order
to have a good tradeoff between the speed response of the system and being disturbance free in the

filter loop block[18, 28].
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Figure 2-1 Blcok Diagram of SinglePhase Phasé.ocked Loop (pPLL)

2.1.2Enhanced Phase Locked.oop (EPLL)

The EPLL, Enhanced Phase LocKeabp, is a nonlinear synchronization system which
operates based on tracking the phase angle and amplitude of the fundamental component of the
given input sigal. The EPLL, a frequeneadaptive filter scheme, can be implemented as either a
notch or a bangbass filte29]. Figure2-2 illustrates the Block Diagram of an EPLL with the band
pass adaptive filter. This enhanced desigrsists of the Loop Filter and the voltagentrolled
Oscillator as in the PLL structure. The new phase detection system of EPLL results in more
flexibility and also provides the system with additional signal information such as amplitude, phase
angle, andhe frequency than the conventional PLL. This structure also decreases undesired

harmonics because of its band pass fi[tE#]

2.1.3Quadrature Phase LockedLoop (QPLL)

The Quadrature PLL estimates frequefi@ased on detecting quatlirephase and in
phase amplitude of the fundamental component of the given input signal. The structure of the QPLL
is shown inFigure2-3. As illustrated in thigsigurethe frequency is detectgdhile the amplitude
and phase angle of the input signat aot estimated directly but could be calculated by the
available outputs. Based on the fundamental difference in the phase detection unit of the QPLL,
the Quadrature PLL has more advantages than the simple conventiondlielLiRhase detection

unit in QPLLs has the ability to measuthe phase angléme derivative of the input signal.
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Moreover, in conventional PLLs the error signals have a nonlinear dependency to the phase
difference whichs omitted in the QPLLs and the voltagentrolled Oscillator in ®@LLs are fed
by a signal equal to the phase variations. Overall, QPLLs have higher ability of tracking all the

large and abrupt variations of the input signal's frequency compared to the simpl@® 14

Loop Filter VCo

+
" 8
Pl J’ >

Input
signal

sin (x) e

A

cos (x)

Figure 2-2 Block Diagram of Enhanced Phasé.ocked Loop (EPLL)

sin (x)

A

Loop
Filter

» VCO >

cos (x)|e

Figure 2-3 Block Diagram of Quadrature PhaseLocked Loop (QPLL)

2.1.4Synchronous Reference Frame Phadeocked Loop (SRFPLL)

Phase detection scheme for three phase systems usually needs a dqO transformation. In
these methods the dqO rotating frame of both the input voltage and the generated signal by the PLL

scheme are derived and are being forced to synchronize. Thisayizelion is done by the means
14



of the PI controller and forcing either thfg or the error between the generatedy PLL and the
input signal's eaxis component to zeffd7, 18] Figure2-4 showsthe block diagram of the Gq
based PLL in which the errof the daxis is set taero and-igure2-5 illustratesthe block diagram

of the SRFPLL scheman with the gaxis (quadrature component)dsing set to zerfil7, 18] It

is of high importance to note that the SREL method works highly accurate in oralanced
three phase systems where thaxis component of the signal to be locked to the input signal vector
phase angle. In order to overcome this flaw of FRE some have used three singlease EPLLS
because of the similarity of their loop filtdds/]. Adding a notch filter is another way of enhancing
the SRFPLLs for unbalanced conditions. Notch filters enable the-BRES to remove the results

of unbalanced input such as the twice the fundamental frequency ripple. Aapfiteach to
conquer the unbalanced issues is the use of Decoupled Double Synchronous Reference Frame PLL

(DDSRFPLL) which is explained in more detail in the next part.

Loop Filter wf VCo
Vd* + + * w (]
Pl >
Vd

dq e
ap [— Va
Va1 o « —— Vb
B abc [e—— V¢

Figure 2-4 Block Diagram of a dg Based PLL with the V Error Set to Zero

2.1.5Decouple Double Synchronous Reference Frame PLL (DDSRFLL)

This method is an alternative to SIRELs in systems under unbalanced conditions. In
order to inestigate the effects of the unbalanced three phase signal both positive and negative
sequences of the signal are driven out. The defined unbalanced signal is then expressed on the
double synchronous reference frame to identify the positive sequence comspbigre 2-6

illustrates the block diagram of the DDSIREL with a decoupling block. The decoupling scheme
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is able to cancel out the oscillations with the twice fundamental frequency caused by the unbalanced
load. In this scheme two signals with diffetérequencies which cause oscillations on each other

are considered. In order to cancel out the oscillations of one of these signals on the other one the
structure shown irFigure 2-7 is added to the SRPLL as the decoupling block. Under the
unbalancedituations this system would ensure a fast and accurate phase angle detection as well as
the amplitude of the utility voltage positive sequence component. However the BIEL&RRight

still face some degrading in its operation when the input signal conarst®nicq18, 31].

Loop Filter VvCco
Constant
value:0 + w (-]
Pl > >
Vq
dq 2]
QB [€— Va
Vd «—f o a —— Vb
B abc |¢—— Vc

Figure 2-5 The SRRPLL scheme in which the gaxis component is being set to zero

2.1.6Second Orcer Generalized Integrator PLL (SOGI-PLL)
The Second Order Generalized Integrator PLL (S©IAl) is one of the popular single

phase PLLsFigure2-8illustrates the structure of the SOBIL. The responsibility of the SGI

bl ock is to generate the orthogonalFiggréttgnal s
generated orthogonal signae then fed to a SRIFLL structure. This structure is very attractive

in singlephase systems such as siAghase grieconnected PV inverters because of its simple
digital implementation. The output frequency detected by SPIGIdespite being a very polar

method might contain sinusoidal ripple component of the second harmonic frequency when the
grid voltage frequency is changing. Transient frequency errors would also be added to the output
signal because of the transfer functions of the model dure@nhplitude changes of the grid
voltage. There are some methods to overcome these disadvantages for example applying frequency

adaptive feature to this method could prevent the unit vector distortions when the input signal
16



frequency is changing. Howeverdidg this feature could not be completely satisfactory since it

would add complexity to the system desjgg, 33].

