Control and Interfacing of Three Phase

Grid Connected Photovoltaic Systems

by
Ahmed Said Khalifa

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Applied Science
in

Electrical and Computer Engineering

Waterloo, Ontario, Canada, 2010

©Ahmed Said Khalifa 2010



AUTHOR'S DECLARATION

| hereby declare that | am the sole author ofttésis. This is a true copy of the thesis, inclgdiny
required final revisions, as accepted by my exarasine

| understand that my thesis may be made electribniaailable to the public.



Abstract

Solar power is considered a very promising sourceliectric power generation. The abundance of
sunlight over a large area of the earth surfacegyinise to several applications of photovoltaic
systems. Electricity can be generated from sunlagtiter directly by employing the photovoltaic
effect, or by using energy from the sun to heatauworking fluid that can be used to power up
electricity generators. These two technologiesndely used today to provide power to either stand-

alone loads or for connection to the power systdth g

Maximum power point tracking (MPPT) is a very imfamt consideration that is taken into account
when building a new photovoltaic power system. Tifineeded in order to extract maximum power
output from a PV array under varying atmospheriaditions to maximize the return on initial

investments.

Several techniques have been used to tackle thldgon including perturb and observe (P&O),
incremental conductance (IncCond) and fuzzy logasedl algorithms. Judging between these
technigues is based on their speed of locatingritsdmum power point (MPP) of a PV array under
given atmospheric conditions, besides the costcantplexity of implementing them. The P&O and
IncCond algorithms have a low implementation comipyebut their tracking speed is slow. Fuzzy

logic techniques are faster but suffer from higlplementation complexity.

One of the goals of this thesis is to present afPMBlgorithm implementation that is based on the
fractional open circuit voltage method. This tecjud is easy to implement and offers a fast tracking
speed for the MPP of a PV array. It provides arr@pmation within 4-5% of the maximum power
point, which is a tradeoff between the speed amdiracy of operation around the MPP. It offers a
speed advantage in grid connected PV systems. & d&gorithm, which is very common, is
difficult to implement under these conditions daét$ poor response time.



There is also a need for developing control tealsqfor three phase grid connected PV systems
including a method for DC link voltage control tliain stabilize the voltage at the inverter inptisT
area of research is currently growing with the éase in number of PV installations backed up by
government incentives in several countries. In timito the previously mentioned points, this work
is intended to be used in further research to cepthe representation of PV arrays as a simple DC
source when included in power system studies. Ehat basic assumption and does not take into
consideration the various dynamics caused by chgrgplar irradiation and surface temperature of

the array.
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Chapter 1

Introduction

The Aim of this chapter is to provide the reseamuttivations related to grid interconnection of
Photovoltaic arrays and the objectives to be readtoen it. An outline is presented as well to gave

summary of the topics covered in each chapter.

1.1 Research Motivation

As the world electricity consumption rapidly incsea with population growth, new power generation
capacities are required to cover that demand. hecant study by the U.S Energy Information
Administration (EIA), the total electricity geneiat of the world is expected to increase from 18.8
trillion kWh in 2007 to 25.2 trillion kWh in 2020nal 35.2 trillion kWh in 2035 [1] for a total increa

of 87 % over the forecast period. The expectedggnesnsumption trend is shown in figure 1-1.
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Figure 1-1: Total expected electricity generationn the world from 2007 to 2030 [1].



Power generation stations rely on multiple fuelrses to cover power demand. Coal is the most
used fuel type because of its abundance and lotv Aadrawback of fossil fuels is the large amount
of carbon dioxide gas emissions that cause thengoese effect. The world electricity generation
expectations by fuel type are illustrated in figdr@. Given the volatility and high price of liquid
fuels including oil, they do not experience sigrafit growth in terms of electricity generation. Coa
based power generation expectations are suscefttibbriations as many countries introduce carbon
emission regulations, which may lead to reductionghe number of coal-based power stations.
Renewable energy sources, on the contrary, arfatitest growing source of electricity generation
with a growth rate of 3% each year mainly drivendxpansion in hydro and wind powers [1]. The
rest of renewable energy sources including geotheemd solar powers are still not economically

competitive with fossil fuel generation.
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Figure 1-2: World expected electricity production ty fuel source from 2007 to 2035 [1].

The renewable energy expected generation in yez BObroken down as shown in figure 1-3. It is

clear that both hydro and wind powers dominate ghare of renewable sources at 85% of the
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expected renewable energy contribution, while s@lad geothermal energies are expected to
contribute about 2% each. The cost per kWh of gaaedrenergy for solar power is high compared to

fossil fuel based sources, which is why it doesaamitribute with a significant share.

Biomass and Tidal
11% Solar 2%

Geothermal 2%

Hydro+Wind 85%

Figure 1-3: Breakdown of renewable energy sources year 2035

To ease the impact of the cost problem in ins@llivew renewable energy capacities, some
governments provide incentives to help reduce abiststalling new systems. Of main interest to this
research is the expansion of grid connected phttigoarrays. According to the International
Energy Agency (IEA), about 5.56 GW of new PV capauias installed in year 2008. This brought
the total installed PV power in IEA participatinguntries to 13.4 GW [2]. Around 96% of that
capacity was installed in Germany, Spain, Italg, thited States of America, Korea and Japan. Grid
connected photovoltaic compose the majority of thatalled capacity. The government of Ontario,
Canada, has introduced the feed-in-tariff (FIT)goaon in 2009 with the aim of phasing out coal

based electricity generation stations. Ontario RPovathority (OPA) is the entity in charge of
3



implementing the FIT program, which it claims to Nerth America’s first guaranteed pricing
structure for renewable energy power generatiordedhis program, owners of grid-connected PV
systems are contracted to sell their generated ipbagk to the power system grid. According to
OPA, the pricing structure is set at 80 ¢/kWh f&f $ystems with capacities below 10 K\ér a
contract period of 20 years [3]. Large ground medr?V systems, on the other hand, have a price of
44.3 ¢/kWh for the same contract period. The OPkimy scheme for some grid connected

renewable energy systems is listed in table 1-1.

Table 1-1: FIT program pricing structure, Ontario P ower Authority [3]

Contract price Percentage
¢/kWh

Energy source
escalated

Solar PV

Rooftop <10kw 80.2 0%

Rooftop 10- 250 kW 71.3 0%

Rooftop 250 - 500 kW 63.5 0%

Rooftop above 500 kW 53.9 0%

Ground mounted <10 kw 64.2 0%

Ground mounted [ 10 kW- 10 MW 44.3 0%

On-farm <100 kW 19.5 20%
On-farm 100 - 250 kW 18.5 20%
Biogas less than 500 kW 16 20%
Biogas 500 kW- 10 MW 14.7 20%
Biogas above 10 MW 10.4 20%
Wwind

Onshore Any size 13.5 20%
Offshore Any size 19 20%

The output of solar PV arrays is dependent ondfiel lof solar irradiance and surface temperature
of the array itself. Maximum power output from theay can be achieved by a combination of
mechanical solar trackers to maximize the amourtgbt received, and a maximum power point
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tracking (MPPT) algorithm to operate the PV arraguad its maximum power output for a given
load under varying atmospheric conditions. The tf9WPPT for a fixed load is similar to impedance
matching, where a power electronic DC/DC converies to match the load impedance to the ratio
between voltage and current of the array at theimnax power point (MPP). One of the most
common algorithms to achieve this task is the Perind Observe (P&O) algorithm. It perturbs the
duty cycle of the DC/DC converter switch and thdéiseyves the resulting change on the delivered
power to the load. The algorithm performs this eysdtically until any resulting change in the duty

cycle causes the power delivered to the load toedse.

The situation in grid connected systems is differ&iowever, since the load impedance is not
fixed. In addition, a fast MPPT algorithm is neededeach maximum output power from the array
under quick variations like load or weather changdthough the incremental conductance technique
is faster than P&O, it is still relatively slow fagrid connected applications as it performs
computations that help it keep the sense of doedthwards the maximum power point. As for fuzzy
logic based techniques, they suffer from implentgariacomplexity and require previous experience
to carefully set the fuzzification parameters fog tlgorithm despite their quick response afteefoér

tuning.

The aim here is to estimate the PV array voltaghemaximum power point using test cells that
keep track of the current radiation and temperdtwels, and then use this information to drive the
main PV array to maximum power output. This techeigs simple and offers fast dynamic response
to variations in atmospheric conditions. But thed#off is that it does so by approximating the MPP

of the array.

