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ABSTRACT

GRID RESILIENCY ISSUES WITH A HYBRID SOLAR-BATTERY
SYSTEM

Zia, Moaz
Master of Science, Electrical and Electronics Engineering Program
Supervisor: Assoc. Prof. Dr. Murat Fahrioglu

August 2021, 58 pages

Harmonics are one of the main power quality issues which needs to be addressed
while designing a microgrid. If harmonics are present in the system, they can cause
the load to malfunction and damage. With increasing number of non-linear loads and
integration of distributed generators (DG) into the power system, harmonic
mitigation is of paramount importance. There is a lot of work available in literature
which deduce the benefits of integrating battery into the microgrid to improve
renewable energy source (RES) fraction but very few studies go over the effect of
battery on the power quality of the system. This study presents a detailed analysis of
the effect of battery integration on the harmonics of the interfacing converter (IFC)
output of PV microgrid. A resonant converter (RSC) controller with a voltage
controller is used for the IFC control. For a comparative analysis, the THD for the
PV-battery microgrid is compared with the THD of a standalone PV system. The
simulation shows that upon integrating the battery the THD of the unfiltered
converter output voltage increases from 33.89% to 40.75%. But after filtration of the
higher order harmonics, the THD for PV-battery microgrid is 1.89% whereas for the
PV microgrid is 2.34%. This shows that the integration of battery increases the high
order harmonics due to unbalance in DC-link voltage during switching of charging
states of the battery but complements the IFC control to reduce the lower order
harmonics. Hence after filtration, the THD of the system is less if there is battery
integration. The unbalance generated by battery is also under the acceptable IEEE
limits. The impact of battery on the stability of the DC-link and minimizing the



reactive power at the output is also discussed. Integration of battery helps in keeping
the DC-link voltage more stable leading to lesser amount of reactive power at the
output. This is a big advantage of using batteries especially in a weak grid where IFC

needs to compensate large amount of reactive power.

Keywords: Harmonics, Distributed Generators, Interfacing Converters, Resonant
Converter, Battery Integration
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HIBRIT GUNES PILI - AKU SISTEMI ILE SEBEKE ESNEKLIGI SORUNLARI

Zia, Moaz
Yuksek Lisans, Elektrik ve Elektronik Muhendisligi
Tez Yoneticisi: Dog. Dr. Murat Fahrioglu

Agustos 2021, 58 Sayfa

“Harmonik”ler mikro-sebeke dizayn ederken dikkate alinmasi gereken ana
problemlerden birisidir. Sistemde harmonikler bulunurlarsa yiikiin islev bozukluguna
ugrayip zarar gormesine neden olabilir. Dogrusal olmayan yiiklerin sayisindaki ve
dagitilmis  jeneratér (DJ) entegrasyonundaki artistan dolayr harmoniklerin
hafifletilmesi yliksek Onem arz etmektedir. Yenilenebilir enerji kaynagi (YEK)
boliimiinii gelistirmek icin mikro-sebekeye batarya entegre etmenin faydalar
konusunda literatiirde halihazirda eserler bulunmakta fakat ¢cok azi bataryanin giic
kalitesindeki etkileri iizerinde durmakta. Bu eser PV mikro-sebekesinin arayiiz (ARA)
harmonikleriklerine batarya entegrasyonunun etkilerini detayli bir analizle
sunmaktadir, ARA kontroliine voltajla kontrol edilen rezonans doniistiiriicii (RED)
kontroliinde. Karsilagtirmali analiz i¢in, PV bataryali mikro-sebeke ve sade bir mikro-
sebekenin toplam harmonik distorsiyonu (THD) karsilastirilir. Simiilasyon batarya
entegre edildikten sonra filtrelenmemis dondstiiriicti tiretim voltajinda %33,89 dan
%40,75 e artis gostermistir. Fakat yiiksek diizen harmoniklerinin filtrelenmesinden
sonra PV bataryali %1,89, sade PV mikro-sebekeleri %2,34 olarak 6l¢iilmiistiir. Bu,
bataryanin entegrasyonunun DC-link voltajinin bataryanin sarj dénemlerindeki
degisim siiresindeki dengesizliginden o6tiirii yiiksek diizen harmokinleri arttirirken ayni
zamanda ARA kontrollerine yardimci olup diisiik diizen harmoniklerini azaltmaktadir.
Boylelikle, eger batarya entegrasyonu varsa sistemde THD daha azdir. Bataryanin
olusturdugu dengesizlikler IEEE kabul edilebilir limitleri arasindadir. DC-linkin

stabile olmasinda bataryanin etkisi ve tiretimdeki reaksiyon giiclinli minimuma

vii



indirme konular1 da tartisilmistir. Bataryanin entegrasyonu DC-link voltajini stabil
tutmaya yardimci olup iiretimde daha az reaksiyon giicli olmasini saglar ve bu ARA
kontrollerinin yiiksek miktarda reaksiyon enerjisini telafi etmesi gereken zayif

sebekelerde 6zellikle olmak iizere kullanilabilecek biiyiik bir avantaj.

Anahtar kelimeler: Harmonikler, dagitilmis jenerator, arayliz, rezonans doniistiiriici,

batarya entegrasyonu
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CHAPTER 1

INTRODUCTION

Industrial Revolution took place from 1760 to 1840. It ushered in a new era that saw
the shifting of economies from agricultural to industrial. Industries were built all over,
and machines replaced human work. However, energy was required in order to power
those industries. Coal was the most abundant natural resource available whose energy
could be harnessed. From that period onward, there was an unprecedented increase in
the use of fossil fuels for the production of electricity. At that time, people did not
know the consequences of their actions. But in the past half a century, people have
debated whether our excessive use of fossil fuels is damaging the environment or not.
Most people shunned that idea and titled ‘global warming’ as a hoax. But in the past
decade or two, there has been too much evidence advocating the presence of global

warming.

Now that there was substantial evidence that global warming is not a myth but
something which can be catastrophic for us if we do not do anything to change our
ways, different treaties and pacts were signed which set certain goals for countries
involved to meet and held them responsible if did not meet those demands. Goals of
these pacts were to move towards a more sustainable future. Kyoto protocol and the
Paris agreement are examples of such pacts. Apart from pacts, there was a rise in
research to find any alternative energy sources available that can replace the
conventional energy sources. In this time, renewable energy sources (RES) such as PV
and Wind energy started catching people’s eyes and were viewed as the solution to
guide us towards a sustainable future.

Much research was then started in order to make PV and Wind energy an attractive
energy production option for energy markets. However, PV and Wind have a
significant flaw which is the dispatchability. Conventional resource generators like
Coal Power Plants are kept running 24/7, and when energy is required, it is dispatched

quickly hence they are called spinning reserves. With PV and Wind, there is no



certainty that when energy is required, they would produce power to meet the demand.
Maybe there is shading due to clouds that reduce the PV plant's efficiency, or it is after
sunset causing no energy production in PV plants, or the wind is not sufficient to drive
the generators in a Wind Turbine. Due to this reason, spinning reserves are needed in

the grid despite the presence of RES.

One solution to this problem is connecting the microgrid to the main grid. If there is
RES energy production, the power is first fed into the grid and then loaded from the
grid. An issue that comes up with this approach is that penetration of RES with the
grid effect the power quality of the power systems. Because the power production from
RES varies, an interfacing converter (IFC) is required to maintain constant power
before feeding it into the grid. The power conversion in IFC usually leads to power
quality issues in the grid. As the penetration of RES increases, a lot of work is being

done to mitigate the power quality issues and bring it to the standard set by IEEE.

Another solution to this problem is Energy Storage Systems (ESS). Using ESS, the
excess power from renewable can be stored and when it is required, it can be
dispatched accordingly without depending on the spinning reserves. Examples of ESS
are Pumped Hydro, Flywheels, Super Capacitors, and Batteries. Decades ago, this was
not a feasible solution because of the general cost of the ESS systems. However, in
recent times the overall cost of ESS of the systems has gone down along with installing
renewable energy sources. So, the overall Localized Cost of Energy (LCOE) has gone

down, making them an attractive option for energy markets.

