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ABSTRACT
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DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING
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: Prof. Dr. Kamil Cagatay BAYINDIR
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: Assoc. Prof. Dr. Murat Mustafa SAVRUN
: Asst. Prof. Dr. Adnan TAN

In this thesis, the Hybrid Regenerative Power System (HRPS) was studied
and operated at low powers with a designing a new Central Energy Management
System (CEMNS). It is suitable for the critical AC & DC loads and efficient thanks to
the regenerative effect. Firstly, equipments in the power system were created and
operated seperately and the results of these equipments were obtained in different
cases. HRPS consists of a bidirectional inverter connected with LCL filter and grid,
a bidirectional isolated DC-DC converter connected with batteries and an isolated
unidirectional DC-DC converter connected to photovoltaic panels and combining
AC & DC loads. After the HRGS topology emerged, an innovative, efficient, unique
rule-based CEMS is created. It can automatically manage power flow scenarios in
order to operate power system efficiently and accurately by evaluating load demands
and power balances in the system. Power flow scenarios were first run alone
according to different situations and then they were operated together with CEMS
using real irradiance and temperature spectrums. Then, how efficient the power
system is in itself was calculated according to the results obtained and when
compared to the literature, it was emphasized in which cases it has advantageous
than the other energy management systems.

Key Words: Hybrid, Regenerative, Photovoltaic, Batteries, LCL Filter, Grid-
connected Inverter, Energy Management System.
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DOKTORA TEZi

SEBEKE VE GUNES ENERJiSi BAGLANTILI HiBRIT REJENERATIF
GUC SISTEMININ MODELLENMESI VE ANALIZi

Rahmi ilker KAYAALP
CUKUROVA UNIVERSITESI
FEN BiLiMLEBi ENSTIiTUSU
ELEKTRIK - ELEKTRONIK MUHENDISLiGi ANABILiM DALI
Danisman : Prof. Dr. Mehmet TUMAY
Yil: 2022, Sayfa: 173
Juri : Prof. Dr. Mehmet TUMAY

: Prof. Dr. Kamil Cagatay BAYINDIR
: Do¢. Dr. Mehmet Ugras CUMA

: Dog. Dr. Murat Mustafa SAVRUN

: Dr. Ogr. Uyesi Adnan TAN

Bu tezde dogru akimli ve alternatif akiml kritik yiik taleplerine uygun,
rejeneratif etki sayesinde verimli, yeni bir Merkezi Enerji Yonetim Sistemi (MEYS)
tasarimi yapilarak diisiik giliclerde calisabilecek Hibrit Rejeneratif Giig Sistemi
(HRGS) iizerinde calisilmistir. Bu giic sisteminin i¢inde bulunan ekipmanlar
oncelikle ayr1 ayr1 olusturularak calistirilmig ve farkli durumlarda bu ekipmanlara ait
sonuclar almmustir. HRGS; sebekeye LCL filtre ile bagh ¢ift yonlii ¢calisabilen DA-
AA donistiirticiisii, bataryalara bagh c¢ift yonlii calisabilen izoleli DA-DA
donistiiriiciisii, fotovoltaik panellere bagl izoleli H-koprii DA-DA doniistiiriiciisii
ile DA ve AA yiiklerinin birlestirilmesinden olugsmaktadir. HRGS topolojisi ortaya
ciktiktan sonra ise gii¢ sisteminin en verimli ve dogru sekilde ¢alisabilmesi i¢in giic
akis senaryolarini otomatik olarak yonetebilen, yenilikei, verimli, yiik taleplerine ve
sistemdeki giic dengelerine uygun, Ozgiin, kural tabanli bir MEYS tasarimi
yapilmistir. Giig¢ akis senaryolari ise oncelikle farkli durumlara gore tek baslarina
calistirilmis olup daha sonrasinda gergek 1s1ma ve sicaklik spektrumlari kullanilarak
MEYS ile birlikte calistirilmistir. Daha sonra ise alinan sonuglara gore giic
sisteminin kendi i¢inde ne kadar verimli oldugu hesaplanmis ve literatiirle
karsilastirldiginda diger enerji yonetim sistemlerine gore hangi durumlarda avantajli
oldugu vurgulanmustir.

Anahtar Kelimeler: Hibrit, Rejeneratif, Fotovoltaik, Bataryalar, LCL Filtre,
Sebeke-baglantili Evirici, Enerji Yonetim Sistemi.
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EXTENDED SUMMARY

Studies with renewable energy sources are increasing and diversifying day
by day. For this reason, new and more efficient controllers are improved on different
renewable energy sources. Thus, renewable energy power systems can vary with the
development of both topological, power system element controllers and energy
management system controllers in line with the desired demands. These various
power system topologies belong to renewable energy sources both reduce the cost
and become more useful. Their aim to work more efficiently for a long time and they
prevent fossil fuel energy conversion systems. In recent years, especially with the
development of renewable energy technologies, lots of studies studies have been
carried out to create an interconnected smart grid systems that can operate effectively
at high or low power. At this point, the aim is producing more efficient topologies
by working in harmony with each other of the equipments in the power system and
keeping the errors minimum level. Central energy management system applications
are developed in order to realize this purpose and control the power flow between
the equipments in the power system. There are lots of various central energy
management systems in literature. In general, we can say that each energy
management system can work very efficiently in this environment where it can be
created according to the total powers of components at own topology.

The general purpose of the thesis; using solar panels and batteries with
isolated converters that is seen hybrid with DC connections for uninterrupting energy
transfer a long time to low power critical loads. In addition, the other aim is designing
a unique, high-level central energy management system that can control the power
flows between the equipments on top of this hybrid structure, it operates the entire
system efficiently in real radiation and temperature spectrums and different load
demands. MATLAB / Simulink program is used in all of these studies.

It can be partially understand the path taken in the thesis work and which

studies were carried out from the table of contents. When we make a general
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summary of the studies and the results obtained in this section, firstly, grid connected
2-level AC-DC converter is designed and bidirectional operation is achieved. The
designed converter is bidirectional because it should both feed the DC loads from
the grid, charge the batteries and inject the power produced from the batteries and
solar panels into the grid to provide savings thanks to the regenerative effect. Phase-
locked-loop method is used for transferring power to grid and LCL filter design is
made between the grid and the inverter, just after the AC loads, in order to reduce
the harmonics. Transfer function and resonance frequency of LCL filter were
calculated and plotted in MATLAB environment. Both DC-Link voltage controller
and reactive power controller are made by using Clarke and Park transformations in
the phase locked loop method.

Then, batteries connected bidirectional isolated DC-DC converter is created.
The reason for the bidirectional operation of the converter is performing both
charging and discharging of the batteries. IGBTs, which are more durable, are used
for the switching signals of the DC-DC converter and signal triggers are made by
using DPS method, which is the most efficient phase shift technique in order to
obtain high efficient operation. The fact that the converter is preferred an isolated,
H-bridge topology that ensures its long-lasting operability. The batteries used are 14
pieces and they are 24 V and 10 Ah lithium-ion type. All the parameters of the
batteries are written by using the data sheets of the battery manufacturer companies.
Constant Current — Constant Voltage method is used while charging the batteries. In
this charging method, it is possible to charge the batteries with the current value that
we want. When discharging operation, 2 different controllers are made. When the
DC-Link voltage controller is started, the discharge current of the batteries is
determined automatically and when we operate it with the discharge current
controller, the DC load at the converter output can be fed by the desired discharge
current value.