Loop Filter i VCo

]
PI o f .

Vq
e |- 8
Decoupling | ap — Va
Vde—1 Scheme [ a l«—— \/b
* B abc |le—— Vc

Figure 2-6 Block Diagram of a Decoupled Double SRfPLL (DDSRF-PLL) with a Decoupling Block

2.1.7Double Second Order Generalized Integrator PLL (DSOGIPLL)
The Double Second Order Generalized Integrator PLL (DSOGI) is also anotheacppro

to improve the performance of the SRELs. In order to improve the system's robustness against

the unbalanced and distorted input signals a positive sequence filter has been added to the model.
This techniques uses a sinusoidal signal integratoegsoiitive sequence filter. Figu&9 shows

the simple structure of the DSOBLL scheme. The DSOGI block in this figure is in fact a double
second order generalized integrator for quadrature signals generation. This block can generate the
90-degreephas s hi ft ed sdiggafs &y astransport delayeufféer.6The transport delay
buffer is not a frequency adaptive scheme which might result in errors in the positive sequence
estimations. To conguer the rise in the errors single phase EPLLs haveskden his models

which minimize the product of the quadrature signals. Details on the DSOGI block and the positive

sequence calculation are presented in Figi€ [18, 34].
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Figure 2-10 Detailed Block Diagram of a DSOGHPLL structure with the Positive Sequence Calculation scheme

2.1.8Adaptive Notch Filtering

Adaptive Notch filtering methods are one of the power systamuéncy estimation
techniques. fie simple ANF is able to track the frequency of its input sipbkese signaFigure
2-11illustrates the structure of a singdba® ANF [25].This method as shown in this figure has
the ability of extacting the fundamental component of the input signal, its amplitude, phase angle
in form of s i ndedrae phase shift, aodoits frequéntyereh@sto always be a
tradeoffbetween the convergence and the speed of response of the ANEeggieing the ANF's
parameters. Combining three singlease ANFs a thrgghase ANF would be designed which has
the additional useful features such as harmonics, reactive current, and symmetrical components

extraction than the singighase ones. Moreovéne threephase ANF would also increase the
19



filter's bandwidth which would result in higher convergence speed for the filter. The structure of
this modified thregohase adaptive notch filter is presentedrigure 2-12 [19, 35] Another
perspective to thstructure of the ANF has been showri36] which is called the Second Order
Generalized Integrator FrequeAcycked Loop (SOGFLL). The block diagram of this structure

is illustrated inFigure2-13. The main difference bewen the ANFbased and PLbased methods

are in the presence of the Voltage Controlled Oscillat@O) block which is missing from the

ANF methasand is replacedith a frequency loop.

2.1.9Double Second Order Generalized Integrator Frequency.ocked Loop (DSGGI-FLL)
In the Double Second Order Generalized Integrator Frequesaked Loop (DSOGI

FLL) there are two SOGI blockwith the same structurshown inFigure 2-13 and only one
FrequencyLocked Loop (FLL) block. This DSOGFLL block then prepares the inpsignals of

the Positive Sequence Calculation (PSC) bléégure 2-14 illustrates the block diagram of this

met hod. As shown in this figure the positive a
are generated by the means of the two SOGI blocks considering both positive and negative
sequences. Passing throughPh8 C bl ock t hen the stationary fra
to the FLL resulting in detection of the frequency and the phase @71¢/d his method benefits

from the proper negative and positive sequence componentsfi@giains under common

conditions of the grid's operation and also enrichitigadeoffbetween the frequency selectivity

and response speed is a MG§j.
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2.2 Control Strategy Designs forMicrogrid s

Nowadays the environmental policies are all focused on maximizing the use of renewable
energies in order to have a cleaner power system. The new policies and the growth of the energy
contradiction has caused tigicrogrids to experiece rapid developmentddicrogrids aim to
provide the consumers with the reliable, high quality, and clean energy. In addition, the feasibility
of themicrogrid operating under gridonnected mode would improve the flexibility of the power
systen{38].

Providing the energy consumers with all these features rafceogrid and renewable
energy sources could only be successful with a robust control system which can control the voltage
and frequency of the system and adstsure enowgh power generation regarding the demands. The
voltage and frequency control of the system is of a very high importance and a necessity because
of the existence of critical and sensitive loads, generators, transmission lines, and other power
equipments andevices that are sensitive to the voltage and frequency variations and fluctuations

[39] [40]. This necessity has led to a permissible limited range of fluctuations for bothevalteg
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frequencyAccording toANSI/NFPA 731993[39] voltages could only vary in e&b%o of the rated

value of the system voltagé&ansmissiottines, transformers, and other equipments in each power
system and their insulators are all desigfudspecific range of voltageand currerg Therefore

the over voltages and more importantly the constant over voltages could harm the equipments and
their insulators and would result in over voltage protection relatgk&oaction and to trip. Under
voltages are not permitted in power systems either since they can harm the system by not providing
enough power demand and would cause the under voltages protection relays to trip. There are also
protection relays in power systems for frequency fluctuationd wariations. Frequency
fluctuations are limited by even narrower range than the voltage oscillations. This is because the
small fluctuations of the frequency couldstabilizethe generators and other frequency dependent
equipments by having a high inflnce on the electromagnetic fields that are musts in their
operation. In order to ensure the stability of the generators and the system in general the frequency
fluctuations and vaations are only allowed in 20£2% ange of the rated frequenpi0].