The control approach in designing the grid conre&¢ system employs two control loops: an outer

control loop that is used to regulate the outpuwgrofrom the PV array to the grid, and an inner



control loop that is used to regulate the injectedtent to the grid and keep it in phase with \g#tto
achieve unity power factor operation. The systera simulated using SIMULINK and a fault study
was conducted to examine the behavior of the systedhfault currents when the PV array was

connected.

This thesis is also intended to help researcherkimgin the general area of distributed generation
to incorporate PV arrays into their systems withbaving to use simplifications as a DC power
source, which ignores the array dynamics, or hatengnplement a complex MPPT algorithm that

can delay simulations significantly.

1.2 Research objectives

The goal of research done in this thesis is to ldgva control strategy for three phase grid coratbct

photovoltaic arrays. This can be summarized irfdhewing points:

1. Use the equivalent circuit model of a PV cell tdldand simulate a grid connected PV
system using the open loop MPPT technique descabdikr. The response to a simulated
weather change depicted by a drop in solar irrefiawill be investigated. The dynamic
response of the algorithm is characterized by eed it drives the PV system into
maximum power operation while ensuring that thedtgd current remains in phase with

the grid voltage to achieve a unity power factor.

2. Design the control loops to regulate output powsd the injected currents respectively.
The outer power loop is responsible for setting riference signal for the inner current
loop. The control signals will be used to driveheee phase voltage source inverter (VSI)
to regulate the power conversion process from DE&Go Harmonics that result during the
power conversion process should be prevented frmpagating into the power system

grid because of their negative effects on the p@aystem equipment and power quality.
6



3.

Investigate the interactions between the PV syséemh the grid, mainly during fault
conditions. The interconnection transformer of B¢ array can alter the path of fault
currents and affect the operation of the poweresggrotection equipment that isolate the

fault.

1.3 Thesis Outline

This thesis is divided into the following chapters:

Chapter 2 is an overview of the main building blak a grid connected PV system
including PV arrays and their manufacturing tecbga@s, DC converters and three phase

inverters.

Chapter 3 goes through the control developmentefdrid connected PV system. The
control system is divided into two main parts: cohof the DC converter for maximum
power extraction and control of the three phaséagel source inverter for injection of AC
current into the grid. Inverter modeling and cohirothe dg frame in addition to the
sinusoidal pulse width modulation (SPWM) techniqags covered for their importance in

the development of the control system.

Chapter 4 presents the simulation results to sthdyoperation of the PV system under
varying weather conditions, mainly solar irradiaticSimulation results for the system
under fault conditions are also included to ingest the effect of fault current from the

PV array on the operation of the power system ptime devices.

Chapter 5 is a summary and conclusion of the maiimtg obtained in this thesis.



Chapter 2

Components of Grid-Connected Photovoltaic power sys tems

The aim of this chapter is to present an overviéthe main building blocks in a grid connected PV
system. These systems can be classified in teritt@infconnection to the power system grid into the

following [2]:

1. Off-grid residential: This class of photovoltaicsgsms is used to power small homes that
are not connected to the power system grid. Thpubwf the system is used for lighting
and refrigeration and other basic power needs.cBpacity of the system is below 10 kW
in peak output power. They are used when it is nem@omical to install a PV system

than extending the power lines to locations thatfar from the utility.

2. Off-grid commercial: PV systems that are used fommercial purposes, for example
water pumping or for generating power to run tetecmnication towers. The great need
for power in these remote locations makes ins@lRV systems an economically viable

alternative.

3. Grid-Connected distributed: Systems installed aftops of homes and buildings that sell
power back to the power system. Smart meters aée tes keep track of the net power,
which is the difference between customer generptegler and consumed power. The

capacity of the system varies depending on thdablaisurface area for PV installation.

4. Grid-connected centralized: Utility scale systerhattcan reach tens of megawatts of
power output under optimum conditions of solardiaion. These systems are usually
ground mounted and span a large area for poweesiang. The solar PV array in Sarnia,

Ontario (currently expanding to 80 MW) is an exaenpl such systems.



As centralized grid connected PV systems comprisege portion of the installed capacity, focus in

this thesis will be mainly on it to study their f@mance and interactions with the power system. gri

Several components are needed to construct a gridected PV system to perform the power
generation and conversion functions, as showngurd 2-1. A PV array is used to convert the light
from the sun into DC current and voltage. A DC amter is connected to the PV array to increase its
terminal voltage and provide the means to impleraerMPPT technique by controlling its switching
duty cycle. The output power from the array is etioremporarily in large capacitors to hold power
before DC/AC power conversion. A three phase imreid then connected to perform the power
conversion of the array output power into AC poweitable for injection into the grid. Pulse width
modulation control is one of the techniques usedhape the magnitude and phase of the inverter
output voltage. A harmonics filter is added aftee tnverter to reduce the harmonics in the output
current which result from the power conversion pes An interfacing transformer is connected after
the filter to step up the output AC voltage of theerter to match the grid voltage level. Protattio
relays and circuit breakers are used to isolatePiesystem when faults occur to prevent damage to

the equipment if their ratings are exceeded.

PV array Power grid

S

DC/DC DC/AC

Converter inverter | | ey

Transformer

Energy
Storage

Figure 2-1: Components of a grid connected PV syste



2.1 Photovoltaic cell technologies and modeling

PV cells are classified based on the type of matetised in manufacturing them. Below are some of

the common materials used to build PV cells.

2.1.1 Crystalline Silicon PV cells

Comprising 20% of the earth’s crust compositioric8n is considered the second most abundant
element on earth [4]. Silicon exists in naturehia form of Silicon dioxide minerals like quartz and
silicate based minerals. It has first to reach ghhilegree of purity before it can be used for
manufacturing single crystal PV cells. High graderdgz or silicates are first treated chemically to
form an intermediate silicon compound (Liquid tfaiosilane SiHGJ), which is then reduced in a
reaction with hydrogen to produce chunks of highlyye Silicon, about 99.9999% in purity. After
that, these chunks of silicon are melted and forinéal a single large crystal of Silicon through a
process called the Czochralski process. The laige:® crystal is then cut into thin wafers using
special cutting equipment. These wafers are thdisheal and doped with impurities to form the
required p-n junction of the PV cell. Antirefleaticcoating materials are added on top of the cell to
reduce light reflections and allow the cell to bettbsorb sunlight. A grid of contacts made ofesilv
or aluminum is added to the cell to extract thetele current generated when it is exposed to light
The experimental efficiency of Single crystal siliccells is about 25% or slightly higher under
standard test conditions (1000 W/emd 25 °C). However, commercial PV modules’ effigy is in

the range of 12%-15% [2]. The process of produdMg cells using this technology is quite

expensive, which led to development of new techgiekthat do not suffer from this drawback.

2.1.2 Multi-crystalline Silicon PV cells

In order to avoid the high cost of producing singhgstal solar cells, cheaper multi-crystallinelsel
were developed. As the name implies, multi-crystalSilicon solar cells do not have a single ciysta

10



structure. They are rather derived from severalllemerystals that together from the cell. The grai
boundaries between each crystal reduce the netrielearrent that can be generated because of
electron recombination with defective atomic bortdewever, the cost of manufacturing cells using
this technology is less than what would be in tagecof a single crystalline cell. The efficiency of

modules produced using this technology ranges fb#-14% [2].