Different power quality issues which come up are Current Imbalance, Voltage
Imbalance, Frequency Variations, and Harmonics. Frequency Imbalance is dealt with
during the power conversion process. Voltage Imbalance and Harmonics are the most
important as they require a separate filter (active or passive) to fix. A passive filter is
referred to a filter composed of physical elements like an Inductor or a Capacitor. In
contrast, an Active Filter is composed of a control system that controls the IFC in order
to improve the power quality. In recent times, different filtering techniques have been

implemented (active and passive) to improve power quality. Active filtering is usually



preferred as it is usually a cheaper option compared to passive filtering as no bulky
equipment is required. Active filters are usually designed to filter out the lower order

harmonics, and passive filters are used to remove the high order harmonics.

1.2. Motivation

Electricity is one of our fundamental needs and our demand increasing every year.
Most of the electricity we produce now is through fossil fuels. Due to worry about
global warming, countries started investing in RES to reduce CO2emissions. Recently,
the cost of installing RES into the system was a reason that energy suppliers were
reluctant to install them. Energy market operators had to give incentives to energy
suppliers, so they produce energy using RES. Nevertheless, in recent time, due to
advancements in technology, the LCOE has decreased considerably. However, even
with lower LCOE, due to inertia problems, a considerable number of spinning reserves
are still required to ensure the smooth running of a power system. So even if we
increase the efficiency of RES to the same levels as fossil fuels, there would still be a
need for spinning reserves that need to be kept running 24/7. A solution to this problem
is the integration of ESS into the system. ESS will enable us to store the excess energy,
and when RES cannot supply the load, it can be satisfied using ESS. But to integrate
ESS, the IFC controller needs to be designed properly to maximize the power quality.
If the inclusion of an ESS into microgrids makes it cost-effective, it will lead to the
LCOE of RES going down, making it a more attractive option for energy producers
that take part in energy markets. It will be a huge step forward towards a more
sustainable future. For a country like Cyprus with massive solar potential, ESS
integration can significantly help in energy crises without effecting the environment.

1.3. Objective of Study

The main objective of this study is to model a PV-Battery-Grid microgrid, observe the
power quality issues and improve the power quality. The PV and demand are modeled
on Excel and MATLAB according to our campus, which is located in Kalkanli,

Northern Cyprus. Currently, in the literature, there is a lot of research available



regarding active filters and passive filters being used to improve the power quality of
the microgrids. However, they usually do not have an ESS integration. The studies
available in the literature usually go over the storage benefits of ESS but they do not
go over the power conditioning effects of batteries. This study presents a step-by-step
design for a PV-Battery-Grid system. Design each subsystem from Maximum Power
Point Tracker (MPPT) to the active filter design is explained in detail, and the results
are verified based on IEEE standards for power quality which are discussed in detail
in the literature. Active filter coupled with a passive filter is used to tackle the
Harmonics and Voltage Unbalance issues, one of the main power quality issues that

arise in such microgrids.

Chapter 2 will cover the literature research, which encompasses all topics from the
type of Microgrid topologies beings used to different battery management strategies
used. Chapter 3 will cover the Theory and Methodology used in building the system.
Chapter 4 will contain the results and discussion and the Chapter 5 will conclude the

study.



CHAPTER 2

LITERATURE REVIEW

This section covers the literature review that was done in order to conduct this
research. The study of power quality mitigation is becoming a very popular topic for
scholars because of the increasing penetration of non-linear loads and the integration
of DG into the grid. Power quality issues can occur anywhere from Data Centers to
Electric Vehicles to Distribution Systems. This literature review will be focused on the

power quality issues in power systems.

Due to the increase in the use of non-linear loads, there has been an increase in the
power quality issues in the grid. Loads like fluorescent lamps (CFL) and adjustable
speed drives (ASD) have non-linear load profiles. Their consumption of energy varies
with time due to which power quality issues occur. Similarly, with the integration of
RES into the microgrid, an IFC is required to ensure constant delivery of power to the

load. As RES is changing with time, IFCs can also cause power quality issues.

2.1 Power Quality issues

There are different power quality issues that can occur in a power system. These issues
can be in the form of voltage imbalance, harmonics, frequency variations, and
transients. Frequency variations can quickly be addressed using the control of the
interfacing converter (IFC’s), but other power quality issues present a deeper

challenge.

2.1.1 Voltage Unbalance

Voltage unbalance is a power quality issue that presented itself even before the
integration of RES. Previously, they were caused due to unbalanced loads and grid
faults. When there is a number of single-phase loads in a three-phase system, it can
lead to unbalance voltages [1]. These single-phase loads can be large commercial

setups, electric power systems in rural areas, railroad systems, and electric transit



systems. If the design of the power supply to such loads is not done correctly, it may
cause voltage unbalances in the grid. For example, in large commercial setups, there
are a large number of single-phase loads. These loads need to be divided evenly among
the three-phase incoming supply. In the case of their uneven distribution, it may cause
stress on a particular phase causing voltage imbalances in the grid even though the

power supplied is balanced [2]. Figure 2.1 shows an example of an unbalanced 3-phase

voltage.

100% [~

0%

Voltage

-100%

Figure 2.1. Voltage unbalance in 3-phase systems

Besides the loads, voltage unbalances are also causes due to various electrical
equipment used in the power distribution. In long transmission lines, there may be
impedance differences between them, causing voltage unbalance. Usually, impedance
unbalance is the leading cause of voltage unbalance. Faulty capacitive banks, uneven
transformer impedances, open contacts, or loose contacts in electrical equipment can

cause imbalances [3].

Apart from the reasons mentioned above, there are new causes of voltage imbalances.
Nowadays, a lot of “Energy saving schemes” are being implemented to save power.
Although they indeed save power, but they are usually non-linear loads. Instead of
constant energy consumption, they consume power “irregularly” to save power, but
due to this uneven power consumption, they cause voltage unbalances. Also, they
usually have non-linear electric components like diodes which draw current non-
linearly [4]. Modern speed drives like ASD are an example of such schemes which

cause voltage imbalances.



2.1.1.1 Effects of Voltage Imbalance

Voltage unbalances are not desired as they affect the power system in general and the
equipment present in the power system. The power system is a very sensitive system.
Even a minor disturbance can have a big effect on the whole system. When a voltage
unbalance occurs, it can cause significant current surges or overshoots even if it is
small. These currents in turn increase the power loss. This power loss causes increased
temperature which can cause adverse effects like melting of transmission lines or
melting of other equipment. This can lead to short circuit faults that can cause the
whole system to break down if not dealt with quickly. Apart from that, these current
surges can cause the loads to malfunction and increase their degradation and, in severe

cases, can damage the loads permanently.

2.1.2 Harmonics

In the simplest definition, harmonics are signals whose frequencies are multiples of
the fundamental frequency. These signals can be produced when the signal passes
through a circuit that has non-linear voltage-current characteristics [5]. So after passing
through such a circuit, these harmonics get superimposed on the output signals causing
the output signal shape to be distorted (non-sinusoidal). Harmonic signals are an issue
for all different engineering fields, and there are various studies being carried on

mitigating them.

But in case of power systems and power electronics, they pose a big problem. Most of
the renewable energy sources are non-linear. The power output depends on various
variables that can change during the course of energy production, giving rise to varying
power output. This power output is regulated using power converters that have non-
linear voltage-current characteristics. This non-linearity then in turn gives rise to
harmonics. Different filters like LCL filters are used to reduce the harmonics but they
are usually effective in mitigating the high order harmonics and are expensive to
implement. So IFC control is used to adjust the gate pulses of the converter to not only

deliver constant output but to improve the harmonic characteristics.



2.1.2.1 Effects of Harmonics on a Power System
Harmonics can be very harmful to a power system. Harmonics affect the power
effect the overall power factor of the system. The apparent power of the system

under harmonics is shown in equation 2.1.