These limitations on voltages and frequency have led to the importance of the control
systems.There are different control systems that have been designed and tested to control the
operation of amicrogrid in different modes. Thse control methods and their approach towards
controlling the voltage, frequency and power share of DGs would vainythaé operating mode
For instance, considering an islandednmigid, S y s t pomdr balance could be ensured either
by local control apmaches using the local measurements or by a central controller which
determines appropriate set points for DGs and controllable [badee have been many researches
done in this area to investigate the problems regandiicgogrid control systems. Somef the
control methodstudied and designed in the past researches are siehMslti-Loop HHb control
design[41], Model Predictie Control [14], Universal Control method for single phase systems

[42], and the Master/Slave methB-46], which will be discusseth this chapter.
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2.2.1Multi -Loop HH> Control Design

The Hb control methods are used to create controllers with the purpose of stabilizing the
guaranteed performanc@hese contiters are designedy defining the problem as ia
mathematical optimizatioproblem andsolving the optimization47]. In [41] the authors have
applied the Hbcontrol method to doublwop PID parameters to control the uninterruptible power
supplies.The control structure as illtrated inFigure2-15 has been designed [#l] to obtain the
guaranteed performance of the power supplies whether there are uncertainties, nonlinearities, or
saturations in the system. The controlleFigure2-15 consistf two internal and external loops
with different purposes. The system transients are managed by the internal loop where the
uninterruptible power supply voltage and its
controller. In addition to managinbd transients the rms value of output voltage is also in need of
controlling. Therefore the externaldp focuses on regulating thes value of the output voltage
by having the r ms FBhedesigndd@ontrokerigtien tested inegpestal i nput .
and practical tests [@1] which has confirmed its performance under uncertainties, linear load, and
load disturbances.

Sine Wave

External Loop Generator  Internal Loop

|
:;",‘,, | Uninterruptible Vims >
K (t)dt | X
3] e > i Power Supply | lups -
\ | | (uPS) >
Vz"ls l | _____
————— —
K1 [« I

RMS
Computation

Figure 2-15 Block Diagram of the Multi-Loop HH Control Design [41]
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2.2.2Model Predictive Control Design (MPC)
The Model Predictive Control (MPS) has first been developed in thel@7@s for the

processcontrol industry. The MPC is actually a digiabntrol strategy which predicts the output

of the system over a time horizon using the system model. In order to do so MPC employs the
recedinghorizon schemeT he MPCO6s prediction ioatfulur@euwpdt on t h
sequences of the controller. To decrease the
needs to be minimized which could be achieved by calculating an appropriate control sequence.
Every sampling interval this procedure shob&lrepeated so that a regular updating of the new
information is achieveil4]. This method has been used in different areas among which are the
threephase inverters and multilevel inverters which are presenf{dd]iand[49]. In [14] and[50]

a controller approach has been developed based on the MPC scheme to be used for controlling the
parallelconnected inverts of an uninterruptible power supply. The designed controller has also

been examined in experimental tests and the results have established that the proposed approach

achieves good performance under both static and dynamic loading conditions.

2.2.3Universal Control Method for Single Phase Systems

In [42] a Universal Control Method is presented for single phase inverters operating in both
grid-connected an islanded modes. The connection between the inverter and thg4f]dsin
established through an inductor. The basics for this universal controller is based on the relations
between the voltage, current, and the active/reactive power passing the line connecting the inverter
to the grid.The block diagrm for this controller is illustrated iRigure 2-16. As shown in this
figure there are two branches for frequency tracking therefore a smooth transition from islanded to
grid-connected mode could be establishetbw pass filter is also considered in t@ntroller to
avoid the doubldrequency term and to keep the phase angle of the output voltage close to phase
angle of the voltage at the Point of Common Couplirids controller has a simple structure with

no dedicated PLIn its design which could opa&te in various modes.
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Figure 2-16 Block Diagram of the Universal Control [42]

2.2.4Master/Slave Method

A very popular approach towardgscrogridcontrol systems is the Master/Slave design. In
this method one of the sources igp@ssible for regulating the voltage of timécrogrid This source
is operating as constant voltage source in power system analysis which couldaitol the
frequency of the system. This source is considered the Master unit while the other sources are
considered to be Slave units following the voltage and frequency established in the system and only
being responsible for the active/reactive power sharing. The slave sources could be considered as
the PQ sources in the power system analjigiss methodchas been studied in literatu3-46].
Mostly to implement the Master/Slave methadvoltage/Frequency control is required fbe
master uniand a PQ controller is needfmt the $ave units.

Depending on the operating mode of thierogridthe master mit could be either one of
the distributed sources of thgicrogridor the main grid itself. If thenicrogridis operating in the
grid-connected mode all the DG sources ofrtherogrid could be slave units following the exact

voltage and frequency of tmeain grid. However, if thenicrogridis operating in islanded mode,
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at least one DG is needed to be operating in the V/F control mode as the master unit and other DGs

could get controlled as the PQ sources, i.e. slave. unit

2.2.4.1Voltage/Frequency Control

As mentioned above the Master/Slave method requires one source to regulate the voltage
and frequency of thmicrogrid The voltagesource is obtained bycntrolsystem whichs mostly
achieved based on the relations between the voltage/reactive power faagubecy/active power
and by means of droop chateristicq7, 9, 10,and 5]. This controller is of highest importance in

the control hierarchy of thmicrogridoperating in the islanded mofie 7, 10, 26, 38, 43, 523].