2.1.3 Thin Film PV technologies

Thin film PV cells are manufactured through the alfion of several thin layers of atoms or
molecules of certain materials on a holding surfadey have the advantage over their crystalline
Silicon counterparts in their thickness and weidliiey can be 1 to 10 micrometers thin as compared
to 300 micrometers for Silicon cells [5]. Anoth@vantage is that they can be manufactured using an
automated large area process that further redbe@sdost. Thin film PV cells do not employ the
metal grid required for carrying current outside tdell. However, they make use of a thin layer of
conducting oxides to carry the output current te #xternal circuit. The electric field in the p-n
junction of the cell is created between the surfam#tacts of two different materials, creating wisat
called a heterojunction PV cell. Thin film PV caa imtegrated on windows and facades of buildings
because they generate electricity while allowingnedight to pass through. Two common thin film
materials are Copper indium diselenide (CIS forrghand Cadmium Telluride (CdTe). CIS thin
films are characterized by their very high abseipti PV cells that are built from this materiabawf

the heterojunction type. The top layer can be cadnsulfide, while the bottom layer can be gallium
to improve the efficiency of the device. Cadmiumlidrde PV cells are similar to CIS in their
construction and manufacturing process. Howeveg, risistivity of p-type CdTe is quite high
therefore increasing the internal losses. Thiseigmn be addressed through the use of intrinsi@CdT
while using a layer of zinc telluride between thal @and the back contacts. Efficiency for these

technologies is about 10-13% [2].
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2.2 Photovoltaic cell equivalent circuit model

The equivalent circuit model of a PV cell is needtedrder to simulate its real behavior. One of the
models proposed in literature is the double exptaemodel [6] depicted in figure 2-2. Using the
physics of p-n junctions, a cell can be modeled B current source in parallel with two dioded tha
represent currents escaping due to diffusion aadgehrecombination mechanisms. Two resistances,
Rs and R, are included to model the contact resistances taedinternal PV cell resistance
respectively. The values of these two resistanessbe obtained from measurements or by using
curve fitting methods based on the |-V characterist the cell. The work done in [7] is an example

of using curve fitting techniques to approximate ¥alues of Rand R.

—
NN\—e

R +
ETLD1! E’TLDZ! Ry

Figure 2-2: Double exponential PV cell model.

The relationship between the PV cell output cureamd terminal voltage is governed by:

=1 h_IDl_IDZ_V+IR5
p Rp
_ qV+IR) | _
IDl_Io{eXp( akT j ]J (2-1)
|D2 = |02|:exp£Mj—]J
akT

where }, is the PV cell internal generated photocurresitahd b, are the currents passing through

diodes O and B, a is the diode ideality factor, k is the Boltzmaronstant (1.3806503 x 18 J/K),
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T is the cell temperature in degrees Kelygjis the electron charge (1.60217646 ilio:), lbr and by

are the reverse saturation currents of each diesjgectively.

Assuming that the current passing in diodedDe to charge recombination is small enough to be

neglected, a simplified PV cell model can be redad®shown in figure 2-3.

I
—_
NN\—e

R +

Figure 2-3: Simplified PV cell model.
This model provides a good compromise between acguiand model complexity and has been used
in several previous works [8], [9] and [10]. Inghiase, currenp] can be omitted from (2.1) and the
relation simplifies to:

F=1, —I{exp(%]—l}—v;i (2.2)

p

It is clear that the relationship between the PNteeminal voltage and output current is nonlinear
because of the presence of the exponential te@riliand 2.2. The presence of the p-n semiconductor
junction is the reason behind this nonlinearityeThsult is a unique |-V characteristic for the cel
where the current output is constant over a widweaof voltages until it reaches a certain point
where it start dropping exponentially. The |-V dheteristic of a 200 W PV module by Kyocera is
shown in figure 2-4. A PV module is the result ohnoecting several PV cells in series to order to
increase the output voltage. The characteristic thas same shape except for changes in the

magnitude of the open circuit voltage.
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Figure 2-4: |-V characteristic of a Photovoltaic malule

Another important relationship in PV cells is thewgr-voltage characteristic. The product of
multiplying the current and voltage is evaluatedeath point in the curve to find out how much
power can be obtained as voltage changes. The pmitage relationship for the PV module is
depicted in figure 2-5. Initially, power starts ieasing as voltage increases. A certain point én th
curve is reached where maximum power output caobib@ned; this point is therefore referred to as
the Maximum Power Point (MPP). After this pointwsr starts dropping as the terminal voltage
increases until it eventually reaches zero at apsmit voltage. Power output from a PV cell is
dictated by the magnitude of the load resistanadined by the division of the cell voltage
overcurrent, in case of fixed loads. If the loagh@dance does not equal the value required to éxtrac
maximum power, then it is possible to use a swilahede DC converter to do the matching between
the PV cell and the load. The process of chandied?V array terminal voltage externally to extract

maximum power for different loads is known as MasimPower Point Tracking (MPPT). Several
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technigues are can be used to perform this taskilabe explained in a following section of the

thesis.

250

200

150

Power (W)

100

50

Terminal woltage (V)

Figure 2-5: Power-Voltage relationship of a PV modie
The PV cell characteristics also depend on extefaefors including temperature and solar
irradiation level. To incorporate these effect®itite model, two additional relations are used pOut

current varies with solar irradiation and tempemathrough:

| :(|n+|<,AT)GE (2.3)

n

where I, is the nominal PV cell output current (at 25 °Cdaf000 W/M), K, is the
current/temperature variation coefficient (A/°@T is the variation from the nominal temperature
(25°C) andG, is the nominal solar irradiation (1000 WmThe value oK, is relatively small and

this makes the cell output current linearly depanda solar radiation level more than temperature.
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Temperature, however, has a strong effect on trerse saturation curreng,ih 2.2. The following

relation can be used to model that effect [7]:

| +K,AT

sc,n

|. =
° eXp(q (\/oc,n + KVAT ) lakT )_ 1

(2.4)

wherelg, is the nominal short circuit current of the PVIc¥l., is the nominal open circuit voltage,
K, and Ky are the current and voltage temperature variatioefficients, in A/°C and V/°C,

respectively.

The effect of solar irradiation and temperaturetmn characteristics of the PV module is depicted
in figures 2-6, 2-7, 2-8 and 2-9. To investigate #ffect of solar irradiation on the currents and
voltages of the module, temperature was held cohs&tt 25 °C and the resulting I-V and P-V
characteristics were plotted. Figure 2-6 shows lthecharacteristics of the module at different
irradiation levels of 500, 800 and 1000 \¥/fihe P-V characteristics are shown in figure d7the
same irradiation levels mentioned. It is noticeat thutput current is directly proportional to chasg
in solar irradiation as expected from the modelxixam output power of the module is reduced by
half when the solar irradiation drops to 500 \K/mowever, the open circuit voltage does not change
significantly. To find out the effect of temperaton the module performance, solar irradiatioellev
was assumed constant at 1000 Awhile allowing temperature to vary between 25 84c°C. The
result is shown in figures 2-8 and 2-9 for the &Wd P-V characteristics as temperature was sé&,to 2
60 and 80 °C respectively. The open circuit voltafi¢ghe module decreases as surface temperature
increases. Current, on the other hand, increasgistigl with temperature. The maximum power

output of the module reduces as the surface temypendses.
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Figure 2-6: |-V characteristics of the PV module uder different solar irradiation levels
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Figure 2-7: P-V characteristics of the PV module uder different solar irradiation levels
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Figure 2-8: |-V characteristics of the PV module atdifferent surface temperatures
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Figure 2-9: P-V characteristics of the PV module atlifferent surface temperatures
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2.3 Switched mode DC-DC converters

DC/DC converters are used in a wide variety of mpgibns including power supplies, where the
output voltage should be regulated at a constdoeviaom a fluctuating power source, to reduce the
ripples in the output voltage or achieve multiptdtage levels from the same input voltage. Several
topologies exist to either increase or decreaseningt voltage or perform both functions together
using a single circuit. The three basic topologEBC converters are: buck (step down), boost (step

up) and the buck-boost converter topologies.

2.3.1 Buck Converter

The schematic diagram of a buck DC converter isvehio figure 2-10. It is composed of two main
parts: a DC chopper and an output LC filter to oedthe ripples in the resulting output. The output
voltage of the converter is less than the inpudetsrmined by the duration the semiconductor switch
Q is closed. Under continuous conduction mode (CQRH,current | passing through the inductor
does not reach zero. The time integral of the itmlueoltage over one period in steady state is lequa

to zero. From that, the relation between the igmat output voltages can be obtained:

(Vin _VOUt)tOI'] _V t = O

out “off
2.5
Vor - tw d where d =duty cycle (2:3)
\/m ton +toff
I
Q —>
® "YYY\——O
+ +
Vin | DA T Coc Vout
- u -
@ 9

Figure 2-10: Schematic diagram of a buck DC convegr
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2.3.2 Boost Converter

The boost DC converter is used to step up the iaplthge by storing energy in an inductor for a

certain time period, and then uses this energytstthe input voltage to a higher value. The dfrcu

diagram for a boost converter is shown in figurg12-When switchQ is closed, the input source

charges up the inductor while dioBes reverse biased to provide isolation betweerirthat and the

output of the converter. When the switch is operstbrgy stored in the inductor and the power

supply is transferred to the load. The relationgt@fween the input and output voltages is given by:

\/inton + (\/in _Vout)toff = O

ey D
—YYY) ®
L < .
+
Vin u Q = Coc Vou
@ ®

Figure 2-11: Schematic diagram of a DC boost conviar.