S =+/P?+Q?+ D? (2.1)
Where ‘P’ is the active power, ‘Q’ is the reactive power and ‘D’ is called the
distortion power. Just from the equation 2.1. it is clear that under harmonics, the
system must produce more power while the active power at the fundamental
frequency does not change. This causes the overall power factor of the system to
drop and reduces the efficiency of the system [4]. Also, due to the increase in the
apparent power, the current drawn increases. This increase in current leads to more
conductive losses. In some equipment such as capacitor banks, it causes resonances
that lead to power losses in those components and in worst scenarios, cause them to
malfunction. Some equipment which are highly susceptible to harmonics are digital
circuits, transformers, motors, generators, circuit breakers and fuses. Due to these
reasons, specific criteria are set by IEEE under which all power systems should
operate, shown in table 2.1 [6].

Table 2.1. Standards set by IEEE for THD

Low Voltage | Medium Voltage | High Voltage
2.3-69 kV 69-138 kV >138 kV
THD level 5% 2.5% 1%

Power System Voltage Level

2.2. Power Quality Improvement using control of interfacing converters

IFC is used for Bi-Directional power transfer. They can be AC/DC, AC/AC, DC/AC
or DC/DC converters. The choice of using the IFC is dependant on the voltage input
and output. Previously, there was a need for only primary control responsible for
controlling the output voltage and current based on the reference set. VVoltage control
method (VCM) or current control method (CCM) are examples of different primary
control structures which can be implemented. Hybrid control methods incorporate both



CCM and VCM for IFC control. Due to an increase in power quality issues, IFC’s job
is not only to provide the desired voltage and current at the output but also to ensure
the power quality under the set standards. This gave rise to the design of complex IFC
control algorithms.

2.2.1 Unbalance Voltage Improvement using IFC control

In order to counter the voltage imbalance, there must be an external injection of power
into the system to maintain the power supplied to the grid. However, due to external
injection of power, there may be some power oscillations or over-currents in the
system. Some studies do not take these effects into considerations, while some of them
do. Studies by Nejabatkhah et al. [7] and Camacho et al. [8] are examples of studies
that use the external power injection into the grid to compensate for the voltage sag

without considering the power oscillation.

Lee et al. [9] use the Low-Voltage Ride Through technique (LVRT) for voltage
unbalance compensation and control the power oscillation effect. In this method,
active power, as well as reactive power, are injected into the system to support the grid
during voltage unbalance. It is important to note that the power injection is during both
positive and negative sequences but as there is a predefined current constraint for the
converter, the output current value never goes above the constraint, and there are no

power oscillations.

During voltage sags, there is an over-current being produced, which can make the grid
vulnerable. A study by Miret et al. [10] improves the power quality during voltage sags
by limiting the peak currents during the voltage sag. In their controller, first, the
unbalance factor is calculated and stored in the lookup table. Corresponding to the
unbalance factor, the controlling parameters for the reference current are calculated
such that the minimum peak current at the output is obtained and stored in the lookup
table. So during operation when voltage sag is detected during operation, the unbalance
factor is first calculated and corresponding control parameters are obtained from the
lookup table. The experimental results were really promising, and peak currents were

considerably reduced using their control strategy.



A study by Camacho et al. [11] tackled the voltage sag issue using a reference
generator. They provide a control strategy based on two objectives, to maximize the
power transfer and to control the over currents during the fault. This method is really
effective as it can be applied to any power converter from high power to low power.
Similar to the study above, the main contribution is the calculations of the control
parameters for the injection currents. But compared to other methods, it also takes the

power output into account to make sure that the power transfer is maximized.

A study by Lu et al. [12] proposed two strategies to mitigate the voltage unbalance
caused by load disturbances. Their study is based on the fact that active power
oscillations and the voltage unbalance are related. In the first method, the IFC is
controlled in such a way that the active power oscillations are completely cancelled,
leading to a reduction of negative sequence voltage to a certain level. However, as the
voltage unbalance is being mitigated indirectly by reducing power oscillations, the
level of voltage unbalance mitigation is uncertain. In the second method, the negative
sequence voltage is completely mitigated by comparing it to a set reference point,
therefore, minimizing the power oscillations to a certain level. They mention that

depending on the grid infrastructure, one of the two methods can be chosen.

A study by Chaudary et al. [13] proposes a technique to mitigate the voltage unbalance
and power oscillations caused due to wind turbines. To mitigate the negative sequence
voltage, they used the electromagnetic transient (EMT) model. The negative sequence
current injection is derived using the EMT model, and based on the error with the
reference, the PWM signals are generated. Their results show that the proposed control
strategies reduce the negative sequence voltages and reduce the active power

oscillations.

2.2.2 Harmonics Mitigation Using IFC control:

The presence of harmonics can be adverse to the grid. It can cause losses and
resonances. A study by Salles et al. [14] goes over the impact which harmonics have
on the grid. Their study goes over on how the harmonics can have adverse effects on

the grid as well as various loads. Harmonics can be removed using active and passive
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filters. Passive filters use electrical components like inductors and capacitors to
remove frequency. These filters are usually low pass filters that have high impedance
at high frequencies, so high order harmonics are removed. These filters are usually
expensive, so lower-order harmonic mitigation using passive filters is not preferred.
Hence to remove lower order harmonics, IFC control is preferred. There are different
controllers like resonant (RSC), deadbeat (DB), and repetitive controller (RC), which

can be used in IFC control to remove harmonics.

An ideal RSC has infinite gain at the resonant frequency, so by pairing multiple RSC
in parallel and setting the resonant frequency as the frequency which needs to be
eliminated, specific harmonics can be targeted as shown in the figure 2.2 [15]. All
RSC-based active filters have a similar concept. The error signal for the current
command is obtained by comparing it to a reference and sent to the RSC to obtain the
voltage command for the PWM generation. The difference between the studies
available in the literature is how they generate the current command and alter the
voltage command generated to increase the efficiency of the active filter.
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Figure 2.2. Parallel RSC connection

A study by Xin et al. [16] uses an RSC to ensure the injection of high quality of power
even under voltage distortions. It uses a proportional controller along with an RSC to
maintain power quality. This method makes sure that the harmonics are produced at
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the inverter side and the harmonics produced are compensated using a capacitor. As
the information about the harmonics is already available from the RSC, the capacitor
can be adjusted to compensate for the harmonics. A total harmonic distortion of 2.8%
was achieved while maintaining the injected current distortion at 0.6% which falls
under the grid requirement. A study by De et al. [17] also used RSC to improve power
quality issues, but they implemented it using a three-phase four-wire high-frequency
link power converter along with a novel control strategy. Their model was able to
reduce the THD from 6.94% to 2.88%. A study by Lee et al. [18] uses an RSC
controller paired with a voltage regulator to mitigate the harmonics. They improve the
efficiency of the RSC controller by feeding the THD error due to each harmonic

frequency instead of just the voltage error to the RSC.

A repetitive controller (RC) based active filter is shown in figure 2.3 [19]. A repetitive
controller operation is based on the internal model principle (IMP). According to IMP,
zero-error for any periodic signal can be tracked using a closed-loop as long as the
reference generator is part of the loop. So theoretically, by using a repetitive controller,
a high loop gain can be obtained at the Nyquist frequency, and any frequency below

the Nyquist frequency can be removed.
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Figure 2.3. Repetitive controller connection

A study by Costa-Castello et al. [20] proposes an active filter based on RC. Their
simulation and experimental results show that using an RC, high order harmonics can

be removed and constant sinusoidal current output can be obtained. A study by Escobar
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et al. [21] designs an active filter based on RC similar to the study mentioned above,
but they alter the control loop of the RC to target only the odd-order harmonics. They
achieve that by targeting and eliminating the negative sequence current injection. A
study by Zhou et al. [22] combines an RC with an RSC to achieve selective harmonic
elimination. They take advantage of the RC controller to obtain high loop gain which
can be obtained using RC, and then uses multiple parallel RSC to identify and mitigate
the harmonics that needs to be eliminated. Due to the pairing of RC with an RSC, the
stability and the transient response of the system increases and becomes more cost-

effective.