2.2.4.2Active/Reactive Power Contro

As the master units in the Master/Slave approach are in need of a V/F control scheme the
slave units require an Active/Reactipewer control.The PQ sources or the currestiurces are
studied in4, 26, 38, 52, and 54These controllers are mainly bdsan the dq rotatory frame. The
reference dgq components for they s t eolafesand current are derived from the reference
active/reactive power values that are either gfiedd or variable based sgstenrequirements

In this thesis amicrogrid contrd strategy has been designed based on the structure of a
Master/Slave approach and with the use of the Adaptive Notch Filtering method for
synchronization purposeBoth the synchronization technique and tdmmtrol system which is
applied on the dgO roty frame is discussed and introduced in the following chapter. The
Adaptive Notch Filter and theroposed control system is then modeled and tested in

SimulinkMATLAB , which its configuration andimulationresults are presented in Chapter 4.
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Chapter 3
The pRorsoed Contr oMi Siyeagpeanndafto rn gal iomeSt an

Mode and Transiobhnoechegdt MoGei d

Microgrid concepfas introduced in previous chaptbes beemssistinghe power system
to increase theireliability, power quality, and contrdlexibility. Microgrids have the pssibility
to operate while they a@onnected to thenain grid as well as whesisconnectedNone of the
operation modes anmestricted to only onenicrogrid, in fact ®veralmicrogrids could connect
togaher and operatmgether in anpf the two modes of operatidf3]. To be able to extract the
features and advantages ahirogridto the power system a reliable and flexible control system
is needed. The strategy of each control systenpisrdient on the operating mode of thierogrid
But in generalthe important part is to know the role of each DG in different situations. For instance
if the microgridis operating in islanded mode, the voltage and frequency ahitregrid could
not befixated by the main grid. So thmicrogrid itself needs to have a constant source for the
voltage and frequency. This would lead to have a DG to operate as the constant voltage source.
This way the voltage fluctuations would be controlled and the frequenald be fixed in its
acceptable rangd&he need of this constant source would be eliminated whemitiregridis in
grid-connected mode since the main grid would fulfil ttequiremenf{l10, 43, 55].The different
roles of DG would result in differenaipproaches for control systenhs this thesis thenicrogrid
is studied in standlone mode of operation, during transition to the-gddnected, and then its
operation in grieconnected mode. In this chapter the structure of the proposed control dgstgm a

with the selected synchronizer technique is discussed.

3.1 Selected Synchronizer Technique: Adaptive Notch Filter

As it was reviewed in the second chapter, there are different approaches towards frequency

and phase angle estimation in power systems asigfhasdocked loop based and notch filtering
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based methoddn this thesis the Adaptive Notch Filter (ANF) has been selected gsother
processosynchronizerAs it has been discussed briefly in the second chapter the ANF has the
ability to track fregiency adaptively and to detect the amplitude of the signal as well as-the 90
degree phase shift of the signal. By &¢F extracted signalshe dgO transformed signals and the
active and reactive powers could also be easily calcul@texblock diagram bthe simple ANF
has been shown rigure 2-11.

The dynamic behavior of ANF could be described as the differential equations shown in
(1), (2), and (3).In this thesis after a brief explanation of ANF in differential equations a
MATLAB /Simulink modelis designed in order to tetlie ANF characteristics and its ability to
extract the required components fonslgronization such as frequen@hase angle in form of

sin(d) and dyretgtotyframefthe thput vbhltages

O —o ¢ —& 1
— ! ©-8Q (2)
Q0 00 ® 3

Inthe above equation s representing the estimated fre
real podiive parametershiat determing¢he estimation accuracy and the convergence speed of the
ANF [19]. The value of this positive parameters and the constraints that are applied to them are
selected as explained [B5]. These constraints are presented in (4) anth(®hich A represents
the amplitude of the given input sign@his set of equations could lead us towards the frequency
of the input signal, its fundamental component, and fherdats symmetricabnd dq0 reatory
frame componentswhich are key parameters in terms a€hieving thesynchronization.
Considering the input as a single sinusoidal signal, the ANF would have a unigdicperbit
which is shown at (6). Based or) (e fundamental component arnel96degree phase shift would

beas (7)and (8). In(6), (7),and(8t he par amet ent H[19i24]. def i ned as
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The discussed structure of the ANF is for a single phase signal. For three phase systems in
order to detect the frequency, ampliguénd other useful information of the signal, three single
phase ANFs would be usedach responsible for extractimme of thephase componentsA
modified ANF is also shown iRigure3-1. In this scheme the ANF is able to extract the harmonics
of the $gnal as well. As shown in this figure the frequency is first detected for the fundamental
component and then is used in other blocks to extract the harmbimécgarameten in this figure
is representing the number of the harmdhatt is being etracted inthe subfilter. By the use of
this harmonic extractor the modified ANF would be able to estimate signal contparigrhigher

accuracy.
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Figure 3-1 Block Diagram of the Modified ANF with the Harmonic Extractor

One of the important things that should be considered for synchronizers and control
systems is thahemicrogrid system could face many challenges and unplanned occurchnoes
their operationThe unplanned occurrences might result in distorted voltage signals. Therefore it is
a must for the synchronizer to be able to detect the frequency of a digtprtesignal The system
might also face unbalanced situations, in thig ciisce the ANF enables us to extract the required
components of the signal, the positive, negative, and zero sequences of the three phase signal could
be calculated as wells thedgO transformed signarhe dgoO rotatory frame components are in fact
the DC transformed values of the stationary frame three phase sighaldransformation is
applied to signals since working on DC values and controlling them are much simpler than
controlling the AC signals. To have the dqO transformation, first the three phase AC signals are
projected on thestationaryU and b a xie Bigura32. Butithe whree phase signals

projected on to these two axes are stitcoswaveforms, i.e. AGignals.This is whilethe vector
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summation of the projected vectors on U and b
vectorsummatiorrepresentinghe direct axis will be rotating with the same angular velocity of the
projections on the Ub ax ewe.canBlwgs prejectithegctoramy ot he
this rotatory direcaxis (daxis) and its quadrature axis-4gis)as presented in figure3 Having

the space vector rotatirgg well,its projection on e axeswill always be DC \alues which are

easierno control.