2.3.3 Buck-Boost Converter

(2.6)

This converter topology can be used to perform Botittions of stepping the input voltage up or

down, but the polarity of the output voltage is ogite to that of the input. The input and output

voltages of this configuration are related through

Vlnton +Vouttoff = O
Voul — _ton — _d
\/in toﬁ 1_ d

20

2.7)



2.4 Three phase inverters (DC-AC converters)

Voltage source inverters (VSI) are mainly used davert a constant DC voltage into 3-phase AC
voltages with variable magnitude and frequencyufe-12 shows a schematic diagram of a 3 phase
VSI. The inverter is composed of six switchegtBough $ with each phase output connected to the
middle of each “inverter leg”. Two switches in egufase are used to construct one leg. The AC
output voltage from the inverter is obtained bytealling the semiconductor switches ON and OFF
to generate the desired output. Pulse width moidul#PWM) techniques are widely used to perform
this task. In the simplest form, three referengmnalis are compared to a high frequency carrier
waveform. The result of that comparison in eachi¢egsed to turn the switches ON or OFF. This
technique is referred to as sinusoidal pulse widtidulation (SPWM). It should be noted that the
switches in each leg should be operated intercteohgein order not to cause a short circuit of the

DC supply.

Insulated Gate Bipolar Transistors (IGBTs) and @ovwOSFET devices can be used to
implement the switches. Each device varies inatsgy ratings and switching speed. IGBTs are well

suited for applications that require medium powet switching frequency [11].

s1_| sz_l 33_|

* o) VaN
cT—— ® O Vby
VCN
S4_I( Ss_li} Ss_l
N

Figure 2-12: Three phase voltage source inverter M)
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2.5 Maximum Power Point Tracking (MPPT) Techniques

MPPT techniques are used to control DC convertemsder to extract maximum output power from
a PV array under a given weather condition. Thedd@verter is continuously controlled to operate
the array at its maximum power point despite pdssdhanges in the load impedance. Several

technigues have been proposed in literature tmparthis task.

2.5.1 Perturb and Observe

The perturb and observe algorithm is a simple teglenfor maximum power point tracking. It is
based on controlling the duty cycle (d) of a DC-Bdhverter to adjust the PV array terminal voltage
at the maximum power point [12]. The power outplithe array is monitored every cycle and is
compared to its value before each perturbationadenlIf a change (either positive or negativehan t
duty cycle of the DC-DC converter causes outputqraw increase, the duty cycle is changed in the
same direction. If it causes the output power terefse, then it is reversed to the opposite dnecti

The algorithm is represented in figure 2-13.

Start
P(n), d(n)

v

»| d(n+1)=d(n) + Ad |

No Yes
Ad (n+1) = - Ad Ad (n+1) = Ad

Figure 2-13: Flowchart of the perturb and observe kyorithm
The performance of the algorithm is affected bycheice of the perturbation magnituded) of
the converter switching duty cycle. Large pertudyat cause large output power fluctuations around

the MPP while small perturbations slow down theodtbm. Modifications to this technique are
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published in [13], [14] and [15] to improve perfainte while maintaining the basic principle of

operation. Table 2-1 illustrates the operation seqa of the algorithm.

Table 2-1: Perturbation directions for the P&O algaithm based on output power variations

Change in duty cycleAd  Effect on output power | Next perturbation, Ad (n+1)

Increas Increas Increas
Increas Decreas Decreas
Decreas Increas Decreas
Decreas Decreas Increas

2.5.2 Incremental Conductance

This algorithm exploits the fact that the slopetted power-voltage curve of a PV array is equal to
zero at the maximum power point, as shown in figi#e The slope is positive in the area to the left

of the maximum power point and negative in the acedhe right. Mathematically, this can be

summarized as:
dP/dv = 0, atMPP

dP/dV > 0, left of MPP (2.8)
dP/dV < 0, right of MPP

This can be simplified using the following approxition:
dP/dVv =d(1V)/dV =1 +V di/dV =I +V Al /AV (2.9)

From that, (2.8) can be rewritten as:
Al/AV = -1V, atMPP

Al/AV > —1 [V, left of MPP (2.10)
Al/AV < =1V, right of MPP
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The incremental conductance algorithm is illustlatefigure 2-14 where ¥ is used as a reference
control signal for the DC converter [12], [16], [LBimilar to the P&O algorithm, the performance of
the incremental conductance MPPT is affected byrtbeement size of ¥, used here as the control

variable.

Start
V(n), I(n)

v

Al'=1(n) - I(n-1)
AV =V(n) - V(n-1)

Yes

\ \ i

Increment Decrement Decrement Increment
Vref Vref Vref Vref
 J \/ y A \ A \
I(n-1) = I(n)
V(n-1) =V(n)
Repeat

Figure 2-14: Flowchart of the Incremental conductace MPPT algorithm [12]

2.5.3 Fuzzy logic-based MPPT

Fuzzy logic MPPT control is divided into three stagfuzzification, rule based table look-up and
defuzzification. During the fuzzification processmntrol variable are converted from a numerical

value to a linguistic representation like PositBig (PB), Positive Small RS), Zero ¢), Negative
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Small NS and Negative BigNB). The slope of the P-V curve (S) and the changdagfe AS) were
used in [18] as the input control variables tofthezification stage.
_P(n+1)-P(n)
V(n+1)-V(n) (2.11)
AS=S(n+1)—S(n)
wheren is the sampling interval/ andP are the terminal voltage and output power of theaRray
respectively. Next, a look-up table is used to wheitee the control action of the converter duty eycl
based on the linguistic magnitude of the variabliethe PV array is connected to a boost DC-DC
converter, then table 2-2 can be used to issuectiirol decisions [19]. The look up table is
dependent on the DC converter topology being uSette the control command is also in linguistic
format, it should be first converted to a numeriealue during the defuzzification stage. When both

the slope and change of slope variables reach theranaximum power point is reached.

Fuzzy logic controllers can perform maximum poweinp tracking effectively under changing
weather conditions. However, there is some difficdlesigning the look up table and the rules that
govern the operation of the controller for differ@onverter topologies. In addition, thresholds tha
define the linguistic variables are to be carefidlected because they can impact the algorithm
performance. An adaptive fuzzy logic controller wareposed in [20] to dynamically tune these

thresholds to achieve improved performance.

Table 2-2: Rule based look-up table for fuzzy logiMPPT [19]
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2.5.4 Neural networks

Neural networks based MPPT is one of the technigaeded for implementation using
microcontrollers [21], [22]. A neural network is maposed of three layers: the input, hidden and
output layers. Inputs to a network can be the amayinal voltage and the solar irradiation level o
any other measurements needed by the MPPT algorithoh node in the network is referred to as a
neuron; these neurons are connected together thimas that are associated with certain weighted
sums w. The effectiveness of this MPPT technique is nyadldtermined by the hidden layer and the
amount of training the network received. The tragnprocess might span several months or years
where the network is subjected to various measuntmebtained from the PV system. Using this
information, the weights between the neurons ameduo generate the required output which could
be a command to change a DC converter duty cyckdisadvantage of this technique is the lengthy
training process it needs before the neural netwarkaccurately track the maximum power point, in

addition to its dependency on the characteristitseoPV array to which it is connected.

Input Layer Output Layer

Hidden Layer

Figure 2-15: Neural network for MPPT control
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Chapter 3
Control of Three Phase Grid Connected PV System

This chapter covers the control system developesptrate a grid connected PV system. First, the
structure of the system and its control blocks iateoduced. Then, the function of each block is
examined in detail. An overview of the dg transfatibn and sinusoidal PWM technique are
presented for their importance in building the m&e control system. The boost DC converter is
controlled using an open loop maximum power poiatKing technique in order to achieve fast
control response to transients and changes in eeatinditions. The control system is assessed
based on: the quality of the injected AC curremt ithe grid, as determined by the Total Harmonic
Current Distortion (THDI) limits specified by th&EE Std. 929-2000; and the speed of the control
system in tracking the maximum power point as weationditions, mainly solar irradiation, change.
The system was studied under grid-side fault carmditto examine the effect of the transformer
topology selection on the propagation of zero segaecurrents to the grid. These currents can

intervene with the correct operation of the utifiptection relays.