Afterwards, these chapters of the hybrid regenerative power system was

completed, photovoltaic panels connected an isolated, unidirectional H-bridge DC-
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DC converter is designed. At this point, total of 48 solar panels with 4 parallel and
12 serial connections of 1Soltech 1STH-215-P branded in MATLAB's own library
are used. After drawing I-V and P-V graphics for solar panels at different irradiance
and temperature values, the P&O method, which is one of the maximum power point
tracking techniques, is used on the panels. The P&O method is preferred, because it
is easier to design than other maximum power point tracking techniques and it is
very useful.

Afterwards, all hybrid regenerative power system equipments, which are
modeling and analysis were completed, are combined each other and the power flow
scenarios that were required to be operated manually in a smooth and efficient
manner. These scenarios are operated one by one at different load conditions. After
obtaining the results of 7 different power flow scenarios in the power system, a high-
level, centralized and unique rule-based energy management system is designed. It
can automatically operate and control the all power system in accordance with
changing load demands and weather conditions. The created central energy
management system provides the transition between power flow scenarios with the
mechanism of controlling the switches connected to DC-Link voltage of the
converters in the power system. These transitions are completely dependent on load
demands, produced powers, irradiation and temperature.

Efficiency analyzes are made by evaluating the results obtained in all of the
cases examined and finally a profit analysis are made by looking at the daily
consumed and produced power according to the hours in the hybrid regenerative
power system topology operated together with the central energy management
system for residential and commercial areas.

At the end of the thesis, comments about the obtained results by operating
the proposed and hybrid regenerative power system and the central energy
management system together are given at conclusion part. When the proposed hybrid
regenerative power system and energy management system are compared with other

applications in literature, we can emphasize that it has an efficient and long-lasting
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operating performance. It can be customized for different regenerative renewable
power system topologies that feed critical loads, especially made at low power and
it can provide quickly transition between power flow scenarios.

Finally, the proposed system with its regenerative effect, it supports
uninterrupted power transfer to the critical loads and it has important contributions

to minor smart grid literature.
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GENISLETILMIS OZET

Yenilenebilir enerji kaynaklar ile yapilan ¢aligmalar giin gectikce daha da
artmakta ve c¢esitlenmektedir. Bu sebeple cesitlendirilmis yenilenebilir enerji
kaynaklar1 {izerinde yeni ve daha verimli calisabilecek kontrolcii tasarimlar1 da
gelistirilmektedir. Boylelikle yenilenebilir enerji gili¢ sistemleri istenen talepler
dogrultusunda hem topolojik, hem gii¢ sistemi elemanlar1 kontrolciileri, hem de
enerji yonetim sistemi kontrolciilerinin gelistirilebilmesiyle degiskenlik gosterebilir.
Yenilenebilir enerji kaynaklarina ait bu ¢esitli gii¢ sistemi topolojileri hem maliyeti
diisiiriip giderek daha kullanigh hale gelmekle hem de daha verimli ve uzun omiirlii
calisabilmeyi amaglayarak fosil yakithh enerji doniigiim sistemlerinin Oniine
gecmektedirler. Son yillarda o6zellikle yenilenebilir enerji teknolojilerinin
gelismesiyle birlikte yiliksek ya da diisiik giicte etkin galigsabilen birbiriyle baglantili
akilli sebeke olusturma ¢aligmalar1 yapilmaktadir. Bu noktada amag; giic sistemi
iginde bulunan ekipmanlarin birbirleriyle uyum iginde g¢alisarak ve olusabilecek
hatalar1 minimum diizeyde tutarak, daha verimli topolojiler liretmektir. Bu amaci
gergeklestirebilmek ve giic sistemi i¢inde ekipmanlar arasindaki gii¢ akigini kontrol
edebilmek i¢in merkezi enerji yOnetim sistemi uygulamalar1 gelistirilmektedir.
Merkezi enerji yonetim sistemleri ise literatiirde ¢esitlilik gostermektedir. Genel
olarak her enerji yonetim sistemi, kendisine ait topolojinin toplam giiciine gore
sekillendirilebildigi bu ortamda oldukga verimli ¢aligabildiklerini sdyleyebiliriz.

Buradaki tez calismasinda da genel amag; diisik giligli kritik yiik
baglantilarina sahip bir gii¢ sistemi topolojisinde kesintisiz bir sekilde enerji
iletiminin yapilabilmesi i¢in DA baglantilar ile hibrit gériinlimde, uzun O6miirli
calisabilecek izoleli doniistiiriiciiler yardimiyla solar paneller ve bataryalar
kullanmaktir. Ayrica bu yapinin iistiine de ekipmanlar arasindaki gii¢ akislarim
kontrol edebilecek 6zgiin, yiiksek seviyeli bir merkezi enerji yonetim sistemi

tasarlayarak tlim sistemi gergek 1sima ve sicaklik spektrumlarinda ve farkli yiik

VII



taleplerinde verimli bir sekilde calistirmaktir. Yapilan ¢aligmalarinin tamaminda
MATLAB / Simulink program kullanilmustir.

Tez calismasinda gidilen yol ve sirayla hangi c¢aligmalarin yapildig
icindekiler bolimiinden de kismi sekilde anlasilabilir. Fakat bu boéliimde yapilan
calismalarin ve alinan sonuglarin genel bir 6zetini yaparsak ilk olarak sebeke
baglantili, ¢ift yonli calisabilen 2 seviyeli AA-DA doniistiiriiciisii tasarimi
yapilmigtir. Buradaki doniistiiriicliniin ¢ift yonlii istenmesinin sebebi ise hem
sebekeden DA yiiklerini besleyip bataryalari sarj edebilmek hem de bataryalardan
ve solar panellerden {iretilen giicii sebekeye enjekte ederek rejeneratif etki sayesinde
tasarruf saglamaktir. Sebekeye aktarilacak giiclin iletilmesi i¢in faz kilitleme
yontemi kullanilmis olup olusan harmonikleri de azaltabilmek icin sebeke ve
doniistiiriicii arasina, AA yiiklerinden hemen sonrasinda LCL filtre tasarimi
yapilmistir. LCL filtrenin transfer fonksiyonu ve resonans frekansi hesaplanip grafik
halinde MATLAB ortaminda ¢izdirilmistir. Faz kilitleme yontemi igerisinde ise
Clarke ve Park doniistimleri kullanilarak hem DA-Link gerilim kontrolciisii hem de
reaktif giic kontrolciisli yapilmistir.