~ w
N
\
// d-axis
/
&
i .
= -_—— = O axis

Figure3-2abc to Ub and dgO transformation

As it is stated in56] if a threephasesystem is unbalancebe zero axivalueof the dq0
transformation would differentiate from its normal valwdvich is equal tozero. Therefordoy
transformingthdiabc 0 f r a peh acsfe s itgmrade t o AdqO00 we ar e
system is balanced or unbalancétie importance of detecting the asymmetry in tiplease
systems is because thie errors it wald cause in all the power and harmonic calculations. These
errors would not allow the pav system to have an efficieharmonic and reactive power
compensationfb7]. So being able to detect if the thyplease system is unbalzed is of a very
high importance in power systems which could be achieved by applying calcsilatiote
extracted information from ANF3.he mathematical operations required for transforming the abc

frame to dqgO rotatory frame are presented )JnTBeblock diagranwhich isshowing how the sin
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and cos signals needed for the transformation in (9) are developed is illustiEitad @3-3. As it
can be seen in this figure the dqO transformation could be extracted by the outputs of the ANF itself

which onfirmsthe previous claimon ANF being a power processorfi8-19, 2425].
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Figure 3-3 Block diagram for extracting sin and cossignals with Z /3 phase shifts

3.2 Control Strategy of aMicrogrid Operating under Stand-alone and Grid-
Connected mode ofOperation

As mentioned the control strategy enables the energy consumers to get the most out of
microgridfeatures in power systems. This control system would differ dependitng aperation
mode of thamicrogrid When connected to the grid the DG s@srof themicrogridshould operate
as arrentcontrolled sourcesince the voltage and frequency of the system is forced by the main
grid. In this mode the DGs are not desired nor necessary to operate as thecaritegjeed sources

[58]. But In the stanehlone or islanded mode of operation thierogridis responsible for its own
33



voltage and frequency control and fixatidn. this case the existence of at least one voltage
controlled source is necessary. The other sourcehisnntode could operate as the current
controlled voltage sourc@ne approactowards thegurposeof controlling voltage and frequency
of the microgrid while meeting the load demands mastesslave method. In this methdtie
voltagecontrolled source wodlbe considered as the master DG and the cueoeritolled sources
as the slave DGRI3]. The masterslave behavior ofmicrogrid control system has been studied
previously in many different papers as mentioned in the secoptec¥8-46]. In this thesis the
masterslave method has been followed in stafiwhe modeThe details on the proposed controller

in this thesis is explained in more details in this chapter.

3.2.1Voltage/Frequency Control

The voltage/frequency controller ipgied to the voltageontrolled sources which is of
higher imporance in the control hierarchy when thirogridis operating in standlone modeln
this mode it is the load impedance that determines the power flow. Two control schemes are include
in the V/F controlbased on the relations between voltage/frequency and reactive/active power in
power systemsOneof the control schemds the Voltage/Reactive Power control and the other
one is the Frequency/Active Power control which are botts pathedroop control schemi@3].
Droop control strategy is the oldest and simplest method of current sharing control. The droop
controluses the output current to adjust the reference voltages athacpsothe droop voltage
achievethe load sharing while fixating the voltage and frequdb&y. The droop characteristic
which is a primary level control for islandetdcrogridsis defined in more details in the following

two pars of the V/F control.

3.2.1.1Voltage/Reative Power Control

In order to design the proper voltage/reactive power control (V/Q cofitsbljve need to
come to a betteunderstanding about the active and reactive power transferred bdtwed2G

sourcesConsidera very simple power systesuch as shown iRigure3-4. Based on this system
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the current passing through the line from first DG to the second DG couldviea dut from
Equation (19 and therefore the actupbwer could be calculated by (1f60]. Sincethe phase

angle difference between the first and second DG would not be very high it is safe to consider
s i (> to be very close the value pf{il.,). Therefore it could be concluded as is showf1g)

the active power is related to tbieanges isystends frequency and threactive power is in relation

to the changes in Voltage and vice vg&al0, 55, 6Q]

lxline
Vel @ V,elez

Figure 3-4 Simple structure of two DGs connected through a line with the impedance %
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Based on the relations betweaitage andeactive power and the droop characteristics it
is possible to control the fluctuations of the voltage at the desired range and anheudtoop
characteristic scheme tife V/Q control is as shown Figure3-5. The equation representing the

droop characteristics oféhv/Q controller is shown in (3352].
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Figure 3-5 Droop Characteristics of the Voltage/Reactive Power Control (V/Q Control)

3.2.1.2Frequency/Active Power Control
Based on the equations (10), (11), angd &bwn in 3.2.1.1 it is concluded that there is a

relation between the changes in the frequemayactive power. Therefore the droop characteristic
shown as irFigure 3-6 is used for controlling the frequency of the system in the desired range and
to limit the frequency fluctuations. Based on the value of the droop characteristic tilt the frequency
fluctuations could be limited to théesired amount. Equations on (Jate representing the F/P

control scheme.

A

Frequency

Fref

F

I ol
Pref P Active Power

Figure 3-6 Droop Characteristics for the Frequency/Active Power Control (F/P Control)

Basd on these Droop Characteristics and Pl controltees V/F controller would be
defined as shown iRigure 3-7. In this figurePoint of Common Couplin¢PCC) is considered as

the interconnection point of theicrogridto the main grid. In this controlié¢he amplitude, phase
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angle and frequency of the signals frommhierogridand the main grid are estimated and the dq0
transformed signals are also calculated. By knowing the reference gatab&equency frorthe
main grid and the activadactive powr measummentsfrom DGs in microgrid and by the use of
droop control scheme, voltage and frequency references are generated.