3.1 System structure

The PV system under study is shown in figure 3-Jph&tovoltaic array is used to convert sunlight
into DC current. The output of the array is conaddb a boost DC converter that is used to perform
MPPT functions and increase the array terminakgatto a higher value so it can be interfacededo th
distribution system grid at 6.6 kV. The DC convert®ntroller is used to perform these two
functions. A DC link capacitor is used after the D&verter and acts as a temporary power storage
device to provide the voltage source inverter witsteady flow of power. The capacitor's voltage is
regulated using a DC link controller that balanogsut and output powers of the capacitor. The

voltage source inverter is controlled in the rotgtilg frame to inject a controllable three phase AC
27



current into the grid. To achieve unity power faabperation, current is injected in phase with the
grid voltage. A phase locked loop (PLL) is useddtk on the grid frequency and provide a stable
reference synchronization signal for the inver@ntmol system, which works to minimize the error
between the actual injected current and the referearrent obtained from the DC link controller. An
adjustable speed drive (ASD) and an RL load areected to the grid to simulate some of the loads
that are connected to a distribution system netwlrkLC low pass filter is connected at the output
of the inverter to attenuate high frequency harm®r@Eind prevent them from propagating into the
power system grid. A second order LCL filter isabed if the leakage inductance of the interfacing
transformer is referred to the low voltage sideisTarovides a smooth output current which is low in

harmonic content.

Pin Pout
’ Vpce
PV Arra y o ; J— 3 Phase
y va boost Vpe Coc VS| C A
- |converter| - T I f
ALS s —3
1..S6
V. *
" w—) dq . SPWM vd_ PLL Adjustat?le
in abc ll speed drive
¢ * Vd*“ “Vq* w V
DE link o » dqg current ‘Id dq I
. - b
controller lg controller |e =
i T
Pout Va
* Va Vg w RL Load

Figure 3-1: Grid connected PV system structure
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3.2 The abc/dq Transformation

The dq transformation is used to transform three phaseesy quantities like voltages and currents
from the synchronous reference franabdj to a synchronously rotating reference frame \littee
constant components when the system is balancedrdlitionship that govern the transformation

from theabc to dg frame is

X X
Xq =T x X,
%o X

(3.1)
cost—- 2r /3) cogft+ 2 /3

cos (wt)
T=\/g X| —sin(wt) -sin@t- 27 /3) - sinft+ 2r /3
Y2 Y2 12
where x can be either a set of three phase voltages aerndsrto be transformedl is the
transformation matrix ana is the angular rotation frequency of the frame].[2®e angle between

the direct axis (d-axis) and phase a-axis is ddfas® as shown in figure 3-2.

g-axis

Phase B

Xa phase A

Xc

Phase C

Figure 3-2: Relationship between the abc and dq refence frames
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The result of this transformation is three constatdting components: the direct (d), quadratude (q

and zero (0) components. In balanced three phasensy, the zero component can be ignored since

X, +% +% =0 (3.2)

The inverse transformation from ttg frame to theabc frame can be obtained by applying

Xa X4
% =T x| X
X %o
cos Wt ) - singdt ) ;f\/_Z (33)

T_lz\/gx cost—- 27 /3) - sint— 2r /3) /l\/7
cos@t+ 27 /3) - sinft+ 2r /3) /l\/—

This transformation is useful in developing thetcolsystem for the voltage source inverter under
current control to regulate the output of the Pgtegn. Active and reactive powers injected from the

PV system can be calculated using the followingti@hships

P=V,l +V I

d " d,injected q’ q.injected

(3.4)
Q=-V,l quinjected +Vq|d,injected

whereVy, V, are thedq voltages at PCC at the grid side of the transforfggjeces andlgjnjected are the

dq components of the injected current at the grié.sidis evident that in the computation of reaetiv
powerQ, there is cross coupling between the direct aratiiure current and voltage components.
This can be eliminated through the use of a phade=t loop (PLL) that locks on the grid frequency
in such a way that the quadrature component of/tiitage at the point of PV system connection is

forced to zero. In this case, equation 3.4 singdifio

P =V 4 injected (3.5)
Q =Vl g injecte
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This means that the direct and quadrature compsr@rthe inverter output current can be used to
control the active and reactive output powers fittve PV array system, as they are related to the
injected currents by the transformer turns ratiuisTs based on the assumption that the voltatjesat

point of common coupling (PCC) is relatively comitdn current practice, distribution systems have

regulation mechanisms to keep voltage within spetiimits.

3.3 Phase Locked Loop (PLL)

The role of the phase locked loop is to providertitation frequency, direct and quadrature voltage
components at the point of common coupling (PCCjdsplving the grid voltagabc components.
Multiple control blocks of the PV system rely onstlinformation to regulate their output command
signals. As stated earlier, the PLL computes th&tiom frequency of the grid voltage vector bytfirs
transforming it to thelq frame, and then force the quadrature componetieof/oltage to zero to
eliminate cross coupling in the active and reactp@aver terms [23]. A proportional-integral
controller is used to perform this task as showfigare 3-3. The proportional (Kand integral (i

gains of the controller were set through an iteeatirocess to achieve a fast settling time.

Vg
abc —> v
Vabe pee —p LN Kp+§ C K
dq _>v0

Figure 3-3: Schematic diagram of the phase lockeddp (PLL)
The output from the PI controller is the rotatioaquencyw in rad/s. Integrating this term results

in the rotation anglé in radians. The operation of the PLL is governgd b

W= KN, +K, [V, dt

o=[wdt (36
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3.4 Open loop MPPT using a boost DC converter

Grid connected PV systems are subject to fast digsain the power system as opposed to those
connected to fixed loads. A fast MPPT techniquenéeded to help extract power under those
conditions. There are several techniques in liteeathat could quickly locate the maximum power
point of a PV array including those based on Fupgyc and neural networks. However, they are
difficult to implement and depend on the charast@s of the PV system. Perturb and observe and
incremental conductance techniques do not suffen the aforementioned problems, but they have a
slower response to weather changes. From thatngdessary to develop an MPPT technique that is a
good compromise between these two types. The opgm MPPT technique used here tries to
eliminate the computational overhead associateti thie feedback action in present algorithms,

without compromising the correct operation of thag

The method proposed here treats the voltage angx@mum power point as a fraction of the PV
array open circuit voltage. From several PV cellnofacturers’ datasheets, the fraction) (G

estimated to be in the range from 0.77 to 0.8.rEkaionship is dictated by:
Ve =C; XV (3.7

The determination of the maximum power point irs ttse requires measuring the array open circuit
voltage and multiplying it by a constant. A discention of the PV array from the system is needed
to obtain that measurement. To get around thigcdlff/, separate PV cells can be installed withie t
array and their open circuit voltage can be meakirerder to estimate the array voltage. Theds cel
will be subjected to the same solar radiation anthse temperature levels and thus will allow for a
very good estimate of 3¢ With this concept in mind, the speed of open looptrol can be exploited
without the need for measuring the output powehefPV array in every control cycle. After finding

a value for \{;p, the DC-DC boost converter is used to force thayavoltage to follow it. This offers
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improved dynamic and steady state response duniegtesence of quick variations in the power
system or solar radiation level. A separate colerié dedicated for controlling the capacitor agk

to match power going into it from the PV array, gquuiver going out to the grid.

The DC converter regulates the PV array voltagectnytinuously switching on and off at high
frequency. The current that goes through the inductor in figure 3-4 is $ame as the current output
of the PV array. When the DC converter switch med on, the inductor starts charging and current
I increases. Assuming the voltage drop across thetsig negligible, the PV array voltage is related

to the inductor current through the following reaship:

V,, = L% (3.8)

As the inductor current reaches steady state,ateeaf change of currendli(/dt) decreases and this
causes the PV array terminal voltage to decreaderanve down the voltage-power curve as shown
in figure 3-4 (a). If the switch is closed long egb, the PV array voltage will eventually drop &v@

and the inductor will have the PV array short dircurrent passing through it.