DB controllers can also be used for power quality improvement. They are based on
designing complex algorithms to mitigate the harmonics. Unlike the methods
mentioned above, DB designing is done in discrete time. They have a fast transient
response, and selected harmonics can be targeted. They are not commonly used in
power system applications as they are complex to design. Nowadays, there has been
an increase in the use of multi-level converters. So, designing a DB controller for a
multi-level controller is non-ideal and requires a lot of computing power which
increases the overall cost of the system [23]. Also, as large of computation is required
to meet the goals, it creates a time delay in the output, which also needs to be
compensated.

Although the use of RC compared to DB for active filter design is more, RC has its
own set of challenges. RC requires more memory to perform the tasks, which also
creates a delay that needs to be compensated. Also, it has transient stability issues that
need to be dealt with, which increases the overall cost of the system. Also, to remove
selected harmonic frequencies, different loop gains need to be calculated and
implemented, increasing the complexity of the system. Compared to RC and DB
controllers, RSC are the easiest controllers to design and implement. The only
challenge that presents itself during the use of RSC is frequency deviations due to high
loop gains [24]. However, these issues can be dealt with pairing the RSC to a VCM,
CCM or a HCM, as mentioned in 2.2.1.
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2.3 Power quality improvement using battery

The use of ESS in microgrids has increased in the past decade to improve the RES
fraction. RES fraction is the amount of energy from RES which can be supplied to the
load. The energy that can be produced from RES is variable. For example, PV
generation is only possible during day times and Wind energy generation is dependent
on the wind speed, which may change during the course of the day. Let's suppose there
is a microgrid with a PV plant. The demand for that microgrid reaches the peak at the
evenings while during the daytime the demand is low. So, the power generated by PV
although meets the demand and even exceeds it, but if there is no ESS integrated, the
excess power gets wasted [25]. One way to cope with this problem is to feed the power
from PV to the grid and supply the power to the load via grid i.e. Net metering. But
this means that the power from spinning reserves would not alter that much and the
advantage of integrating PV to reduce greenhouse gas emissions get eliminated. In this
scenario, ESS integration is beneficial. It allows the storage of excess power and then
uses it when the demand is high, lowering the overall energy supplied from the

spinning reserves [26].

There are many studies available in the literature that present different algorithms and
case studies to integrate ESS into the grid. Studies from Panayiotou et al. [27], Diaf et
al., [28], Liu et al., [29] and Deotti et al., [30] are examples of different studies which
investigate the feasibility and propose methods to integrate ESS into the microgrid.
These studies generally just focus on maximizing the RES fraction and optimizing the
cost of the RES. In this study, the focus is on the use of ESS for the power quality
which is delivered to the grid and reduction of harmonics generated at the point of
common coupling (PCC).

ESS systems can be used to store excess power and supply it for later use they can also
help improve the power quality and mitigate harmonics. A study by Xu et al. [31] goes
over the role of battery integration in removing unbalance in PCC in PV microgrids.
In the literature, most of the work regarding power quality conditioning using batteries

is related to wind farms. A study by Zeng et al. [32] discusses the benefits of
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integrating the battery into wind farms to improve the power quality. Their results
show that the battery absorbs the imbalance of power which is generated due to the
variable nature of the wind. This absorption helps regulate the output power from the
wind farms and keeps the voltage constant at the PCC. Similarly, a study by
Mundackal et al. [33] also investigates the advantages of integrating the battery into
wind farms. Their study focuses on showing how the battery can inject and absorb
reactive power to the grid. This in turn helps in stabilizing the grid as well as improves
the power flow to the load. Studies by Muyeen et al., [34] and Kirmani et al., [35] are
examples of different works available in the literature which go over the power
conditioning benefits of integrating the battery into wind farms. Studies by Guerrero
et al. [36] and Ovaskainen et al. [37] goes over different control strategies for the IFC
control for a battery integrated microgrid. However, their studies are limited

distributed generators with constant power production, i.e., not RES.

2.4 Gaps in Literature

After extensive literature research regarding active filters and battery integration into
the microgrid for power quality conditioning, the following gaps in the literature were

found:

1) In the literature, there is research present regarding battery integration to
increase the RES fraction and meeting demand. But there are few works
available in literature that go over the power conditioning capabilities of the
battery integration.

2) Even the works that go over the power conditioning benefits of integrating
battery into microgrids do not present proper comparisons and detailed
explanations.

3) No proper study is available which goes through the design process of IFC
control for battery integrated microgrids.

Although it is not a research gap, one of the main reasons to conduct this study is that
there is a 1 MW PV plant present in METU NCC. There are plans to integrate the
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battery into the microgrid to increase the RES fraction. This study would help in the

future for the IFC design.
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CHAPTER 3
THEORY AND METHODOLOGY

3.1. Data

Solar irradiation and demand data that are used in this study are for our campus.
They are collected from the sensors present in the solar farm. Hourly Data for
irradiation and demand in a calendar year is used. For the simulations on MATLAB,
one day was simulated at a time. For the simulation, 23" June is selected for the
irradiation data as it the longest day of the year and has the highest irradiance profile.
So, the effect of battery integration on the harmonics can be adequately observed.

3.2. Model

The microgrid built in this study is shown in the figure 3.1. A 200 kW PV panel is
connected to the grid via a 3-level neutral point clamped inverter (NPC). The voltage
from the PV panel is controlled using a maximum powerpoint controller (MPPT). An
incremental conductance method is used for the MPPT algorithm. A lithium-ion
battery is also connected to the DC-link via a boost converter to control the charging
and discharging of the battery. An RSC controller is paired with a voltage regulator
for the IFC control. An LC filter is used as the passive filter to mitigate the high
order harmonics. The power from the PV and the battery is fed to a 120 kV, 2500
MVA utility grid.
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3.3. PV modeling

Figure 3.1. PV-Battery Microgrid

The beam radiation from the Sun incidences differently depending on the location on
Earth. This is due to the Earth’s rotation around the sun on its axis. That is why there
are concepts on time zones. So, in order to have a proper comparison of optimal tilt
angle between different locations the time has to be standardized. So, the first step is
calculating the optimal tilt angle is to convert the standard time tsqq to solar time ts.
Solar time represents the position of sun in the sky. In order to calculate the solar time,
the longitude Lioc and time zone Lsq of the location are taken into consideration along
with the equation of time E. The equation of time is dependent on the day number n.

Equations of time and solar time are found by equations 3.1, 3.2, and 3.3 [38].

_ (n—1)360 (3.1)
365
E = 229.2(0.0000075 + 0.001868 cos(B) — 0.032077 sin(B) 2
— 0.014615 cos(2B) — 0.04089 sin(2B) ) '
4(Lgpg — Lipe) + E
ts — tstd + std 6Oloc (33)

Solar time gives us a relation between any position on Earth and the position of the
sun. This helps in standardizing the tilt angle calculated between different locations.

In order to use the solar time in our calculations, it is converted to angle called hour
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angle w by taking into account that Earth rotates 15° per hour. It is negative for
mornings and positive for afternoon. It can be calculated by equation 3.4 [38].
w = (t;—12) x 15 (3.4)

Another parameter which changes depending on the location is the Latitude ¢. Latitude
represents the angular position of a location North or South with respect to the equator.
The rotation of the Earth around the sun is on a fixed axis but the axis also has a slight
tilt due to which the angular position of the sun does not remain constant. So, it also
has to be taken into account when calculating the tilt angle. Declination Angle ¢ is
used for this purpose. It represents the angular position of Sun at noon with respect to
the equator. It is calculated by equation 3.5 [38].

284 +n
§ = 23.45sin <360 ( )) (3.5)

365

Another parameter related to the location which is taken into consideration is the
surface azimuth angle y. It is defined as the angle between the South and projection on
a horizontal of the normal to the surface. Its value is between -180° and +180°. It is
taken as negative for East of South and positive for West of South.