Sonrasinda bataryalarla baglantili ¢ift yonlii galisabilen izoleli DA-DA
dondstiiriictisliniin tasarim1 yapilmistir. Doniistiiriicliniin ¢ift yonlii ¢aligmasinin
sebebi ise bataryalarin hem sarjin1 hem de desarjini gerceklestirebilmektir. DA-DA
dondstiiriictisiiniin tetikleme sinyalleri i¢in daha dayanikli olan IGBTler kullanilmig
olup yiiksek verimde calisabilmesi i¢in de faz kaydirma tekniklerinden en verimli
olan DPS metoduyla sinyal tetiklemeleri yapilmistir. Doniistiirticlintin izoleli, H-
koprii topolojisinde tercih edilmesi de uzun Omiirlii ¢alisabilirligini saglamaktir.
Kullanilan bataryalar ise 14 adet olup 24 V ve 10 Ah lik lityum-iyon tiptedir.
Bataryalarin tiim parametreleri ise batarya iireticisi sirketlerin veri sayfalarindan
yararlanilarak yazilmistir. Bataryalar1 sarj ederken Sabit Akim — Sabit Gerilim
metodu kullanmilmstir. Bu sarj yonteminde istedigimiz akim degeriyle bataryalar
sarj etmemiz miimkiindiir. Desarj1 yapilirken ise 2 farkli kontrolcii yapilmistir. DA-

Link gerilimi kontrolciisii ¢alistirildiginda bataryalarin desarj akimi otomatik olarak
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belirlenirken, desarj akimi kontrolciisii ile ¢alistirdigimizda istenilen desarj akimi
degeriyle doniistiiriicii ¢ikisindaki DA ylik beslenebilmektedir.

Hibrit rejeneratif gii¢ sisteminin bu agsamalar bitirildikten sonra fotovoltaik
panellere bagli, izoleli, tek yonlii calisabilen yine H-koprii DA-DA déniistiiriiciisii
tasarimi yapilmistir. Bu noktada MATLAB’in kendi kiitliphanesinde bulunan
1Soltech 1STH-215-P markali1 4 paralel ve 12 seri baglantili olacak sekilde toplam
48 adet solar panel kullanilmistir. Solar paneller i¢in farkli 1s1ma ve sicaklik
degerlerinde I-V ve P-V grafikleri ¢izdirildikten sonra paneller {izerinde maksimum
giic noktasi izleme tekniklerinden biri olan P&O metodu kullanilmistir. P&O
metodu hem tasariminin diger gii¢ noktasi izleme tekniklerinden daha kolay olmasi
hem de oldukea kullanisli olmasi bakimindan tercih edilmistir.

Bu asamadan sonra ise tasarimlari biten solar panellere bagli DA-DA
donistiiriictisti ile sebeke baglantili AA-DA doniistiiriiciisii DC-Link gerilimleri
iizerinden birbirine baglanarak 3 farkli ylik durumunda caligtirilip sonuglari
almmustir.

Devaminda modellenmesi ve analizleri biten tiim hibrit rejeneratif giic
sistemi ekipmanlar1 birlestirilerek manuel olarak diizgiin ve verimli bir gekilde
calistirilmasi istenen gii¢ akis senaryolari teker teker farkli yiik kosullar1 dikkate
almarak calistinlmistir. Gii¢ sistemi igerisinde 7 farkli gii¢ akis senaryosuna ait
sonuclar da alindiktan sonra tim sistemi degisebilen yiik taleplerine ve hava
kosullarina uygun sekilde otomatik olarak ¢alistirip kontrol edebilen yiliksek seviyeli,
merkezi ve kural tabanli, 6zgilin bir enerji yonetim sistemi tasarimi yapilmistir.
Olusturulan merkezi enerji yonetim sistemi gii¢ sistemi igerisinde bulunan
doniistliriiciilerin  DC-Link gerilimine bagli anahtarlari1  kontrol edebilme
mekanizmastyla gili¢ akis senaryolar1 arasinda gecisi saglamaktadir. Bu gecisler ise
tamamen yiik taleplerine, lretilen giiglere, 1s1maya ve sicakliga bagli olarak
degismektedir.

Incelenen durumlarin tamaminda alman sonuglar degerlendirilerek

verimlilik analizleri yapilmis olup son olarak merkezi enerji yonetim sistemi ile
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birlikte caligtirilan hibrit rejeneratif gii¢ sistemi topolojisinde saatlere gore giinliik
harcanan ve iiretilen giiclere bakilarak hem evler hem de is yerleri i¢in kar analizi
yapilmustir.

Tez calismasinin sonunda ise yapilan ve Onerilen hibrit rejeneratif giic
sistemi ile merkezi enerji yonetim sisteminin birlikte ¢alistirilmasiyla elde edilen
sonuglar yorumlanarak sonug boliimiinde verilmistir. Onerilen hibrit rejeneratif gii¢
sistemi ve enerji yOnetim sistemi literatiirdeki diger uygulamalarla
karsilastirildiginda; ozellikle diisiik giicte yapilmis kritik yiikleri besleyen
topolojilere yonelik Ozellestirilebilen, giic akis senaryolari arasinda hizli gecis
yapabilen, verimli ve uzun Omiirlii bir ¢alisma performansina sahip oldugunu
vurgulayabiliriz.

Son olarak, Onerilen sistemin rejeneratif etkisi sayesinde kritik yiiklere
kesintisiz gili¢ aktarimini desteklemekte olup minér yapidaki akilli sebeke

literatiirine de onemli katkilar1 vardir.
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1. INTRODUCTION Rahmi ilker KAYAALP

1. INTRODUCTION

There are lots of academic studies about power quality today. Scopes of these
studies are making suitable form of current and voltage waveforms on grid lines. In
recent years, lots of studies which increase efficiency, are done about power quality
literature by improving smart grid methods. Using the renewable energy sources is
the perfect way for increasing efficiency according to transmission and distribution
lines. Thus, these renewable energy sources should be proper creation for working
total of system and feeding loads compatibly.

There are lots of various renewable energy sources and solar energy is the
most common used energy type. In this work, regenerative power system combined
with grid will be designed by benefiting from the power that is produced in solar
energy. There are different working condition types of renerative power system and
these conditions can be various according to different scenarios in grid. Briefly,
mitigating negative effects in grid cause to increase total efficiency of the system.
The power system that can be worked at different scenerios have various equipments
and suitable working each other with improved control methods are important.
Therefore, these are the regenerative power system components that will be
modelled and analysed: Alternative Current (AC) Grid, Photovoltaic (PV) Panels,
Batteries, Bidirectional and Unidirectional Direct Current — Direct Current (DC-DC)
Converters, AC-DC and DC-AC Converter and lastly AC/DC Load cells.

The general scope of this regenerative power system and the most important
advantage is providing and emphasising regenerative effect on the grid by using PV
panels and batteries systems. Moreover, the system will not be affected from various
fault conditions and increased efficiency of transferred power owing to different
working conditions. The designed power system is used in many areas in the
literature. The regenerative power effect is very important for critical loads
connected to the batteries of electric cars, trains and aircrafts. These critical loads

that require uninterrupted or as little interruption as possible, must be operated by
1
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creating a proper Energy Management System (EMS) with a Hybrid Regenerative
Power System (HRPS) topology. In addition, this system is very important for
patients who depend on electricity in hospitals. For example, when a patient is
connected to a dialysis device, this device needs an alternative HRPS topology that
can be operated as a UPS to avoid any power outages. At this point, power can be
transferred to the critical load groups at necessary areas in the hospital by designing
a suitable EMS that can be operated with renewable energy sources. Apart from this,
these systems are necessary in order to keep radar systems at the airports in a
continuous state of operation. Especially in military applications, these systems are
useful. Because protection of data and providing uninterrupted communication in the
command — operation center are very important. Also developed EMS combined
HRPSs are made for smart home systems in recent years.