When the switch is turned off, the inductor andPRivearray will start supplying current to the DC-
link capacitor. This causes the inductor to disghand its current decreases with time. The domgcti
along the PV array voltage-power curve is reverged voltage will start moving towardspy as
shown in figure 3-4 (b). By quickly switching theCDconverter on and off around the maximum
power point, the PV array will output maximum povedra given solar irradiation and temperature

levels. The switching function that governs the @@verter operation is:

1V, -V >0
u:{ e (3.9)

0 Vp -V, <0
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Figure 3-4: Output power from the PV array when theconverter switch is (a) ON and (b) OFF

The PV array voltage will slide along the curveldaling the direction dictated by the switching
signal. Implementation of the switching functiomnche achieved using a comparator circuit that
triggers when the instantaneous PV array voltageeds the maximum power point. After the DC
converter switch turns on, the array operatingagstwill move back to the maximum power point as
in figure 3-4 (a). If the PV array voltage dropddvethe maximum power point, the switch is turned
off to allow the inductor to discharge power to € link capacitor and allow the array voltage to
return to the MPP as in figure 3-4 (b). A simplengarator circuit can be realized using an op amp as

shown in figure 3-5.

To switch drive

Vinp O] e circuit

Figure 3-5: comparator circuit
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3.5 Modeling and Control of the Three phase VSl in  the dq frame

The state equations describing the dynamics obtiteut currents and voltages of the voltage source

inverter are derived in this section. The time \d#ives of the inverter output current and voltage

d
L.—I =V -V 3.10
f dt inv inv C ( )
dy, _
Cf avc - Iinv - IG (311)

where L and G are the filter's inductance and capacitance rdismdyg, V. is the capacitor voltage

and k is the current injected into the grid as showrfigmre 3-6. Equations 3.10 and 3.11 are in

matrix format where

Iinv = [Iinv,a Iinv,b Iinv,c]T 1 VC = [VCa VCb VCC]T

(3.12)
L, 0 0 C, 0 0
L,=/0 L O, C=0C, 0
0 0 L, 0 0 C,
Iinv IG
Vinv VC — VG
~nym ~rYm
Inverter 22808 YN Grid
~Y,m Y m
Ly
Ci = =& =—F lIC

Figure 3-6: circuit diagram of a three phase grid onnected inverter
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Multiplying both sides of equation 3.10 by the sormation matrixT in 3.1, the VSI model in the
dq frame can be obtained [24]. The following procedis adopted to find the result of the

transformation

d
TLf a labc :T(\/inv _VC)

d pap

TL, — =T -V, 3.13
f dt (\/mv ) ( )

i 9 —THTL T = d .=V, -V,

flinv d dt nv inv

where (") is used to denotl quantities. The previous steps use the relatipngbiverning the

inverse transformation, which is

Iabc =T_1quo (3-14)
As a result, 3.10 becomes
0 wL, O d 1 0O
_wa 0 0 IAinv + Lf a IAinv =0 1 0 Alnv _VAC ) (3'15)
0 0 0 0 0O

Since the 0-component is not contributing to batles of the equation, it can be omitted and 3.16 ca

be written as

o P b e o R o B

This represents the state equation of the invedgout current in the dq frame. Applying the same

procedure on 3.11, the state equation for the dapamltage is
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The output current from the VSl is regulated ugingportional-integral controllers to force the erro
signal in each dg-component to zero. The erroraigm defined as the difference between the
measured output current and the reference curféetfollowing control laws generate the required

command voltages at the inverter output such tieagtror in the output current is minimized [32]

Kp(l;_Id)+Kl.[(|;_Id)dt_a)Lflq+VGd (3.18)
KP

vy
vy =K, (1 =1, ) + K (1 =1 ) dt+ e 1, +V,

where ) and l{ are the dq reference currentsgg\and Vg4 are the dq voltages at the point of
common coupling. The command voltages,andy, , are transformed back to the natural frame to

be sent to the sinusoidal PWM block to generatestitching signals for the inverter.

Under unity power factor operation, the PV systaijedts real power only into the grid. In that
case, reactive power injection is forced to zersdying the reference curregttio zero according to
(3.5). The real power injection is controlled hywhich is extracted from the power mismatch of the

DC link capacitor. The capacitor voltage changesrating to the following relation

d 2
9 =2(r, ) 19)

whereP;, is the input power to the capacitor coming from BC converterP, is the output power

going to the inverter and then to the grid ignonpayver losses, an@ is the capacitance of the DC
link. To keep the voltage constant, it is necessarpalance P and B Since the input power is
controlled by the DC converter to be the maximuntgpot power from the PV array, the control
system of the inverter performs the task of colitrglthe real output power by controlling.I This is

achieved by using a separate DC link voltage Ptrotlar using

l:i:i(KP(F?n_Pout)+KIJ.(F?n_Pout)dt) (3.20)
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A schematic diagram of the controller is shownigufe 3-7 below. It accepts the power mismatch of
the DC link capacitor as an input, and uses a ptigmal integral controller to generate a power
control signal necessary to drive the mismatchetm.zThe power control signal is then divided by
the direct component of the grid voltage to obthim reference curreng’ ] This reference is sent to
the current controllers to regulate the output enirrof the inverter. The PI controller had a low
bandwidth due to slow variations in the DC link mavand to ensure that the reference current signal

does not suffer any abrupt changes.

I*

Pin Pl controller p—>{ ~ }—ap "¢

Pout Vd

Figure 3-7: Schematic diagram of the DC link contrdier.

3.6 Sinusoidal Pulse Width Modulation (SPWM)

The sinusoidal pulse width modulation techniqueised to control the voltage source inverter by
producing the gating signals for the semicondusteitches. This technique is used to obtain three
phase output voltages that can be controlled innmade and frequency. A reference or modulating
signal is compared to a high frequency carrier @igte result of this comparison in each phase is
used to activate the switches accordingly. A sdéparedulating signal is used for each phase with a
phase shift of 120° between them as shown in fiGuBe Two important quantities in SPWM are the
amplitude and frequency modulation indices, and m respectively. The amplitude modulation
index, m,, is defined as the ratio between the amplitudd@fmodulating signal to the carrier signal,
while the frequency modulation indexy, is the ratio between the frequency of the casignal to

that of the modulating signal in 3.21 on the neage
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rna ) Vcarrier
f (3.21)
mf — __carrier
f

When the amplitude of the modulating signal is gre#han that of the carrier signal, the upper
switch in the corresponding phase leg in figure22idl activated. This leads to the output voltage
having the same magnitude of the DC link voltagbe Bwitches in each phase leg operate in a
complementary fashion in order to avoid shorting fdC kink capacitor. Figure 3-8 shows the
modulating signals for a three-phase inverter dmasesA andB output voltages. The line voltage
between these two phases is obtained by subtraetjigpm V.. It is clear that the output voltages
need to be filtered to obtain clean sinusoidalagds. The harmonic content in the output voltades o
the inverter depends on the choice of the frequefdkie carrier signal. Any even harmonics in the
output line voltages in addition to harmonic ordeetow m — 2 will be eliminated if the following

conditions hold [11]

m, >9
_ (3.22)
m; = odd multiple of 3

In addition to that, harmonics will be centeredmtind its multiples 2 m3 m ...etc., which helps
ease the filtering requirements determined by theftfrequency. A possible choice is to have m

99 which means that

f =99x f_=99x 60= 594®iz

carrier

The magnitude of the output phase voltage (rmspeatetermined using

V,

V —bc 3.23
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Figure 3-8: SPWM modulation signals for the VSI shan in fig 2-12

3.7 Behavior of the system during fault conditions

The operation of the distribution system protectievices can be disrupted when distributed
generation (DG) sources are connected. Protecttays in radial distribution systems are set to
respond to a certain magnitude of fault currentictvlis determined by the short circuit level at the
fault location. If a DG source happens to be lotdtetween a distribution sub-station and a fault, i
can contribute to the fault current. If the faultrrent contribution from the grid decreases, the
protection relay may not be able to detect thetfantl a “relay under reach” situation occurs. The

situation is depicted in figure 3-9.
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Most utilities require DG sources to disconnecthimita few cycles of detecting a fault in the
system. That might be difficult to implement espéigiwhen DG sources comprise a major part of
the generated power. In Denmark for example, aB0% of the country’s total electricity supply in
2007 was generated from renewable energy sourkeswlind turbines [25]. It is important to
understand the behavior of DG sources during faanditions and how they interact with the power

system.