Now the tilt angles can be calculated using the parameters above. First, the zenith angle
6, and the solar altitude angle as are calculated. Zenith angle is the angle between
vertical (normal to the horizontal) and beam radiation. It can calculated from equation
3.6 [38].

cos(8,) = cos(¢) cos(5) cos(w) + sin(¢) sin(5) (3.6)

Solar altitude angle is just the complement of the Zenith angle. The solar azimuth angle
ys IS the angle between South and the projection of beam radiation on horizontal
surface. It is dependent on the sign of the hour angle, zenith angle, latitude and the

declination angle. It can calculated from equation 3.7, 3.8 and 3.9 [38].

sign(w) = {_1: Z)) ; 8 3.7
cos(8,) sin(¢) — sin(65)
Ys = sin(6,) cos(¢) ’ 0. # 0 (3.8)
1, 6,=0
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Now the angle of incidence & can be calculated. It is done for three different tracking
schemes. First is without any tracking. It is the angle between the beam radiation on a
surface and the surface normal. It can be calculated using equation 3.10 [38].

cos(0) = cos(0,) cos(B) + sin(6,) sin(B) cos(ys — y) (3.10)
For single axis E-W tracking, the angle of incidence can be calculated using equation
3.11 [38].

cos(0) = [1 — cos? (8) sin?(w)]*/? (3.11)

For 2-axis tracking, the angle of incidence will be same always as the panels will be
adjusted in real time such that the beam radiation always incidence perpendicular to
the surface [4].
Using the solar geometric relations and irradiation data the energy generation can be
calculated. First, we need the extraterrestrial normal insolation lon. It is the normal
solar radiation unaffected by the Earth’s atmosphere. It can be calculated using

equation 3.12 [38] where G is the Solar constant equal to 1367 W/m?

360
Ipn = Gsc(1 4+ 0.033cos (ﬁn)) (3.12)

From the extraterrestrial normal irradiation the extraterrestrial irradiation I, is obtained
using equation 3.13 [38].

I, = 1,,cos(6,) (3.13)
From the Extraterrestrial irradiation and the DNI data given in the TMY dataset, the
clearance index kr can be calculated. It gives us the frequency distribution of cloud
cover. It is always between 0 and 1. The clearance index can be calculated by equation
3.14 [38].

kp =— (3.14)

From the clearance index, the horizontal diffuse irradiation l¢ can be found. The
relation between it and clearance index is given by Orgil and Holland’s correlation. It

is given in equation 3.15 [38].
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1 — 0.294k; kr < 0.35
4 -11577 —1.84k; 035 < k; < 0.75 (3.15)
0.177 ky > 0.75

Once the diffuse irradiation is obtained, the beam irradiation I, can be obtained. The
horizontal global irradiation consists of beam, diffuse and reflected irradiation. In this
research, the reflected irradiation is neglected. The beam irradiation is calculated with
equation 3.16 [38].

Iy=1—-1,4 (3.16)
From this beam irradiation, the normal component of beam irradiation lp, which

incidences on the surface can be calculated. It is given by equation 3.17 [38].
Iy = —2
b= cos(6,)

Now as the PV modules are tilted to some angle in order to maximize the power

(3.17)

generation, the beam radiation It and diffuse irradiation lq 7 component changes. It

can be accounted for using equations 3.18 and 3.19 [38].

Iyt = I ncos (6) (3.18)
Iy = I, (cos(zﬁ) +1) (3.19)

The energy production from PV modules is not only dependent on solar irradiation but
also the type of PV module used. Many factors affect the energy production such as
the ambient temperature, Tamb, the normal operating cell temperature, NOCT, which is
the cell temperature when a PV cell is tested at the NOCT irradiance, Gref, nocT, at an
ambient temperature, Trefr,nocT, and wind speed of 1 m/s under no load. The temperature
coefficient, Brer, shows how the maximum power and efficiency, npv, changes as the
cell temperature changes by 1°C. These are reported at standard test conditions of cell
temperature, Tstc, and irradiance, Gstc. The efficiency at STC is #py, rer. For this
research, the PV module Axitech 250W is considered. Its specifications are obtained

from its datasheet. These specifications are shown in table 3.1 [39].
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Table 3.1. Specifications of Axitech 250 W PV Panel

gevrer 0.1537
Area (m?) 1.63
Peak Power (W) 250
Gstc (W/m?) 1000
Tstc (°C) 25
NOCT (°C) 45
Gref, NocT (W/m?) 800
Tref, NocT (°C) 20
Bret (UK)  0.0042

As mentioned above, the efficiency given on the datasheet is for standard test

conditions. When solar irradiance incidences on the PV module, the cell temperature

goes up which in turn changes the efficiency of the module. This change in cell

temperature change can be calculated by equation 3.20 [38].

(NOCT — Trenocr)!
Gref

Teeu = Tamp + (3-20)

Once the cell temperature is calculated, new efficiency under this temperature can be
calculated. It is given by equation 3.21 [38].

Npy = UPV,ref(l - ﬁref(Tceu — Tsrc)) (3.21)
The power generated by single module can be calculated by equation 3.22 [38].
Ipy = npyly (3.22)

Finally, the energy production for the whole plant can be calculated by equation 3.23
[38].
Egen = Ipy X Area X Number of Modules (3.23)
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3.3. PV control modeling

The power supplied by the PV panels is variable. It depends on the irradiation falling
on the panels as discussed above so we need to make sure power supplied is regulated
and maximum power is generated. To achieve this goal, a boost converter is used. In
the boost converter, the pulses for the switch should be supplied such that the

maximum power is obtained at the output.

The pulses for the switch are obtained through the Incremental Conductance method
(ICM). ICM uses a simple mathematic principle that the value of a variable at which a
function is maximum can be calculated by finding the value of the variable at which

the first derivative of the function is zero.
The derivative of power with respect to the voltage is given by equation (3.24).

P d(V.I) dv  dI dl
ar _ AT o 3.24
v —av atVw T ItV (3.24)

So in order to attain Maximum Powerpoint (MPP),

S—II/ = —é (3.25)
So the value —é is calculated and compared with the reference which is zero and the
error is sent to a built in DC/DC converter PWM generator block to obtain the gating
signals for the boost converter switch. The MPPT controller designed in MATLAB is

shown in figure 3.2.
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Figure 3.2. MPPT controller
3.4. Interfacing Converter

A multi-level converter is used as the IFC for this study. They have higher efficiency
and a better harmonic profile. The interfacing converter used in this study is a 3-level
Neutral Point Clamped inverter. IGBT’s are used as switching elements. It is shown
in the figure 3.2. It is a bidirectional converter which means that the power can flow

in both directions.
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Figure 3.3. 3-phase 3-level NPC

There are four switches for each phase in this converter. Sia-S3za and Sza-Ssa are

complementary, meaning they cannot be open or closed at the same time. Based on
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the switches, 3 possible voltage levels can be obtained at the output. The switching

scheme is shown in the table below.

Table 3.2. Switching schemes of 3-phase 3-level NPC

Sia Soa Saa Ssa Van
1 1 0 0 +0.5Vbce
0 1 1 0 0
0 0 1 1 -0.5Vbc

According to Fourier Transform, any waveform can be expressed as:

V,=ay+ Z a,cos(n@) + b,sin(nd) (3.26)

Now, as the voltage output from a 3 phase 3-level inverter has odd quarter-wave

symmetry:
a, =0 (3.27)
n=0,foralln (3.28)
b, =0, for evenn (3.29)
So,
v, = z b,sin(n8) ,forn=1,5711.. (3.30)
n=1
Where,
4V
b, de Z (=D ¥ cos(nay) (3.31)
k=1,5,7..