Especially in recent years, regenerative power system comes to the forefront
in renewable energy applications such as wind, solar and electric vehicles and they
use battery but different topologies confront us (Chiang et al. 2010; Veerappan et al.
2014; Zulauf et al. 2015; Del Moral et al. 2015; Itani et al. 2016; Cao et al. 2012;
Choi et al. 2012a; Choi et al. 2012b; Zhao et al. 2012; Agamy et al. 2012). Figure
1.1. shows topologic block diagram of regenerative power system and connections
of using equipments. General system topology which will be designed, is similar

with (Chiang et al. 2010)

700 V
DC-Link
Central Energy + = «  MPPT-P&O Algorithm
Management e Partial Shading
System \ PV Panels
— T
~| Uni.Iso.
DC-DC [ e/
N Conv. >
P{dﬂ(ile:r Inverter
Bid.Iso. | |
PLL Control DC-DC | | ﬂ
. DC-Lipk Control Conv.
AC e Reactive Power Control DC Batteries
Load Load e SoC Control

e CC-CV Charging

Figure 1.1. Proposed Block Diagram of Hybrid Regenerative Power System
2
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Hybrid Regenerative Power System (HRPS) consists of grid, 2-level inverter
with LCL filter, dc link line, photovoltaic (PV) panels, batteries, DC/AC loads,
isolated unidirectional DC-DC converter (IUDC) and isolated bidirectional DC-DC
converter (IBDC). There are lots of topologies about PV and Battery Energy Storage
Systems (BESS) connected renewable energy systems and they can be classified as

three types. These PV + BESS topologies are defined as;

(a) Modular cell connected cascade inverters (Chiang et al. 2010; Choi et al.
2012b; Zhao et al. 2012; Agamy et al. 2012; Lu et al. 2018; Essakiappan et
al. 2015; Sochor et. al. 2018; Essakiappan et al. 2012; Bragard et al. 2010;
Borrega et al. 2013; Elsayad et al. 2017; Choi et al. 2015; Islam et al. 2019)

(b) Modular cell connected on high frequency link (Veerappan et al. 2014; Choi
et al. 2012a)

(c) Common dc link connected cascade dc-dc converters (Zulauf et al. 2015;

Del Moral 2015; Itani et al. 2016; Zhang et al. 2018; Sayed et al. 2018)

In the light of these classification, it is realised that (c) type topologies are
more useful than (a) and (b) types because of obtaining more smooth dc link voltage-
current waveforms and compatible for HRPS. Moreover, if there is a fault in
common dc link connected cascade dc-dc converters, system can be operated easily
by mitigating these errors. It will be better to illustrate this with an example, when
one PV or battery connected module is breakdown, modular multilevel dc-dc
converters compensate this fault and give the same sufficient voltage value for dc-
link. Thus, (c) type topologies demonstrate advantages than the other topologies. (a)
and (b) type topologies are generally used for directly connecting AC grid and
especially they are connected to more transformers so it causes more cost.

Additionally, common frequency equalization and more flactuations on AC-Link
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can be harmful for other system equipments cause to decrease their lifetime. These

topologies are classified above and shown in Figure 1.2.

Utility Scale Power AC
Cell Modules Link

Ipc | DC
—

AC LV/MV Grid
Inoc | DC Transformer
—

AC

°

[ ]

. (a)

Ay i e T
Inc | DC AC ! AC | AC

N £ £ |
AC §: AC AC AC
Ioc | DC AC AC AC
—* (| £ £
AC AC AC AC

| |

L___

i B ey
|
Inc | DC AC AC B AC
— (| £ £ |
AC AC AC AC
IAl IBl Icl
Voa Vob Voc
| Medium Voltage Grid |
(b)
Power Cell Common
Modules DC Bus
Inc | DC
Inverter
DC Step-u Grid
DC p-up
AC
Ioc | DC Transformer
—»
DC
°
°
] (c)

Figure 1.2. Classification of Grid connected Medium Voltage Power Systems
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In recent years, efficient power transmission is very important for new
proposed DC-DC and DC-AC converters in literature. Thus, especially comparison
studies are very popular in order to show power loss effects. Reference (Zhang et al.
2018) compares power losses on switching elements and proposes new PV and
BESS connected cell combination modular dc-dc converter for decreasing power
losses and total cost. Some system topologies such as PDSR, PPSR, PDDS and
PPDS combinations in category (b) demonstrates different efficiency results (Barrios
et al. 2018). Additionally, reference (Choi et al. 2015) defines that SSIB converter
topology increase the efficiency gradually than the other conventional type DC-DC
converters for large scale PV applications in (c) category.

Therefore, in this thesis proposed HRPS is created by benefiting (c) type
topologies. The proposed HRPS will be shown later and its components are
introduced one by one. Each components are operated firstly. Then combination of
these equipments are simulated according to 380 V AC grid connected 700 V DC
link low voltage system. Additionally, different power flow scenarios are
investigated and executed for all system after the individual operations. Then,
proposed central energy management system is introduced with operation principle
and it is operated with the proposed HRPS. Finally, efficiency results of the all
system is calculated in order to show regenerative effect.

Moreover, different types of HRPSs are expressed by giving examples at
different application areas such as photovoltaic power, wind power and hybrid

electric vehicle systems.

Innovative ways of the proposed study can be arranged below;
1) In literature, there is not any regenerative power system study with central
energy management system in low voltage applications for critical loads and

it works like UPS with different power flow operations.
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2)

3)

4)

5)

6)

7)

8)

9)

Grid voltage is 10 kW, 380 V and it is combined to 700 V DC-link with 2-
level inverter with LCL filter for mitigating current harmonics.

Totally, 3.6 kW, 14 batteries connected IBDC topology operates with DPS
+ Soft Switching + ZVS and ZCS.

Totally, 10.2 kW, 48 PV panels are connected to Unidirectional Isolated DC-
DC Converter topology and it is operated with Perturb and Observe (P&O)
Maximum Power Point Tracking (MPPT) technique.

All of the DC-DC converters are controlled by phase-shift algorithm.

2 Level inverter operates bidirectionally with Phase Locked Loop (PLL)
algorithm and it feeds AC load even though without grid.

A new battery package will be designed for suitable low voltage power
system by using CC-CV charging controller and discharge current controller
methods.

A new high level central Energy Management System (EMS) controller
which measures the power flows between all of the equipments, will be
created by using novel rule-based algorithm for operating the all system
automatically.

Results of the proposed HRPS topology with EMS are covered in its entirety
and these results are used for emphasising the efficiency of regenerative
effect by calculations of electricity prices at commercial and residential

areas.



1. INTRODUCTION Rahmi ilker KAYAALP




2. LITERATURE REVIEW Rahmi ilker KAYAALP

2. LITERATURE REVIEW

In this chapter, literature review of Regenerative Power Systems (RPSs) or
PV-Storage Systems are explained firstly. Then, literature review of Energy
Management Systems (EMSs) are defined. The most important and present studies

are given in these topics.

2.1. Literature Review of Regenerative Power Systems

Conventional type of Regenerative Power System (RPS) is represented with
solar and wind energy in (Chiang et al. 2010) and its topology is shown in Figure-
2.1. In this study, different scenerios are investigated and power flows demonstrated
between the equipments. But this study is not very effective in terms of feasibility
because of using simple control methods. It will be better to illustrate this with an
example, adaptive MPPT (Maximum Power Point Tracking) controller is used in
proposed PV system and simple PWM controllers are used in converters for low
voltage (1200V) experimental system. This operation do not show the better results
in high voltage systems. Thus, modified Partical Swarm Optimization (PSO) based
MPPT controller will be used in PV system for obtaining high efficiency results in
high voltage RPS. In this way, effects of partial shading will be investigated for
500kW high voltage system for approaching reality. Moreover, previous studies
show that phase-shift (PS) controllers are more suitable than conventional PWM
method for converters. Bidirectional DC-DC (BDC), unidirectional DC-DC (UDC)
or AC-DC and DC-AC converters can operate effectively when they are used with
PS controllers.