Normal relay reach
Relay under-reach
because of DG

e,
— N

IF1

Substation —
+———] — -
Relay + /lsz
circuit
breaker Fault
DG

source

Figure 3-9: Relay under reach because of a DG sowc

Inverter based DG units including PV arrays do cwitribute significant fault current to the system
because of the presence of current limiting praiadmplemented in the inverter controls. This is
important not to overload the power electronic ehdts beyond their ratings. However, the
interfacing transformer between the array and theé can play a role in the propagation of zero
sequence current back to the grid. Fault curremtcgaulate through the transformer grounding point
and interact with other non-faulty phases. A simiafastudy was conducted in order to examine the

system under these conditions.
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Chapter 4

Simulation results

This chapter presents the simulation results ferghid connected PV system shown in figure 3-1
using Matlab software. The system simulation idd#ig into three sections: simulation of the base
case unde® = 1000 W/ andT = 25°C, simulation of the system when solar im#idn, G, changes
from 1000 to 500 W/mat T = 25°C and finally simulation of the systemridg a single line to

ground fault at location F (in fig 3-1).

4.1 Simulation of the PV system at G = 1000 W/m? and T = 25°C

The PV system was constructed using a 100 kW aroayected in centralized mode. The array
composed of 25 parallel strings each containingr2@ules in series to obtain a terminal voltage
suitable for grid connection purposes. To simulbgecontrol system and the resulting output cusrent
and voltages of the VSI, the array was subjecteda tdt000 W/r of solar irradiation and a
temperature of 25° C. The DC output current anchitestl voltage of the array were monitored during
simulation to determine the current operating cbmaé at the specified atmospheric conditions.
These two quantities are shown in figure 4-1 (a) @) respectively. The switching action of the DC
converter caused some ripple in the output cumétit an average value of about 190 A, the ripple
magnitude can be reduced by increasing the sitleedhductor used in the boost converter. There are
some initial transients in the current waveforntheg beginning of simulation as the system started
operation and the DC converter drove the arrajnéodstimated maximum power point. The array
terminal voltage also suffered initially from thesansients. The array voltage stabilized at 526 V
estimated by measuring the test cells voltagesrEuring the estimation process may result due to
the fact that actual voltages of the array modaiaght vary slightly from the theoretical value. $hi

error can be adjusted by taking that fact into anto
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Figure 4-1: (a) DC current output of the PV array @) Terminal voltage of the array (c) DC link

capacitor voltage and (d) injected AC currents atlie secondary side of the transformer (grid)

The DC link voltage was monitored to verify the mpg@n of the DC link controller and make sure
it reached a constant value for the VSI to opecateectly and generate the required output currents
The purpose of the controller was to force the naisim between the capacitor input and output DC
power to zero. The output of the controller wasriference direct current responsible for settirgy t
output power from the inverter. It took about Oekcands or 6 cycles for the capacitor to reach a
steady state voltage of 1400 V as shown in figule(d). This fixed voltage DC bus would feed the

required power to the inverter to inject the sindabAC currents shown in figure 4-1 (d). These
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currents suffered from transients at the startysfesn operation as the PLL synchronized the control

system and due to having a changing DC link capaedltage.

THDI (%)
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Figure 4-2: (a) dq components of the injected curmet (b) total harmonic distortion of the output
AC current (c) SPWM modulation signals used to drie the VSI and (d) real power delivered to
the grid from the PV system

The dg components of the output current are shawfigure 4-2 (a). The quadrature current
component responsible for controlling the reacpever output from the inverter was forced to zero
in order to achieve unity power factor operatiohe ™irect component was controlled to follow the

reference signal set by the DC link voltage cotgrolThe THD level in the output current was below
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the limits specified by the IEEE standard 929-2@0fch is 5%. The filter connected to the inverter
was a low pass type set to attenuate harmonicsea®b® Hz in the output. The value of THDI was
1% during steady state operating conditions as shawigure 4-2 (b). The sinusoidal pulse width
modulation signals obtained from the inverter aurreontroller were used to provide the triggering
pulses for the inverter switches. The amplitudeghef signals were below unity to ensure over
modulation did not occur causing undesirable haiosom the output. The signals are shown in
figure 4-2 (c). The output real power in kW injesttimto the grid is shown in figure 4-2 (d). The
maximum output power form the array under the dtatenditions (1000 W/m2 and 25 C) should
have been 100 kW. However, due to the estimatidghe@fmaximum power point and power losses in
harmonics at the inverter output, the actual igeégbower to the system was 94 kW. From initial
results, the open loop MPPT algorithm based orfrd@ional open circuit voltage technique proved
its quick response at system start up in a show tf about 6 cycles as compared to the modified

incremental conductance algorithm used in [14].

The switching signal of the boost converter was itooad to examine its duty cycle and switching
frequency. In figure 4-3 (a), the duty cycle of theitching signal is about 0.5 during the initial
transient phase of the simulation. The switchiregfiency is around 150 Hz at that point but it
increases as the converter drove the PV array ttoee maximum power point voltage. During the
steady state operation phase which is achieved #fee MPP has been located, the switching
frequency settles at about 3 kHz. This is showiigure 4-3 (b) where the duty cycle of the switahin
signal is at 0.67. In this case, the duty cycledstrolled indirectly by monitoring the PV array
terminal voltage and the estimated MPP voltageed®icontrol of the duty cycle can be achieved by
augmenting this MPPT tracking technique with theQand technique in order to fine tune the

obtained MPP estimated voltage.
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Figure 4-3: (a) switching signal of the boost conveer during the tracking phase of the MPP (b)

switching signal during steady state after locatinghe maximum power point of the PV array

4.2 Simulation when G changes from 1000 to 500 W/m 2

The goal of the simulation study in this sectiorsw@verify the dynamic and steady state respofise o
the control system of the PV array as solar irtamialevel dropped rapidly. This is a situationttha
can happen when a cloud passes by and blocks diratight from hitting the PV array. The array
was subjected to a sudden drop in solar irradigtiom 1000 to 500 W/fmwhile monitoring the DC
and AC voltages and currents in the PV array arel ahsociated power conditioning system.
Irradiation level dropped at 0.15 seconds and maidhanediate effect on the array DC output current
and voltage as shown in figure 4-4 (a) and (b) eetigely. The estimated voltage changed due to
shading of the array causing the DC converter teartbe operating voltage to a new value that

corresponded to the new maximum power point, arda0l volts. Array current, which is heavily
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dependent on solar irradiation level, dropped tbitsinitial value at 1000 W/Ato about 94 A. This

caused the maximum theoretical output power todbeeld as well to 50 kW.

As the input power to the DC link capacitor deceghghe DC link controller worked on setting a
new reference current for the inverter to match dhgput power to a new control set point. The
capacitor voltage decreased as shown in figure(d}y4It took the controller about 6 cycles to
stabilize the capacitor voltage. The injected AGrents experienced a change in amplitude as the

reference current was set to a lower value dulegaltop in input power, as shown in figure 4-4 (d)
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Figure 4-4: (a) DC output current from the array taking into account the change in solar

irradiation (b) PV array terminal voltage (c) DC link capacitor voltage and (d) injected AC
currents to the grid.
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Figure 4-5: (a) dq components of the injected curm after the drop in solar irradiation (b) total
harmonic distortion in the injected current (c) SPWM modulating signals that drive the

inverter switches and (d) real power injected intahe grid.

The direct component of the injected current wastrotled to follow the new reference value
dictated by the DC link controller at 7 A, whichogped from 15 A when solar irradiation was at
1000 W/ni. The reference for the quadrature component, hewevayed at zero to maintain unity
PF operation. The dg components of the injectedentiare shown in 4-5 (a). The total harmonic
distortion in the output current increased during transition caused by changes in irradiationlleve
as shown in figure 4-5 (b). The current waveformswiéstorted as it changed to a lower magnitude

because of PV power drop. After the transition wasplete, the THD reached a level of 2%, an
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increase of 1% from the case when solar irradiaties at 1000 W/f The increase in THDI was
attributed to the decrease in the magnitude ofrifeeted current where the effect of harmonics was

more pronounced.

As the magnitude of the DC link voltage decreadbd, sinusoidal PWM signals magnitudes
increased to control the inverter to inject theursggd maximum power to the grid. The signals are
shown in figure 4-5 (c). The real output power lué system was recorded to verify the operation of
the MPPT technique. Before the drop in solar iatdn, output power from the array was 94 kW
from a theoretical maximum of 100 kW. After irratitien dropped, output power was at 47 kW from a
theoretical maximum of 50 kW as in figure 4-5 (8lne control system kept track of the approximate

maximum power point and responded quickly to thediation level change in 0.1 seconds.