The V/F control scheme other than the droop control consists of a current controller which
generates current references for &t voltage contrdblock This control on dq0 axis iseeded
since their values are proportional be tactive and reactive power. Alsoorder to be able to have
a fast responding control the current controller is added to the system. Outputs ofréhné cur
reference generator then are fed to the final voltage control block. The voltage control at last
generates the final signals for D€@scontrol their outputs.

The structure of the Current Reference Generator in the V/F controller is shEiguiia
3-8. This block of the control system is desigrtecenable the controller to perform accurately
underunplanned balanced or unbalanced changes to the power demand of the system.

) w U 0 0 (13)

O O v U 4 (14
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V/F Control -- Master DG

Figure 3-7 The Voltage/Frequency Control Structure of the Maser DG
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This Current Reference Generatolock compared to other control systems studied in

literature review as i, 7, 10, 26, 38, 43, 52yhich have a similar current reference generator

has the ability tadamp the unwantechanges in the voltageore precisesince it has added the

zero axisto thecalculation of the proposed controlldihe first transformation of the voltage to

current in the calculations is based on the KVL and KQha&qns of the line connecting the DG

to the PCCThe capacitancealuein this block is in fact the parallel cap@nce of the lineThe

structure of the last voltage control blp&kn Control,is illustrated inFigure3-9. In this block the

current references go under effects of the actual dq0 valtiesooirrentpassing the line connected

to the DG that is being controlled and its line impedalncthis controlletthe voltages are derived

out by applying KVL and KCL to theurrent passing the line from DG to the Point of Common

Coupling. The lineinductanceimpedance in this block is shown by IAt last the signals for

controlling output of the DG is generated.
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Figure 3-8 Current Reference Generator Block of the Voltage/Frequency Control
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3.2.2Active/Reactive Power Control (PQ Control)

As mentionedn themicrogrids operatingn the stanehlone mode at least one of the DGs
need to be operating as theltagecontrolled sourceThis is whilethere is no need to such DGs
when the operation mode is on gddnnectedIn this case¢he DGs could beurrentcontrolled
sourcedocusing on meeting the load demaWhen applying a mastatave control method tie
microgrid in standalone mode the slave BGare currentontrolled sourcesThese current
controlled source have a different scheme for their control strategy. This control sisataitgd
the PQ control

The active/reactive power controlakes theDGs under their control to just act as PQ
sources in the system withre-defined valuefor active and reactive power generatidm.this
scheme there is no droop controller. The structure of the PQttenis as illustrated ifrigure3-

10. The unbalaned loads situation in this mode is taken care by using different setgiafions

for extracting the ddrame for the current than the papers reviewed in the second chapter. The
papers reviewed in the Literature such4s26, 38, 52, 54]have considerednly the balanced
system situationg/hich result in \{=0 assumptionThereforebased on equation (15) and Y I6r

active and reactive power calculation tteywe measured the dq frarmomponents of the currents

as shown in(17) and (B). However in thisthesis the dqO frame currents are calculated by
considering the active and reactive power to be as showrB)rafi (20. The block diagram
representing these sets of equations are presenteidure 3-11. Therefore the more accurate
values are measuréal thecontrol purposedn both the PQ control and V/F control the dq0 frame

is calculated by the ANF extracted components

0 OO0 »Oo (15)

0 O Wwo (16)
0

0 v (17
w
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Figure 3-10 Structure of the PQ Controller

The control strategy discussed in this mettaddng with the ANF synchronizeis

implemented into SimulinkMATLAB and has been tested in a sampierogrid which will be

presented and discussed in the next chapter. The block diagram of the m@&mpdeid in which

the control gategy isexamined is as ilistrated irFigure3-12.

41



PQ Control — Current Reference
Generator — dq Frame

Vq
P X
P > x = X »| Gain:2/3
a —> +
va | %
> X

vd X

Q > +
— 3 x Gain :2/3
— X

A 4

Sqrt
Sqrt _’é—

¥ et |

)

Figure 3-11 Block Diagram of the dg Frame Current Reference Generator in PQ Controller
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Figure 3-12 Block Diagram of the samplemicrogrid for testing the control strategy
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Chapter 4

Mi cr o@an tdr ol Strategy Simulatio

As discussed in both chapter 2 anch8 tontrol strategies are neededensure a hig
reliability and flexibility in microgrid operationsA control strategy for anicrogrid operating in
the islanded modand gridconnected mode and its transition between the two modes has proposed
in chapter 3This control system is using the Adaptive Notch Filter as its synchronizer which
extracts the frequency and amplitude of voltage and current signals. The stofither@&NF has
also been introduced in the third chapbeithis chapter the implementations of the control system
and the synchronizer in SimuliflRATLAB are prepared.

The performance of both synchronizer and control strategy is then tested in
SimulinkMATLAB and the simulation results are presentétst theSynchronizer is examined
with a distorted input signal and its extracted components are used to prepare the dgO rotatory frame
of the three phase signal. Then the control strdiegys tested o amicrogridoperating on stand
alonemode with the balanced and unbalanced loads being added to the system connecting to the
PCC. The controller is then studied during the transition between the islanded acahgedted
mode of operation and againtex$in he gridconnected mode with loads added to the sysiém.
purpose of this tests are to evaluate the performance of the controller and the synchronizer regarding
stabilizing the voltage and frequency and limiting their fluctuations in the desidepeaimissible
range.The permissible range for voltage fluctuations is £5% of nominal amplitude voltage and for

frequency is £0.2% of the nominal frequency.

4.1 Synchronizer: Adaptive Notch Filter Evaluation

ANF (Adaptive Notch Filter) introduced if61] is a mathematical approach to find the
desired sinusoidal components of a periodic signal. This is done by tracking the frequency of the

given periodic signal. 1f24-25, 62]the dynamic behavior of the ANF is discussed. By ughisf
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method desired sinusoidal components will be extracted. These components include frequency,
amplitude and the signal's-@@gree phase shift. ANF by itself has been added to other PLL based
methods for enhancing their performance when there aresiiegwariations in their input signals.