In this system, 150W, 4 PV panels and 12V, 4A, 10 batteries are used in 60
Hz. These equipments are located to different arms of secondary side of the 3 arm
rectifier-inverter. Furthermore, 3 different scenarios are investigated and transitional

stages are shown with current, voltage and power graphics. But these transitional
8
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stages are not operated automatically because of lacking high level controller. Apart
from all these cases, if the proposed system uses modular multilevel inverter at the
load side, it will work better than the old system according to demand of the load
and partial shading effects. To sum up, this study brings an effective solution for

only low voltage renewable energy applications.

PV

Modules T Vo

4
E F
4
A
Ak

Battery

Figure 2.1. Proposed Block Diagram of Reference (Chiang et al. 2010).

Additionally, (Lamb et al. 2017) use grid connected cascaded H-bridge
multilevel converter for regenerative power flow by investigating pq plane analysis.
This can be an example of one of the regenerative circuit topologies. Also, (Bauman
et al. 2011) designs regenerative snubber for DC-DC boost converter. Moreover,
there are some regenerative circuit topologies with using LCL filter in literature
(Liserre et al. 2004) and (Swamy 2018).

In recent years, RPS is used in electric vehicle (EV) applications because of
practical feasibility. In literature, lots of RPS studies can be found about EV
applications. But when these similar RPSs are used in high voltage renewable energy

systems, they give effective results for industrial, commercial and residental
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applications. It should not be forgotten that efficient production is only possible from
nature. Thus, as it is similar to this high voltage RPS, it is necessary to give a few
examples from EV applications.

In reference (Zulauf et al. 2015) uses battery packs, bidirectional DC-DC
converter and inverter for conserving grid energy, reducing test system cost and

space requirements. The proposed topology is shown in Figure 2.2.

Battery DC/DC DCGDC Battery
Pack 30 kW 30 kW Pack
DC D(
ne DC
AC/DC AC/DC
Vehicle Charger Traction Inverter
Charge station - ac | Traction motor
> — J I —
AC = bc
L —
DC ’
) - DC/DC
Medium voliage <t+—— 10 kW
auxiliary power <t—— D

Auxiliary 4
battery power

Figure 2.2. Proposed block diagram in Reference (Zulauf et al. 2015).

A common dc link is used for charging or recharging for batteries and
traction inverter is used for operating traction motor. These units provide significant
power savings for facilities and a 30 kW converter will require a 30 kW electronic
load and a 30 kW power supply in test system. Additionally, Adaptive Power
Converter (APC) and Auxiliary Power Unit (APU) are used for converting DC
voltages.

The adaptive power converter (APC) is a 30 kW, 0-1000 V, fully
bidirectional, interleaved three-phase DC/DC converter and this converter is shown

in Figure 2.3.

10
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The auxiliary power converter, or APU, is also used in this study. It is 10
kW, and it has two output busses, one designed for medium voltage accessories in
the 200-400 V DC range (Vout,mv) and one designed specifically to recharge the 12

V vehicle auxiliary battery (Vout,12v). This converter is shown in Figure 2.4. and
2.5.

Igarr >0
—

Isuppry > 0 Inc.>0

_ DC B DC
External vt vt
supply il | ot o
+
- Mule Unit Device Under Test

Figure 2.3. Simplified APC test setup schematic. Both DC/DC converters shown

are APCs in this implementation of the regenerative test setup in
Reference (Zulauf et al. 2015).

+

20
Vourmv

DC/DC Converter Vouriov

V+ DC/DC Converter
l-N Vmv to Vigy

Vin to Vyy

Figure 2.4. Auxiliary Power Unit (APU) Shematic in Reference (Zulauf et al.
2015).
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supply ol g MV fic
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Device Under Test Current mode control

Figure 2.5. APU test setup simplified schematic. The switch is open for 12 V
regenerative testing and closed for medium-voltage regenerative
testing in Reference (Zulauf et al. 2015).

In Figure-2.5, S1 and D1 protect the inverter from high voltage values during
the normal operation. During the medium-voltage test, when S1 is closed and DI
operates at reverse blocking mode, protecting the inverter. During the 12 V test, S1
is open and DI conducts in forward mode.

Reference (Del Moral et. al. 2015) is according to improve performance of
the buck converter in regenerative power system (RPS). RPS is used in HEV to
support FC to provide more energy in this system. In addition, the dynamic
performance of the converter in accordance with the load demands is very important

and Figure 2.6. demonstrates the block diagram of the proposed system.

12
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Bus
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Supercapacitors POWER SYSTEM

Figure 2.6. Block diagram of HEV Power System in Reference (Del Moral et. al.
2015)

In reference (Itani et al. 2016) presents the regenerative braking design
control and simulation of a hybrid energy storage system (HESS) for an electric
vehicle (EV). The EV is operated by two 30 kW permanent magnet synchronous
motors. The HESS contains a Li-lon battery and an Ultra-Capacitor (UC) sources.

Between several configurations (Cao et al. 2012), they used a bi-directional
3-Level DC/DC converter interfacing the UC, lowering the UC voltage with respect
to the DC bus voltage enabling the UC voltage to be used over a wide range. Logical
circuit controls the IGBT switch located downstream the braking resistor. It will
permit the switching between the Ultra-capacitor and the battery in braking mode

(Figure 2.7.).

13
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INVERTER Switching I | Braking Resistor |
Reduction [ = Controller Controller
Gear & v
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_30 kW ‘ Controller
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Figure 2.7. Block diagram of the proposed topology in Reference (Itani et al.
2016).

Moreover, (Tehrani et al. 2018) studies about electrical motorcycles, (Xu et
al. 2019) and (Zhang et al. 2021) investigates the regenerative power flow effect on
HEVs’ regenerative braking system and motor driver systems on EVs respectively.

In addition, especially in 2015 and later, there are lots of studies on
regenerative power flow in the literature, these papers about electrical railway
systems for high speed trains (Kumagai et al. 2015; Hayashiya et al. 2017; Hayashiya
et al. 2019; Cui et al. 2019; Chengpeng et al. 2020; Yu et al. 2020 and Krim et al.
2020). Also, there are other studies about aircrafts and illumination systems for
examining regenerative power flow respectively (Heinrich et al. 2015) and
(Veerappan et al. 2014).

Eventhough, it can be given lots of examples about literature survey of RPS
at EV and other transportation facilities applications, it should be given large scale
photovoltaic (PV) applications. Because these above papers are not relevant with PV
systems exceptional (Chengpeng et al. 2020). This thesis work is related to
adaptation of RPS to medium and large scale PV systems. Thus, literature survey

part should be continued with large scale PV systems and their equipment design.

14
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It is possible to say that lots of PV systems according to different types of
converters and their control methods can be found, although it is not hardly ever
found regenerative types of these systems in literature.