The advantage of using a 3 phase 3-level inverter is that, even and triplen frequencies
are zero so only 5" and 7™ order harmonics are the harmonics which are considered to
improve the power quality. As discussed in the literature, the higher-order harmonics

can be removed using a passive filter at the output.
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3.5. IFC Control

In the literature research, different methods for the IFC control for harmonics
mitigation are mentioned. In this research, a VVoltage Controller is used with a RSC to
filter out the harmonics while accounting for the voltage unbalance. The IFC control
system is shown in figure 3.3. Voltage from the grid, DC voltage from the DC link
capacitor and output current from the inverter are the input of the IFC control. First,
the fundamental frequency is obtained using a phase locked loop (PLL). The
fundamental frequency is essential to obtain as it is used in frame of reference
conversion which is done multiple times in the control loop. The current command
which will be used for the RSC is obtained in the current command generator. The
current command obtained is compared with the instantaneous current output from the
converter and the error is fed to the RSC. The instantaneous current is also sent to the
impedance compensator. The total voltage command from the RSC and the impedance
compensator are summed up and sent to the voltage command generator. From the
figure 3.3 it can be seen that, the voltage command is time invariant frame of reference
(dq), so it needs to be converted to time variant frame of reference (abc). This is done
in the voltage command generator. A simple dq to abc converter block cannot be used
as timing delays due to sampling, computation and the leakage inductance needs to be
addressed. Once the reference voltage is obtained, it is sent to the PWM generator,
where is it compared with two level shifted triangular carriers to generate PWM signals
for the IFC.
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Figure 3.4. IFC control

3.5.1. Current Command Generator

The Current Command Generator is shown in the figure 3.4. It has two constituent
blocks, reference current command generator and harmonic current command
generator. The reference current command generator is used to maintain the DC-link
voltage and regulate the reactive power transfer. The harmonic current command
generator is used to generate the commands for the 5" and 7 harmonic mitigation
which will be used in RSC block.

Vdc_meas
labc_wt
wt
Reference Current Command Generator
>

labc_5wt Total Current Command

>

Vabc_grid labc 7wt

Harmonic Current Command Generator

Figure 3.5. Current command generator

The Reference Current Command Generator is shown in figure 3.4. The instantaneous
voltage at the DC link capacitor is compared with the reference voltage which is set at
‘500 V’. A PI controller is used to smoothen the error signal. The error is fed into a dq
to abc frame converter to obtain reference current command in time varying frame of

reference. The angular frequency is obtained through a PLL block as mentioned
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previously. ‘d’ is kept zero while the error is sent to ‘q” because the IFC control is
based on the assumption that the power converter is ideal and the active power at the
input and output of the converter is same. So, by setting the error to ‘q’, the reactive

power can be regulated and compensated.

500 O Pl(z) | dq0
— abe Iabc_refJ

Pl

Vdc_meas

wt

Figure 3.6. Reference current command generator

The harmonic current command generator is shown in the figure 3.6. This block is
used to obtain the 5" and 7™ harmonic reference. The harmonic current command is

calculated by the equation 3.31.

Iniabe = Viape X Gp (3.32)
Viabe 1S the harmonic component and the Gn is the conductance command. The
harmonic command can be obtained at conversion from the signal from the time
variant frame of reference to time invariant frame of reference with the input frequency
being the harmonic frequency and then back to time variant frame of reference. The
harmonic frequencies are obtained in a different block by multiplying the fundamental
frequency from the PLL to the harmonic order. The conductance command is obtained
from the Tuning Controller which is shown in the figure 3.7. The tuning controller
block is used to calculate Gn. Gn is basically the error between the THD from a certain
harmonic component and the reference THD. The reference THD is set as “2%”. The
THD is calculated according to the equation 3.32. A high pass and a lower pass filter

is used to smoothen to the signals during the calculation of THD.

28



Vi
THD, = —Xms (3.33)

Vrms

After obtaining the reference current command and the harmonic current command,

they are summed up to obtain the total current command which is sent to the next
block.

Vabc_grid % labc_5wt >
P abc \—b J—.
dq0 » P dq0
|7> abc »
-5wt
Tuning Controller
LP * labc_7wt >
P abc
wt dq0 » P dq0
f’ abc
Figure 3.7. Harmonic current command generator
Vabe_grid
Pl(z) 4’Gh5
Vabc_grid_5wt
X
e Pi(z) o
THD7
Vabc_grid_7wt

Figure 3.8. Tuning controller

29



3.5.2 Resonant Current Regulator (PR controller)

RSC are one of the best controllers to use to mitigate the harmonics as mentioned in
the literature review. In theory, at the resonant frequency the RSC has infinite gain.
So, by connecting parallel RSC at certain harmonics, that harmonic content can be
removed. In this research, we focus on the 5" and the 7" harmonic as they have the
biggest impact on the output signal and higher frequencies can be easily removed
through a passive filter at the inverter output as mentioned in the literature review. The
transfer function of a RSC is given by equation 3.33.

G —K+z KiXthfxs
n(s) = Ky £ 752 + 2wpés + wp? (3.34)

Where Kj is the proportional gain, K; is the integral gain, & is the damping factor and

wy, is the harmonic frequency. However, this equation is for continuous time but our
model is created for the discrete time so we need to convert it into discrete time.
Conversion is done through MATLAB’s “c2d” function. The general form of the PR
controller equation in discrete time is given in equation 3.34. The PR controller is

shown in the figure 3.9.

G ( ) K. + z AhZ + Bh
Z) =
" P 22+ Cpz + Dy (3.35)
h=5,7
Current Command » Pl » : -
Kp —P+ Voltage Command

(1.877 % 10A(-5))z + (1.875 % 107(-5))
2 —1.961z + 0.9962

(2.619 % 10A(-5))z + (2.61 % 107(-5))
2 —1.9267 + 0.9947

Figure 3.9. RSC controller
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3.5.3 Impedance Compensator

In the IFC control, one of the inputs is Voltage after the transformer (Vgria). Due to
transformer, there will be a loss due to leakage and choke impedance. So these
impedances needs to be compensated to ensure proper PWM signal generation. This

is done in the impedance compensator block. It is shown in the figure 3.10.

Vd_meas

——

Vdg_meas +
Vg_meas ‘

g Choke and Leakage Resistance
N |
g |
Choke and Leakage Impedance [f
Choke and Leakage Inductance | R _

Id_meas
l t

ldg_meas
lg_meas

Figure 3.10. Impedance compensator
3.5.4 Reference Voltage Generator

The voltage obtained from the RSC and the impedance compensator are in time
invariant frame of reference. So, it needs to be converter to time variant frame of
reference. But a simple ‘dq’ to ‘abc’ converter cannot be used for this transformation.
Due to computation, there is a timing delay which needs to be accounted for. Similarly,
due to the choke impedance, phase shift can also be produced which needs to be
accounted for. This is done in the reference voltage generator block as shown in figure
3.11.
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3.6. Battery Management System (BMS)

Battery used in this study is a Lithium-lon (Li-ion) battery. It is interfaced to the main
microgrid via boost converter to control the charging and discharging of the battery.
The gating signals of the boost converter are controlled using a BMS system. The BMS
algorithm is shown in the figure 3.12. The battery is charged only when there is excess

amount of PV generated.

/ Ppy (W) / /Demand (kw/

»<_ Ppy>Demand >«

Yes No

h 4 h 4

Charging Discharging

Figure 3.11. BMS algorithm
3.7. Battery use for harmonic mitigation

A study by Yang et.al., [19] shows the relation between DC-link voltage and the
deadtime during IFC switch’s off and on time. They mention that by stabilizing the
DC-link voltage, the harmonics caused due to the deadtime. Equation 3.36 shows the
maximum deadtime tq where fsw is the switching frequency, Vgriq is the grid voltage,
lgria IS the grid current, wo is the fundamental angular frequency and L is inductance of

the passive filter at the output.

ta

_ 1 (1 . Vgrid + wOLIgrid)
2fsw VDC
A study by Lu et.al., [40] relates the reactive power developed at the output of the

(3.36)

converter with the DC-link voltage at the input. They mention that stability of the grid
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gets compromised if there is not proper control of reactive power present. Especially
in case of weak grid, the injection of reactive power can cause the malfunction of the

grid.

After observing the microgrid after integration of battery in figure 3.1, the voltage at
the inverter Vinv during charging and discharging is written in equation 3.35 and 3.36
respectively. Vpy is the voltage from the PV system and Vgattery is the voltage from the

battery.