The Adaptive Notch Filter method as showrFigure 2-11 has the ability of extracting
the fundament al component of the input signal,
c os (-degree phage shift, and its frequency. In this section Simulink models are generated in
order to evaluate the perfoamce of ANF in detecting the parameters which are required for grid
synchronization of theicrogrid Such components include frequency, phase angle, amplitude, and
the dqgO rotatory frame of the thrpbase signal. These characteristics of ANF are testet both
unbalanced loads and distorted input signigigure 4-1 shows the block diagram of the single
phase ANF modeled in SimulifdATLAB . In order to use the ANF in Thr&hase systems, three

single phase ANFs are usgiB].

teta Product? 22eta

1[ x4 »(2) F | Comp
s
1
Integrator2 | = Amplitude
— Amplitude_1

1
teta.x1 x
X
Integrator1

Product2
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90-degere

gsin2

.—’é)* 1 |[ — D

& S g - > 3

Vi ermor g . teta_1s
-gama

n Integrator

Figure 4-1 Block Diagram of the ANF Modeled in SimulinkMATLAB

4.1.1Distorted Input

To test the ANF with distorted input signal, a thygease system is built in which the
amplitude of the voltage source ¢hanging and also a breaker trips off and trips on back to the
system.The required system is built in SimuliBMATLAB which is illustrated irFigure4-2. As

shown in this figure the distorted input is actually a thpkase voltage with variable amplies.
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The amplitudes are also presented in Table (1). At t=0.45 the bredkigiune 4-2 trips and the

input voltage of the ANF reaches zero. At t=0.6 the breaker is again connected and the load is back
in the systemThe output of the threphase ANF anthe actual voltage of the load are shoimn

Figure 4-3 and4-4 respectivelyThe ANF detected frequency is also shown inRigeire4-5. As
presented in the results, the ANF system can estimate the freqaedcyhe fundamental
componerd of the input valage accurately and with a fast response.

Table 1. The Values of the Voltage Amplitude of the Distorted Input

: Three-Phase Voltage
Time [s] .
Amplitude [v]
0<t<0.15 100
0.15<t<0.3 80
0.3<t<0.45 120

L-a
YV
Conn1 n._,_n
L-b
—> Int Com2lp— o £UWE—
L-c
YT

Stair gainl

Generstor o

Input Voltage Amplitude ~ /o=9= Souce

0<t<0.15 Amp=100
0.15<t<0.3 Amp=80 Tp;ii;ﬁ:e Load
0.3<t<0.45 Amp=120 a e

Multimeter

v

b

c

Three-Phase ANF

o ]

three phase ANF input

Figure 4-2 The System Modeled in Simulink/MATLAB for Testing ANF with Distorted Input
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4.1.2Unbalanced Loads

To evaluate the accuracy dfe components detected by the ANF, the dqO rotatory frame

of the systemds

vV O

Il tages

ar

e

b Thesetcomponents aré n g

generated by a structure such as showkigare4-6 in Simulink. This model is tested in a system

similar to the one presentad 4.1.1.The voltage amplitude in this systems is constant but an

unbalanced load is connected at t=0.2 to the system. The load voltages are fed to-fitat@ee

ANF and the dqgO rotatory frame components are generated withamynthe ANFO s |

which has been discussed earlieBih. The dqO components asel s o

generated by

own block for dg0 transformatioso thatthe accuracy of the dqO components generated by ANF

output signalsre testesThe generadéddgOvoltagesof the load signalarepresented ifrigure4-

7 and thedg0 components generated by the Simulink block isstissvn inFigure4-8. As it can

be concluded by these resuttee ANF has the ability to extract the accurate components required

for both synchronization and controlling purposes.
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Figure 4-6 dq0 Rotatory Frame Generator Using ANF Modeled in SimulinkMATLAB
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dq0 Components Generated by ANF signals

dq0 Components Generated by Simulink Block
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Figure 4-7 dg0 comporents generated by ANF signals
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Figure 4-8 dq0 components generated by Simulink block

4.2 Control Strategy Evaluation

SimulinkMATLA B illustrated inFigure 4-9. The values used in this mod#hcluding the line
impedances, local loads, and grid l@ad as shown in Table)(Z'he times in which the breakers
trip in order to simulate the unplanned changes are also presented in J.akie (dntrol strategy

is also implemented in SimuliMd/ATLAB and its performance is tested in both islanded and grid
connected mode of operation while unplanned changé active/reactive powedire applied to

the system. As discussed in chapter 8, ¢bntrol strategy consists of both V/F and PQ control

In this section themicrogrid structure shown in Figure 3-12 is modeled in
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systemsThe control structure for the master unit is presentdeigare 4-10. As shown in this
figure and asarguedpreviously this structure consists of a V/F controller for the voltage and
frequerty stabilizing purposes for the whateicrogrid systemin standalone modeAt the time

that microgrid is connected to the main grid the comparison unit detects the connection and
switches between the control modes and unit roles for the DGma&kter urtithen is controlled

by a PQ structure as a PQ source and the salve unit to the mairrgadtructureof the V/F
controllerfor the voltagecontrolled source and tH&Q controllerfor the currentontrolled source

are presented iRigure 4-3 and Figure. 4-12 respectively.The detailed structures of these two

structures are presented in the following two sections.