Large scale PV systems and their high-gain multilevel or multiphase DC-
DC converter topologies are studied in (Choi et al. 2012a; Choi et al. 2012b; Zhao
et al. 2012; Agamy et al. 2012). Additionally, these topologies used Maximum
Power Point Tracking (MPPT) method for obtaining maximum efficiency. But in
literature, Partical Swarm Optimization based MPPT method gives higher
performance than simple MPPT method. Thus, if it is used PSO based MPPT for PV
panels, it will give high efficiency results.

Moreover, cascaded multilevel H-bridge isolated DC-DC converter is
suitable for adjusting output voltage and transferring output power to load unit. In
this way, the approprate DC-DC converter topology is proposed in reference (Zhao

et al. 2012) that is shown in Figure 2.8.

Phase C Grid
Phase B §\ 1, PCCR, L, V.
Phase A
Isolated 7-LCHB 3 %
PV array de-dc Conv.

el ! dc T|dc
(45%10) Vval / Vel
: A' T-I- ac
Leakage currents iA,.)}¢ -I ]

PV array a2 l',,w? (IIC.' I‘JM_‘TJ- (IIC
del Tl /ac

PV array a3 l’,,r,‘,jT dC I’Mql CIIC ;\
del T/ ac

Figure 2.8. Proposed system configuration of the CHB multilevel converter
integrating large-scale PV featuring the isolated DC-DC stage in
reference (Zhao et al. 2012).
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7 level DC-AC inverter topology is series connected to 7 level DC-DC
converter topology and this configuration is valid for each phases while tranferring
to grid or load unit. Also, single phase-shifted PWM method is used for triggering
signals of IGBTs.

Generally, large scale PV systems are medium watt levels. But, if it does not
give high efficiency results, it can be established low power levels by using a few
PV panels. That is to say, while simple design architecture is used for low voltage
systems, complex design architectures can be useful for large-scale PV systems and
these systems are summarized in (Choi et al. 2012a).

1 MW PV system is simulated for Figure 2.9 (c) topology in MATLAB and
conventional MPPT method, PI for dc voltage controller and reactive power
controller. Additionally, dq transformation are used in order to obtain gate signals in
this paper as it is shown in Figure-2.10. Controllers will be detaily told and

calculations will be given for each component at other sections.
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Figure 2.9. Large Scale PV System Architectures in (Choi et al. 2012a).
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Figure 2.10. Control diagram of the proposed PV system in (Choi et al. 2012a). a)
control of the DC/DC converter b) control of the VSC.

The control diagram of the proposed PV system based on the high gain
DC/DC converter is shown in Figure 2.10. and it consists of two control blocks
controlling the DC/DC converter and the VSC.

The DC/DC converter maintains the DC voltage of the PV array at the
Maximum Power Point (MPP) using an MPPT based on the incremental
conductance method (Figure 2.10. (a)). The incremental conductance method adjusts
the PV array terminal voltage to MPP voltage by measuring the incremental and
instantaneous array conductance (dI/dV and I/V, respectively) (Esram et al. 2007).
The classical synchronous reference frame technique has been used to control the
VSC (Kazmierkowski et al. 2002). The currents on the dq axis are controlled using
standard PI controllers. The DC voltage controller presented in Figure 2.10. (b)
maintains the output voltage of the DC/DC converter at the required level for the
operation of the VSC. The reactive power is regulated using a PI controller.

These multilevel converter topologies can achieve high voltage operation
and make it possible to connect to medium and high-voltage electricity grids using
low ratio transformers. Moreover these converter topologies offer improved power
quality, such as low current and voltage THD and smaller dv/dt. Among multilevel
topologies, cascaded H-bridge (CHB) converter proves to be of interest for PV
applications (Daher et al. 2008; Alonso et al 2003; Villanueva). H-bridges fitted with
PV arrays act as isolated DC sources, making possible the independent voltage

control and individual maximum power point tracking (MPPT) and enabling great
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flexibility in system expansion. Furthermore, the inherent improved power quality
of multilevel converter allows lower switching frequency and thus smaller size of
filters, leading to higher system’s total efficiency. In spite of all these advantages,
the CHB topology has a major drawback when associated with PV applications,
which is the leakage currents issue caused by the stray capacitances between the PV
panels and the earth and thus can damage the panels and/or pose safety problems
(Calais et al. 1999). In (Rivera et al. 2011), a flyback converter was considered for
the large-scale PV grid integration with the CHB converter to avoid hazard condition
caused by leakage current issue. However, despite its simplicity, the flyback
converter is typically used for low power ratings (Sangsun et al. 2002).

By using isolated DC/DC converters, the major issue regarding the leakage
current can be overcome. Providing galvanic isolation between the PV panels and
the CHB converter, the leakage current problem and the safety concern are
completely removed from proposed topology in (Choi et al. 2012b) and
demonstrated in Figure 2.11. and 2.12.
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Figure 2.3. General structure of large-scale PV system with proposed topology
according to (Choi et al. 2012b).
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Figure 2.4. Multiphase isolated DC/DC converter; basic cell and examples of
multiphase configurations in (Choi et al. 2012b)

The multiphase isolated DC/DC converter implemented in this study was

introduced in (Yoon et al. 2011). The converter has advantages such as zero voltage
20
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switching (ZVS) of switches, zero current switching (ZCS) of diodes, and low input
current ripple. When comparing to the standard flyback topology, which is the
simplest and most common isolated DC/DC converter type, the main advantage of
this converter is its higher power rating which can be achieved by using the
multiphase configuration.

Besides all these examples about large scale PV systems, partial shading
investigation is studied in (Katerchi et al. 2014). Partial shading applications are
important for obtaining maximum efficiency from the PV system. In this study, each
200KW PV panels are connected to one Voltage Source Inverter (VSI) with LCL
filter and AC grid at IMW power. Also, Voltage Oriented Control and conventional
MPPT method are used in this paper. Control sheme of this grid connected topology

is shown in Figure 2.13.

-~

Ca rer | 1V DK
@T:: VSI Filter | 1 1\
35

f1t — rt_*_ e

PWM ! ™\ abc
. \_‘\n“ Grid Voltage [
medsurments

Grid

Voal Vo Vi |

Measurments Blocks

Inner loop

Figure 2.5. VOC control for the VSI in (Katerchi et al. 2014).
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Simulation results are taken at standard weather conditions. (STC:
G=1000W/m2, T=25°C). Also it is composed of 1001 modules of 200 kW connected
in series parallel configuration (Ns = 13;Np = 77).

The first case, Figure 2.14.(a), consider a shading of a string in a 200 kW
sub-array, i.e. 1.3% of used modules; the shading of few modules has no important
impact on the system. While the second case, Figure 2.14.(b), presents a shading for

three groups disposed as following: G1 (13x2); G2 (6x3); G3 (3x2).

Figure 2.6. Shading Test (Katerchi et al. 2014).

Figure 2.15. shows the output characteristics of the shaded system. The
number of shaded modules is equal to 50; i.e. 5% of the total number of modules
used in the sub-array. As a result, the power generated by the shaded sub-array is
equal to 190 kW. Since string modules are not equally illuminated, they are short-
circuited through bypass diode, then the output voltage of the sub-array drops when
shading is introduced in the simulation at the instant t=2s and the current is kept

constant.
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The DC link voltage is well maintained equal to its reference despite the PV
voltage decrease and this is due to the conventional MPPT control implemented in

the boost converter.
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Figure 2.7. System Characteristic under Shading in (Katerchi et al. 2014).