Vine = Vpy — Vpattery  (charging) (3.37)

Vinw = Vev + Viarcery  (discharging) (3.38)
So from equation 3.35 and 3.36, it can be seen that by integrating a battery into the
microgrid will help stabilize the DC-link voltage. During periods when the power from
PV grid is less or more, the battery would stabilize the voltage at the DC-link
accordingly through charging and discharging. This DC-link stabilization would in
turn help the IFC control to function more efficiently in mitigating the harmonics.
Batteries are also useful in injecting and absorbing reactive power which help the IFC
for reactive power compensation. In turn the overall reactive power developed at the

output decreases.

33



CHAPTER 4

RESULS AND DISCUSSION

Using the irradiance data and the theory mentioned in section 3.3, PV is modelled
on ‘excel’ to obtain the optimal tilt angle for maximum power generation. In this
study, a 200 kW PV system is modelled. The optimal tilt angle for our campus is
calculated as 33°. Using the tilt angle the beam irradiation on the PV panels can be
calculated, using which we can obtain the total power generated. As mentioned in
section 3.1, the PV system is modelled according to the irradiation data of METU
NCC. The proposed system simulates a complete day. The day selected for this study
is 23 June as it is one of the longest days in the year and healthy amount of solar
power is produced so the validity of the proposed system can be confirmed. The power

generation estimated for our PV system for 23™ June is shown in figure 4.1.
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Figure 4.1. Theoretically calculated energy generation on 23" June
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Before discussing the THD and the benefits of integrating battery into the microgrid,
the validity of our system needs to be confirmed. After running the simulation, the
power generated from our PV system can be obtained. The PV power generated, and
the demand is shown in the figure 4.2. From the figure 4.2, it can be observed that the
maximum power obtained through simulation and theoretically is around 160 kW. This

means that our system is working and is valid.

—PV Power (kW)
250 — - . . . H
—Demand (kW)

200

-
[3.]
o

Power (kW)
=
o

50

| | | I ]
0 0.5 1 15 2 25 3
Simulation Time (s)

Figure 4.2 Simulated PV power generation and demand data for 23" June

The DC-link voltage (Vbc), state of charge (SOC) and power generated from PV
system (Ppv) is shown in figure 4.3. Whenever, Ppyv exceeds the demand, the battery
starts charging and storing the excess power. And as soon as the Ppy is less than the
demand, the battery starts discharging and supplies power to the load. The switching
time of the battery can be seen in appendix A. Hence, the SOC increases from the
period from ‘1 sec’ to ‘2 sec’. It can also be observed that during the switching of
battery state from charging and discharging, there is a voltage unbalance in the DC-
link voltage. This unbalance is due to the change in the current direction in the DC-
link. But this unbalance is easily compensated through the IFC control and the Vpc is

kept constant at ‘500 V’ which is the reference voltage set in the IFC control.
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Figure 4.3. SOC, DC-link Voltage and PV power generation

For this research, the microgrid is simulated for two cases. Once it is run without
battery integration and once with battery integration. Then the voltages and the THD
are obtained and compared for both cases to observe the benefits of integrating battery
into the microgrid. The parameters for the controllers are modelled through the PID
tuner available in MATLAB. The parameters of the controller for both PV-battery and
PV microgrid are shown in table 4.1. The parameters are generally same both cases
but for the reference current controller, the parameters change. This is expected as the

DC-link voltage profile is different for those two cases.

Table 4.1. Controller parameters

Parameter for PV Parameter PV-Battery
Controller : ) ) .
microgrid microgrid
Reference current controller kp=1 k=700 kp=6 k=100
Tuning controller kp=1 ki=500 kp=1 ki=500
Resonant current controller kp=0.3 ki=100 kp=0.3 ki=100

A 3-level NPC converter is used as the IFC converter as mentioned in section 3.4. It
used to converter the DC power coming from the PV and battery to AC and send it to

the grid. The IFC’s gating signals are generated using the control system described in
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section 3.5. Figure 4.4 shows the unfiltered IFC output voltage for PV-battery
microgrid. Hence, it is squarer shaped and has sharp peaks. As mentioned above, due
to switching of charging states of the battery, there are some voltage unbalances in the
DC-link voltage which also cause the voltage unbalance at the converter output. Figure
4.5 shows the filtered IFC output voltage for PV-battery microgrid. This voltage is
obtained after the voltage passes through the passive filter. The passive filter removes
the high order harmonics; hence the voltage looks more sinusoidal and is smoother.
To compare the two cases, the unfiltered and filtered IFC output voltage for both cases
is shown in the figure 4.6 and 4.7, respectively. After comparing the voltages from
both cases, it is obvious that the voltage obtained from PV microgrid is smoother when
compared to PV-battery microgrid. But the voltage output for PV microgrid shows a
slight variation during the course of simulation. Whereas the voltage output for the
PV-battery microgrid is generally constant at a certain magnitude whether it is filtered
or not. Although there are slight unbalance due to changing of switching states, the

voltage is constant for PV-battery microgrid.
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Figure 4.4. Unfiltered IFC output voltage for PV-battery microgrid
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Figure 4.5. Filtered IFC output voltage for PV-battery microgrid

500 |l|“|l|l}|l|lll\l‘IIIII"|I||‘1||I|HIIII”HIII’IIIIIIII\IHIH‘IIIH‘IIIIIHIIIIHIIII}‘IIIII!\HIIIII‘IIIII‘HIIIHHIIII‘\‘IIIIIHIIII}‘IIIII[\IIIIIIIIIIIII IIII

Voltage (V)
o

Voltage (V)

Simulation Time (s)

Figure 4.6. Unfiltered IFC output voltage for PV microgrid
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Figure 4.7. Output voltage from the converter after filtration for PV microgrid

To verify the effect of battery integration into the microgrid on the harmonics of the
voltage output, the THD comparison needs to be done. THD for both cases is obtained
through Fourier transform. Figure 4.8 and 4.9 shows the THD graph for unfiltered
voltage output for PV and PV-battery microgrid respectively. Figure 4.10 and 4.11
shows the THD graph for filtered output voltage for PV and PV-battery microgrid
respectively. The THD for unfiltered output voltage without battery integration is
33.89% and after filtration it reduces to 2.34%. Whereas after battery integration the
THD for unfiltered voltage is 40.45% and after filtration it is 1.89%. Also, it can be
seen that after filtration the magnitude of the voltage at the fundamental frequency also
reduces. It is understandable as there is reduction of harmonics and loss in voltage after
going through the passive filter. The THD values for individual harmonics can be seen

in appendix B.

After comparing the THD values for both cases, it can be observed that integration of
battery into the microgrid increases the THD of unfiltered voltage. This is due to an
additional current path and switching of current direction during change in charging
states of the battery. But if the THD after filtration, the THD for PV-battery microgrid
is lower than the THD for just PV microgrid. This shows that integration battery
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increases the higher order harmonics, but it complements the IFC control in reducing
the lower order harmonics. Higher order harmonics are removed using the passive
filter for those cases. As the IFC control is not responsible for controlling the higher
order harmonics, due to the additional current path they increase whereas the lower
order harmonics reduce. This can be explained through the theory described in section
3.7. Due to integration of battery, the DC-link voltage becomes more stable. In
reference current command generator, the DC-link voltage is compared with the
reference DC-link voltage and as the after integrating the battery, the DC-link voltage
is more stable, the IFC control works with a higher efficiency as the error due to
voltage variation is less and the current command signal mostly contains the
information about the harmonics which are then mitigated. Figure 4.12 shows the DC-
voltage error signal for both cases. It can be seen that the DC-link voltage after battery
integration is easily kept constant and slight amount of error is present whereas the
error without battery integration is constantly changing. The change is due to the fact
that the power delivered through the PV panels is changing during the course of the
simulation and there is no battery present to regulate the voltage. The only issue with
integrating a battery into the microgrid, is the voltage unbalance causes during the
switching of charging states. But this voltage unbalance can also be mitigated using a
more sophisticated BMS. A better BMS will reduce the overshoot and undershoot
magnitude and the duration. It will help in the DC-link voltage to reach steady-state

quicker.
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Figure 4.9. Converter output voltage without filtration for PV-battery microgrid