Table 2 Values of the Parameters in thélicrogrid Modeled in Simulink/ MATLAB

Parameter Value
Line inductance 1.35mH
(bothDGs)
Line Resistance 0.1 Y
(both DGs)
Line Parallel 50 uF

Capacitance (both DGsg
Local Loadi DG 1 P =3.5KW

Local Loadi DG 2 P =3 KW
Grid Load P =10 KW
Balanced P =4 KW

Three Phase Load
Unbalance P=1KW

Single Phase Load | Q = 100 VAR
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Figure 4-9 Block Diagram of the Microgrid Sample Modeled in Simulink/ MATLAB

Table 3. The Times during Simulation in Which the Breakers Trip and Their Initial State

Breaker Times of Trip | Initial State
ThreePhase Breaker t=0.1 Open
Balanced Load
Single Phase Breake t=0.2 Open
Unbalanced Load t=0.3 Close
Grid Connection t=0.35 Open
PCCV
lo_abc Vi_ab
Vabc_Grid
PQ Controller
» Vo_abc
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Figure 4-10 Block Diagram of the Master DG Controller Consisting of both V/F and PQ Controllers
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Figure 4-11 Block Diagram of the V/F Controller for a Master DG Modeled in Simulink/MATLAB

Vgrid_d

abc to dq0-ANF - with Freq

“ dq0
Varid-q \abc_Grid
Idref sinCos  abc
Vo_abc .
= 0.55+10 W-Grid
(A )—>»|v_rcc lqref >
= =
Transfer Fcn
Voo p
+ .| 05s+10 LF >
Reference Generator - s +
dq0
Transfer Fcn1
| d X L abe —b-
sin_cos Vi_abc
—} 1Wist dq0_to_abc
x [LWis Wi
El : &
dq0 —» l X ' 1.35e-3
lo_abc | s
abc
SinCos p

abc to dq0-ANF

Figure 4-12 Block Diagram of the PQ controller Block Modeled in Simulinkk MATLAB

4.2.1V/F Controller for the Voltage-Controlled Source

As mentioned in the third chapter and also showfigure 4-11 , the V/F controller
structure needs the active aedctive power values that the DG is generaingg with the voltage

and frequency values from the gtidgenerate the voltage and frequency references using the droop
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characteristicsFigure 4-13 showsthe V/F block, the first block of the V/F contled, which has
beenillustrated in Figure 4.1. The details on PQdg0 calculation and Droop block are also

presented ifrigure 4-14 andFigure 4-15 respectively.
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Figure 4-13 Block Diagram of the V/F Block of the Control System in Simulink/MATLAB
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Figure 4-14 Block Diagram of the PQdq0 Calculation in SimulinkMATLAB
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Figure 4-15Block Diagram of the Droop Block in Simulink/ MATLAB

The references generated by the PQdqO0 Calculation and Droop block along with the values
of the currents passing the line connected to the DG is fed to the Current Reference Generator. The
details of this block modeled in Sitmk/MATLAB which is based on the KVL and KCL equations

discussed in the previous chagteillustrated inFigure 4-16.
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Figure 4-16 Block Diagram of the Current Reference Generator Block in SimulinkMATLAB

The signals generated by the Current Reference Generator block assist the last control
block of the V/F controller structure, Vin Controlld@he Vin Controller also similar to the Current
Reference Generator is using the voltage and current laws for preparing the outputs of the V/F
controller which are the voltage final references to the first DG soBigare 4-17 shows the

modeled Vin Contrioblock in Simulink/MATLAB.
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Figure 4-17 Block Diagram of the Vin Control Block Modeled in Simulinkk MATLAB

4.2.2PQ Controller for the Current -Controlled Sources

The main structure of the PQ controller for slave unitsicrogrid has been presented in
Figure3-9 and has been modeled in Simulink/MATLAB as showRigure4-12. In this structure,
the block which is generating the dqO rotatory frame amapts of the abc voltagessimilar to
the one shown ifrigure4-6 which has also been examined in section 4Bu®.in this structure a
dg current reference generating is also needed which is named as the Reference Gerigator in
4-12. The details of this block is shownkigure 4-18.

Refererte signals from the grid areeededo get these controllers to woproperly. A
single phase Adaptive Notch Filter is used to get the required signals from the main grid. These
signals include the dqO rotatory frame, the sy
formof OE T 0A1100. Ma i swrefagande dighals are then fed to both Master and Slave DGs
controller (the V/F and PQ Controllers). A very simple structure for grid signals using the ANF is

presented ifrigure 4-19.
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Figure 4-18 Block Diagram of the dq Frame Reference Generator in PQ Controller
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Figure4-19 Block Diagram of the Grid Reference Generator Modeled in SimulinkMATLAB

The only remaining task is to evaluate the performarfitke control system. The simulations are

done in Simulink/MATLAB in a 0.45 seconds time in which the changes to the system is applied

at the times shown in Table (3).

4.3 Control Strategy Simulation Results

The results of the simulations done in Simulink/MA4AB on themicrogridwith two DGs

illustrated inFigure 4-9is presented in this section to examine the proposed control systéng

simulations have been done on a 0.45 secondharihree phase voltages generated by the main

grid and the frequenaxtracted from grid voltages are illustratedrigure 4-20and4-21. Zoomed
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in plot o

f

t he O3rit d 0.4&is illustrdted mkgjgeire 4-22 to rchieck dor any

interruptions whileamicrogridis connecting to the grid= 0.35.Meanwhilethe values of the three

phase voltages of the first and second RGe Point of Common Coupliraye alsoshown in

Figure 4-23 andFigure 4-24. To make sure that the designed controller is showing the required

behavior when an unplanned occurrenceaispening to the system the voltage plots of both DG

are zoomed in for the= 0.15 t = 0.25 t = 0.35 andt = 0.35stimes. These plots for the first DG

are shown irFigure 4-25, 4-26, 4-27, and4-28 and for the second DG Figure 4-29, 4-30, 4-31,

and 4-32. As it could be concluded from these figures the controller has been successful in

controlling the amplitude of the voltagiand grid synchronizationshe amplitude of the voltages

fluctuations has been reduced to the desired and acceptable amount.
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