2.2, Literature Review of Energy Management Systems

In recent years, energy efficiency studies and more environmentally friendly
renewable energy systems have gained importance due to the decreasing fossil fuel
power systems and their harmful effects on the environment. For this reason, various
types of Energy Management Systems (EMSs) are created so that renewable energy
systems can work together with high efficiency. These EMSs should be created
properly according to the their power systems. Only in this way healthy power flows
can be established between the power system equipments. Additionally, these EMSs
are used with various topologies such as EVs, smart home systems, larger or smaller
solar PV, batteries, wind turbines and grid connected power systems. There are

various restrictions perform EMSs in these different topological structures. They are
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demand response, capacity of Energy Storage System (ESS), reliability, energy
balance, reactive power support, high cost, capacities of renewable and conventional
energy sources. In this section, rather than in which areas EMSs are used, how they
work and their types are mentioned. When we look at the literature, the most
common used type of EMSs are the rule-based ones (Gangatharan et al. 2020, Peng
et al. 2017, Zhang et al. 2016, Tabari et al. 2016, Tehrani et al. 2018, Merabet et al.
2016, Hong et al. 2019, Boynuegri et al. 2013, Venayagamoorthy et al. 2016, Madaci
et al. 2016, Rani et al. 2013, Hassan et al. 2016, Pippia et al. 2020, Riffonneau et al.
2011, Sorour et al. 2021). These EMS studies use different optimization techniques
to perform their power systems efficiently. However, some of them have some
deficiencies such as incomplete creation of the EMS according to the proposed
power system topology, lack of some power flow scenarios, lack of cost calculations
and realistic design of irradiation and temperature spectrum graphics. These subtitles
are detaily explained below. Especially advantages and disadvantages of these EMSs
can be compared at Table-2.1.

In the literature, we can say that the general operating algorithms of EMSs
depend on the power balance, the state of charge of the batteries and how they will
work in the most efficient way, regardless of the temperature and radiation values.
In order to increase efficiency, fuzzy-logic EMS systems are also used in various
applications (Wu et al. 2015, Valencia et al. 2016, Nair et al. 2020, Sorour et al.
2021), based on the power balance in the system, since they are more difficult to
model but more controllable in terms of operation. Thus, they complicate the design
of the EMS. Moreover, some studies create a predictive controller for their systems.
Predictive type controllers may vary according to usage areas. (Rana et. al. 2017)
controls bidirectional voltage source converter and its predictive controller method
is compared with conventional PI controller. (Lashab et al. 2018) used predictive
controller in Maximum Power Point Tracking (MPPT) method for PV application.
(Zhou et al. 2019) investigated the performance analysis of their predictive controller

on hybrid batteries power system. Also predictive-based dynamic model EMS is
24
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studied by (Falahi et al. 2013) for distributed generators in distribution systems.
Apart from these, stochastic optimal EMS is modelled and operated for smart homes
with plug-in EV at (Wu et al. 2018).

As aresult, in all EMS applications, it is aimed adaptation of the system to
different situations and to have high efficiency. However, some studies in the EMS
literature lack some aspects. Before mentioning these, it is necessary to look at the
articles that make the EMS literature review (Bukar et al. 2020, Bryne et al. 2018
and Alam et al. 2019).

The proposed EMS in this thesis study is compared with the other EMS
studies in the literature. Although the rule-based EMS algorithms in the literature are
compatible with renewable energy systems, they are not very sufficient in terms of
increasing efficiency. Because the limit values (voltage or power limits or reference
values) in these algorithms are fixed and can be changed according to the
characteristics (batteries total power, demand power of loads and PV or wind
powers) of the power system, higher efficiency results can be seen. The limit values
of the proposed EMS algorithm can be configurable or changeable by users. It allows
better adaptation to the characteristics of the connected power system and operates
more efficiently. The features in this power system are the parameters taken as
reference or limit values in the EMS, such as the grid power, the total power
produced from the PV panels or wind turbines, the maximum demand power of AC
and DC loads and the total power of the batteries. This power balance should be
analyzed very well for regenerative power systems and it should be operated with an
appropriate EMS. Only in this way, savings can be achieved by increasing the
regenerative effect.

We can collect some of the shortcomings of EMS studies in the literature
under sub-titles;

Importance of power flow scenario number 1:

This power flow scenario represents power flow from grid to batteries and

loads in the thesis. For example, in the EMS algorithm proposed in the study
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numbered (Sassi et al. 2017), it is stated that when the SoC is less than 40% and the
power can not be transferred to the loads with renewable energy sources, there is no
charge or discharge on the batteries. Not charging the batteries when their state of
charge is low is a factor that reduces the regenerative effect and efficiency. If there
is no problem in the grid, power can be drawn from the grid to charge the batteries
and feed the loads. The power flow scenario 1 in the proposed EMS shows that this
is happening. However, if there is a problem in the network, the power flow scenario
number 7 can be used in this case to feed the loads.

Importance of power flow scenario number 7:

Power flow scenario 7 represents load feeding by batteries and PV panels
without grid in this thesis. In the EMS algorithms of the studies (Hassan et al. 2016;
Chakir et al. 2019), conditioning according to the power taken from the PV panels
is higher or less than the power demanded by the critical loads cause a loss of
efficiency in power systems. Since the maximum power demanded by the critical
load is known, the load can be fed without power from the grid by using the batteries
and PV panel systems. Therefore, in the designed EMS, even if the power of PV
panels is low, that is, less than the critical load power, it should be able to feed the
load with slightly charged batteries, as in the power flow scenario 7. This scenario
provides to mitigate purchasing power from the grid. If the power in grid is
interrupted or the harmonics are high, especially the power flow scenario 7 can be
usable.

The importance of the topological structure to make a suitable EMS:

In the power system topology proposed in the study (Kebede et al. 2021),
the ability of PV panels to transfer power by connecting to the batteries necessitates
that the load can only be fed from the grid in case of a problem that may occur in the
batteries. In other words, it is very difficult to make an efficient energy management
system on the power system topology proposed in this study. For this reason, it is
very dangerous for critical loads to design EMS in accordance with the topology

suggested here.
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In the study numbered (Hong et al. 2019), the batteries and PV panels were
connected with an integrated converter in multi-port structure, and the transition to
DC-Link and DC load was achieved. In the power topology proposed here, the
transitions between the power flow scenarios described are not shown, and each
scenario is run alone. However, the full performance of the designed converter could
be demonstrated by switching between power flow scenarios by operating with the
proposed energy management system.

Realistic design of radiation and temperature spectrum graphics:

In the study (Bouharchouche et al. 2013), the radiation graph was designed
according to the daytime and the EMS does not consider the situations when PV
panels power is less. The radiation and temperature graphics are prepared by using

realistic data and also night operation status of the whole system was investigated in

this thesis work.