Figure 4.8. Converter output voltage without filtration for PV microgrid
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Figure 4.10. Converter output voltage without filtration for PV-battery microgrid
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Figure 4.11. Converter output voltage after filtration for PV-battery microgrid
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Apart from reducing the harmonics, the battery integration also helps in the
compensation of reactive power delivered to the grid. So, the reactive power profile
for both cases also need to be discussed. Figure 4.13 shows the reactive power
delivered to the grid for both cases. From the graphs, it can be observed that after
battery integration the reactive power delivered to the grid reduces. The overall
reactive power delivered to the grid is lower for PV-battery microgrid. The reactive
power is only developed in case of voltage unbalance which is expected as mentioned

in the section 3.
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Figure 4.12. DC-link voltage error for PV and PV-battery microgrid
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Figure 4.13. Reactive power of PV and PV-battery microgrid

From the results mentioned above, it can be seen that battery paired with the proposed
IFC control can help in mitigating the harmonics while keeping the voltage at the
required levels. To have a better comparative analysis, the same system is run using a
generic IFC control algorithm. The generic IFC control is a simple voltage comparator
without any harmonic compensator. Figure 4.14 and 4.15 shows the THD during
simulation time for PV and PV-battery microgrid using generic IFC control,
respectively. Figure 4.16 and 4.17 shows the THD during simulation time for PV and
PV-battery microgrid using proposed IFC control, respectively. For better illustration,
the magnitude of harmonics are also tabulated in Table 4.2.

From the figures and the table, following assessment can be made:

e The DC-link voltage gets effected during the switching of the charging states
of the battery.

e The presence of harmonic compensator in the IFC control helps in the

mitigation of the harmonics.
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Total Harmonic Distortion (%)

The THD for the generic IFC control for both, the PV and PV-battery case is
higher when compared to the proposed IFC control strategy.

Integration of battery with the IFC control helps in the mitigation of the lower
order harmonics.

High order harmonics are increased due to the DC-link voltage unbalance due

to the charging and discharging of the battery.
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Figure 4.14. THD for PV microgrid using generic IFC control
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Figure 4.15. THD for PV-battery microgrid using generic IFC control
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Figure 4.16. THD for PV microgrid using proposed IFC control
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CHAPTER 5

CONCLUSION

Integration of RES as DG into the microgrid has increased over the last decade. RES
being a variable source, produce variable power. To ensure constant power supply to
the grid and the load, IFC are used. But the use of IFC gives rise to harmonics at the
output. Also, the increased usage of non-linear loads, can cause harmonics. One more
issue with RES, is the waste of the excess power. Hence, ESS can be useful as they
allow the storage of excess power. ESS can also be used for power quality
improvement and harmonic mitigation. However, in the literature, there is few research
available which discuss the power quality conditioning capabilities of ESS. And even

if they discuss it, they do not present comparative analysis.

A PV-battery system is modelled in this study. The irradiation and the demand data is
used of our university, METU NCC. A voltage controller paired with a RSC is used to
control the IFC gating signals. VVoltage controller ensures that the DC-link voltage is
kept at the reference voltage and reactive power is compensated. RSC is used for this
study because RSC allows to selective harmonic compensation by setting the resonant
frequency as the frequency which needs to be removed. A impedance compensator is
also present in the IFC control to take leakage and shunt impedance of the transformer
into account. The algorithm for the BMS is simple. When the power from PV exceeds
the demand, the excess power is stored in the battery. Otherwise, the battery supplies
power to the grid.

First, the PV-battery is simulated to verify the validity of system. The PV power
delivered is compared with the theoretically estimated power. The power obtained
from our model is similar to the expected power apart from a little loss which is
expected as in the theoretical calculation, the losses due to temperature and external
factors are excluded. The SOC and the DC-link voltage plots confirm the overall
working of the IFC and BMS. The voltages obtained at the output before and after
filtration are also as expected. Before filtration, the voltage is squarer shaped due to
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presence of high order harmonics. After filtration, the voltage becomes smoother and

becomes a sine wave.

For harmonic analysis, THD calculation is required. THD is obtained through Fourier
transform. To show the effect of battery on the harmonics of the system, the THD for
a PV-battery system is compared with the THD of a battery system. The comparisons
shows that the THD for unfiltered voltage for PV-battery microgrid is 40.75% which
greater than the THD for PV microgrid which is 33.82%. After filtration the THD for
PV-battery microgrid is 1.87% while for the PV microgrid it is 2.34%. These results
show that integrating battery into the system increases the high order harmonics due
to unbalanced caused in the DC-link voltage during the switching of the charging
modes. After filtration, the THD for PV-battery microgrid is lower than the PV-
microgrid. This shows that the integration of battery into the microgrid helps the IFC
to filter out the low order harmonics. This is expected as the integration of battery
provides an extra voltage source to stabilize the DC-link voltage. This is shown by the
error plots in the reference voltage generator. The error between the reference DC-link
voltage and instantaneous DC-link voltage for PV-battery microgrid is less when
compared to the error for PV microgrid. The overall change is THD during the course
of simulation for PV-battery and PV microgrid is shown in appendix C which verifies

our results.

The effect of battery on the reactive power developed at the grid is also discussed as it
is also an important power quality concern. The comparison of reactive power shows
that the reactive power developed for PV-battery is lower compared to the PV
microgrid. The reactive power for the PV microgrid is generally higher and only
decreases during charging of the battery. For the PV-battery microgrid, the reactive
power developed during the steady state is generally lower but due to the unbalance of
the DC-link voltage during charging and discharging, increases the reactive power
which is expected. One thing that needs to mentioned is that the unbalance in the DC-
link voltage can be improved further by designing a more complex and efficient BMS.
The improved BMS would reduce the unbalance and allow the system to reach the
steady state even faster.
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This study verifies the effect of integrating battery into the microgrid on the power
quality. In the literature review, it is mentioned there are very few studies available in
the literature which comprehensively go over the effect of ESS on the power quality.
Also, few studies are available which discuss the IFC control design for a ESS
integrated microgrid. This study contains step by step approach to designing a PV-
battery system which can help the reader in their design. This study shows that ESS
can be used not only to improve the RES fraction of a microgrid but can also be used
to improve the power quality delivered. This will encourage the system designers to

integrate for ESS into the microgrids and move towards a more sustainable future.
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APPENDICES

A. Switching time of the boost converter
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Figure A.1. ON signal for the boost converter connected to battery
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B. THD for harmonics of both cases

Table B.1. Magnitude of fundamental frequency for proposed IFC control for PV and
PV-battery microgrid

% Of magnitude of fundamental frequency

Harmonic Without battery Without battery With battery With battery

Order unfiltered filtered unfiltered filtered
3rd 0.06% 0.02% 0.46% 0.16%
5 1.04% 0.41% 0.13% 0.06%
7t 0.22% 0.14% 0.17% 0.10%
gt 0.14% 0.13% 0.06% 0.08%
11" 0.24% 0.34% 0.39% 0.26%
13" 0.20% 0.42% 0.41% 0.29%
15t 0.15% 0.48% 0.15% 0.30%
17 0.45% 0.42% 0.81% 0.42%
19t 0.71% 0.35% 0.97% 0.23%
21 0.17% 0.08% 0.18% 0.03%
23" 1.16% 0.29% 1.39% 0.28%
25t 2.12% 0.39% 2.04% 0.28%
27" 0.20% 0.03% 0.17% 0.02%
29t 10.77% 1.31% 13.24% 1.33%
31st 8.29% 0.85% 0.44% 0.05%
33 0.09% 0.01% 0.26% 0.02%
35t 9.49% 0.72% 1.14% 0.08%
37 9.61% 0.66% 10.16% 0.56%
39m 0.12% 0.02% 0.11% 0.02%
41% 2.64% 0.15% 3.04% 0.14%
43 1.53% 0.07% 1.68% 0.06%
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C. System parameters

Table C.1. System parameters
Controller Parameter for PV
Grid 2500 MVA, 120 kV

PV system 200kW

Inverter side transformer 260V/25kV

Grid side transformer 25kV/120kV
DC-link capacitors 120uF
Battery 50kWh
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