4.3 Simulation of the system under fault conditions

The aim of this section is to study the behaviortla# grid connected PV system during fault
conditions. As stated earlier, the fault currenntdbution of the grid can be affected by the
connection of the PV system. Protection equipmeay mot respond correctly to faults that occur
after the interconnection point of the PV systemsiAgle line to ground fault was simulated at
location F shown in figure 3-1. This representeduabalanced fault type were fault currents have a
path through ground. A grounding connection inPheinterfacing transformer can cause this current

to circulate back to the system and alter the fguidt current contribution.

4.3.1 Three phase fault: base case

The system was simulated with a three phase faudetermine the fault current level at location F.
The fault started at 0.12 seconds and was abowt Ad&s shown in figure 4-6 (a). This value was
used to set the protection equipment, phase owvergurelays, to control the substation circuit

breaker and isolate the fault. It took 0.1 secdndshe circuit breaker to receive the relay sigaad
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operate at the next zero crossing in the faulteriirThe circuit breaker switching position is show
in figure 4-6 (b) where a ‘1’ corresponds to thetskvin the closed position and a ‘O’ for being

opened.
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Figure 4-6: (a) Three phase fault at location F itfiig 3-1 (b) circuit breaker switching position

4.3.2 SLG fault during PV system connection (Delta  —Delta)

The PV system was connected to the grid througleltafDelta transformer and the simulation was
conducted again to check for the effect it may haveéhe operation of the protection equipment. The
simulation started by setting the fault start tim®.12 seconds, it was a single line to groundt fau
phase A at location F which was set to end at 8cdrads. The delta-delta transformer of the PV
system did not provide a path for any returnindtfaurrent to flow back to the system at the paiht
common coupling. The circuit breaker operation weefore unaffected as shown in figure 4-7 (a)
where it interrupted the fault at 0.22 secondseitfthe circuit breaker opened, the current supied
the grid to the fault was interrupted at the nextozcrossing as shown in 4-7 (b). The fault was
successfully terminated at 0.23 seconds as inc}-F06r the duration the fault existed in the syste
the PV injected current suffered from high distumtidue to the voltage unbalance at the PCC. The

phase locked loop output signals were distorteal @sult, causing the current control loops to outp
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highly distorted currents. The injected current @favm is shown in figure 4-7 (d) before and after

the fault.
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Figure 4-7: (a) circuit breaker switch position ‘1’ for closed and ‘0’ for opened (b) grid supplied
current before and after the fault was cleared (cphase A fault current (d) PV system injected
current before and after the fault in phase A.

4.3.3 SLG fault during PV system connection (Delta  —Wye gnd)

Replacing the delta-delta with a delta-wye gnddgide) transformer caused a problem for the phase
overcurrent relays detecting the fault. The fatdtted at the same time, 0.12 seconds, and was also
set to end at 0.3 seconds. The circuit breakeedai isolate the fault and remained closed for the
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entire fault duration as shown in figure 4-8 (aheTgrounding connection of the transformer at the
grid side caused fault current to return back ®dghd at the point of common coupling. This zero
sequence current was divided equally between theetiphases at the secondary side of the
transformer and injected back to the grid. Theseeats interacted with the grid supplied currerd an
caused it to drop below the set point for the oweamt relays as shown in figure 4-8 (b). The fault
current continued without interruption as showrfigure 4-8 (c) while the current output of the PV

system transformer is shown in figure 4-8 (d).
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Figure 4-8: (a) circuit breaker switch position ‘1’ for closed and ‘O’ for opened (b) grid supplied
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4.3.4 Simulation under a three phase symmetrical fa  ult

The system was studied under a three phase symaidault. During a three phase symmetric fault
condition, no zero sequence currents existed aedirtterfacing transformer did not cause any
currents to circulate back to the grid. The cirtuw#aker isolated the fault at 0.22 seconds asslow

figure 4-9 (a) after receiving a control signalrfrahe overcurrent relay. The current supplied lgy th
grid during fault conditions shown in figure 4-9) (was not affected by the connection of the PV
system. The injected current by the PV system, shiaviigure 4-9 (d), increased during the fault due

to the drop in the grid voltage. The increase wassignificant to disrupt the operation of the yela
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Figure 4-9: (a) circuit breaker switch position ‘1’ for closed and ‘0’ for opened (b) grid supplied
current during the three phase fault (c) 3 phase fat current (d) output current from the PV
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Chapter 5

Conclusion and future work

5.1 Conclusion

The design of a control system for three phase apithected photovoltaic arrays was detailed in
this thesis. The open loop maximum power pointkirag technique aimed at solving the problems
present in two of the most common techniques usethét purpose: the perturb and observe (P&QO)
and incremental conductance algorithms. The ma@wlblacks of the P&O technique are its poor
dynamic response and swinging around the maximuwep@oint during steady state operation.
During fast changes in atmospheric conditions, R8® technique may erroneously move in the
wrong direction on the PV power curve if each pddtion caused power to increase. The other issue
is the steady state swing it has when it reachesximum power point as it perturbs the duty cycle

of a DC converter to check for power variations.

The incremental conductance technique suffersfedso a relatively slow dynamic response time.
In each control step it is required to carry somenjgutations to calculate the instantaneous and
incremental conductance and then compare thenctoaher. Although it has an improved response
time than the P&O technique, it is difficult to itlement that technique in grid connected systems in

its basic form.

The open loop MPPT technique employed in this thashs at providing an improved dynamic
response time as compared to the previously mesdidgachniques. It does not suffer from high
implementation complexity as well. The PV array imaxm power point was approximated using

test PV cells that kept track of the current weatioaditions.

A DC link voltage controller was presented in ortiesolve the problem of regulating the voltage

at the input of the three phase VSI. This probleisea due to the nonlinear characteristics of ttie P
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array. By matching input and output powers of the lihk capacitor, its voltage can be fixed at a
constant value for the inverter to operate coryeathd produce AC output voltages that can be

controlled in magnitude.

Finally, a fault study was conducted to assessrtipact of the grid connected PV system on the
protection devices of the power system it is cotewdo. This is important as the number of
distributed generation sources connected to thersysicrease and contribute a significant amount of
power that it becomes difficult to isolate them idgra fault. The topology of the interfacing
transformer of the PV system played a significaé in providing a path for returning fault current
back to the grid. In order to compensate for tHfectfof DG fault current injections, the pick-up
current of the protective relays needs to be dseckdan order to accommodate the reduced fault

current contribution from the utility.

5.2 Future work

The operation of photovoltaic arrays encompasseerakissues that need to be considered to
further improve the operation of the control systéfature work can be carried on to expand the

scope of this research; this can be summarizedhetfollowing points:

1. Incorporation of the partial shading effect of PVags. This problem arises when sunlight
is blocked from hitting a section of a PV arrayedity while other sections continue their
normal operation. The estimation process of theaRdly open circuit voltage will not be
accurate and this will cause significant deviatiémmen the maximum power point. The
control system should be able to detect this sdnand carry out any required corrections
to improve the estimation process. This controuiement should be carried on close to
real time in order to avoid any delays that woulyrdhde the dynamic response of the
algorithm.
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2.

Improve the operation of the open loop MPPT algonitby combining it with the
incremental conductance technique. The major beoktising the open loop technique is
the speed it acquires the MPP estimation. Duriegdst state, it might not operate exactly
at the maximum power point. By adding the IncColgbithm into the control scheme,
steady state response can be improved and opegdtidie exact maximum power point

can be achieved.

Power sharing control between a mix of distribuggsheration sources that include PV
arrays. A control strategy is required to orgartize operation of dispatchable and non-
dispatchable (i.e.: renewable energy sources) ssuxt reduce operating and fuel costs.
The output power from dispatchable DG sources @ndntrolled, which is not possible
for renewable energy sources that depend on weatimditions like wind or sunlight.
When there is an abundance of sunlight, PV arraygub power can be maximized while

reducing power output from the controllable DG sesrto save fuel.
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Appendix A
System data

Grid voltage, line to line (rms) 6.6 kV
Photvoltaic array

maximum output power 100 kW
series modules 20
parallel strings 25
MPP voltage 526 V
DC link capacitor controller

Kp 1

Ki 460
C 2000 uF
Kp 2.1
Ki 5000
Kp 30

Ki 20000
Primary voltage (PV side) 500 V
Secondary voltage (grid side 6.6 kV
appearent power (S) 1.11 MVA
Eower factor 0.9

L 1.35mH
C 50 uF
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