Table-2.1.  Advantage and Disadvantage Table of other popular EMS studies in
literature
Ener
. ay Disadvantag
Authors Aims Sour Advantage e Year
ces
A. . - Complex
Decreasing PV Fast and efficient .
Elgammal . ' computationa | 2018
ot al. operational cost FC | data flow [ time
Reducing operating Iaagta?ifn
N. Anglani | cost and supply SoC, life time and P 9
o PV . times for 2017
et al. power to critical load total cost are studied
system proper
planning
Develop the system . -
M. Ban et resilience, reliability PV High ﬂ.e.x.'b'my N_egds cost 2019
al. capabilities division
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3. DESIGN AND MODELING OF PROPOSED HYBRID REGENERATIVE
POWER SYSTEM

In this section, converters are modelled with 3 minor topics as grid connected
inverter, batteries connected isolated full-bridge bidirectional DC-DC converter and
PV panels connected isolated full-bridge unidirectional DC-DC converter.
Additionally, modelling of grid connected inverter chapter includes LCL filter
design and all of the controller types of the converters are explained in these minor
topics.

In literature, there are lots of topologies about renewable energy applications
and control methods as in the previous parts. In the light of these studies, it was
targeted maximum efficiency and minimum components. Because, overall hybrid
regenerative power system has a considerable complexity. Figure 3.1. is simple
representation of all system. It demonstrates the proposed topology of grid combined
hybrid regenerative power system with solar energy and energy management system.
Figure 3.2. shows all equipments and connections each other belong to proposed all

hybrid power system.

700 V

DC-Lin

Central Energy — e MPPT-P&O Algorithm
Management e Partial Shading

System \ PV Panels
Grid \\; Uni.Iso. 2
380V ___ be.DC [ /;/?
onv. .
! LCL I
T Filter Inverter
— Bid.Iso. | |
switches e PLL Control DC-DC L “
e DC-Link Control Conv.
AC ¢ Reactive Power Control DC Batteries
Load Load e  SoC Control

e CC-CV Charging

Figure 3.1. Simple Representation of Grid Combined Hybrid Regenerative Power
System with Solar Energy and Energy Management System on the
Proposed Components
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Grid connected Inverter
LCL Filter I_"J} I_"J} "
GRID r 2 R L1 81 s3 S5 )
A WW——r 3 Rdc
= . 2 " E
f ‘,’.“,' 12 'E" L1 1 cde Vdclink
Vrms(pp)=400 V | | S4 S6 S2
Rd 3Rd3Rd3 Hﬁ} Hﬁ} H
Cf 3:Cf == Cf = (Vdclink=Vdc1=Vp1=700 V)
E- Rb  Lb Isolated Bidirectional DC-DC Converter
. b bk by k[ ]
. L 4 B1 B3 A1 A3
5 E Vdc2 " ﬁ; g Rb L2 56 Rb L1 g g 7} AL
a - C25 §£ Rl;Ead
2 — 20 kHz c1+
gB2 gB4 Transformer gA2 gA4
J g Tk g
&
Rp Lp Isolated Unidirectional DC-DC Converter
T r H@ dP1)§ dP3
e &Q‘ Vp2 rRoz I 9731 Rp Lp2 45 Rp Lpt 1 vp1
2 v -—§ YW—r Rp: P
g Cp23 g R;;and
ﬂ>. iy 20 kHz Cp1=
- gP2 gP4 Transformer
| / H ﬁlﬁ} dP22|S dP4

Figure 3.2. Proposed Grid Combined Hybrid Regenerative Power System with
Solar Energy

3.1. Modeling of Grid Connected Inverter

In this study, grid connected 2-level inverter is modelled for connecting 700 V
DC link voltage to 380 V AC grid voltage in MATLAB/SIMULINK. In literature,
there are lots of inverter topologies that have lots of triggering signals such as
(Okyere et al. 2006, Ahmed et al. 2013; Hang et al. 2017; Humayun et al. 2017a;
Humayun et al. 2017b). But 5-level or more level Neutral Point Clamped (NPC)
inverters are generally used at high power high voltage applications. These inverter
topologies provide bidirectional power flow. In this way, it takes necessary power

from grid and if the grid has more harmonics, it can transfer the power to grid and
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AC load by using the produced voltage from batteries and PV panels. In this study,

2 level inverter is used because of the DC-Link voltage is 700 V and these inverter
types are generally used at low power applications (Mnati et al. 2018; Wang et al.
2015; Krishna et al. 2015; Chandini et al. 2016; Vinod et al. 2016). Totally 6 IGBTs
are used and each leg has 2 IGBTs at 2-level inverter. Moreover LCL filter circuit is
connected to grid side of the inverter for mitigating fluctuations on the grid voltage
waveform. Thus, measuring Total Harmonic Distortion (THD) is important for us.
First of all, control method of 2 level inverter and its circuit description with
operation principles are defined at first chapter. Secondly, Phase Locked Loop (PLL)
operation is explained for connecting inverter to grid with Clarke and Park
transformations. Then LCL filter parameters are calculated for mitigating harmonics

at the fifth chapter.

3.1.1. Circuit Description, Operation Principles And Control Methods Of 2-
Level Grid Connected Inverter

Grid connected 2-level inverter is operated with grid to DC-Link voltage (Power
Flow 1, PF1) and DC-Link voltage to grid (Power Flow 2, PF2) by using DC-Link
voltage control method and reactive power control method respectively. But these
control methods are necessary when the inverter connected to grid. Thus, firstly we
should investigate the operation principle of the inverter alone and proposed inverter
topology is shown at Figure 3.3.

Grid connected Inverter

LCL Filter r'@ HE} N
GRID g |2 R L1 st s3 S5 )
A W s W Z; 2 Rdc
R
i B AAA s .
R R L2 B. L1 =~ Cdc Vdclink=700 V
Vrms(pp)=400 V | | | S4 S6 S2
Rd 3Rd3Rd3 HH} I_“ﬂ} -
Cf =Cf =+ Cf=

Figure 3.3. Proposed Grid connected 2-Level Inverter with LCL Filter
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2-level inverter has simple control algorithm. It needs 3 sinusoidal
waveforms that have 120 degrees between them which are produced output of PLL
operation and 1 carrier signal in order to produce triggering signals. Sinusoidal
signals has 50 Hz frequency and each sinus waveform should be compared with 5000
Hz carrier signal for each legs of the inverter. Fig. 3.4. shows the comparison of
sinus-carrier signals for 3 legs of the inverter and total control algorithm is
demonstrated with Simulink tool boxes. The result of this comparison, S1, S3 and
S5 switches have different phases and these phases are changes during the process.
Moreover, S4, S6 and S2 switches are opposite signals of S1, S3, S5 respectively.

These signal waveforms are shown at simulation results section.

———F =
==——=——=——
=== —
— =t e

(a) (b)
Figure 3.4. Proposed Grid connected 2-Level Inverter switching signals control (a)
Toolboxes (b) Graphic

33



3. DESIGN AND MODELING OF PROPOSED HYBRID REGENERATIVE
POWER SYSTEM Rahmi {lker KAYAALP

3.1.2. Phase Locked Loop (PLL) Operation

Phase Locked Loop (PLL) is a feedback system combining a Voltage
Controlled Oscillator (VCO) and a phase comparator so connected that the oscillator
maintains a constant phase angle relative to a reference signal. Thus, it is necessary
for increasing speed of the circuit. PLL can be used, for example, to generate stable
output high frequency signals from a fixed low-frequency signal. But VCO can not
produce stable high frequency carrier and VCO is affected by temperature and noise.
We need a reference with stable frequency and we should force VCO to follow the
reference. When VCO is connected reference oscillator, frequency of reference
oscillator is stable, but VCO has unstable reference. Therefore, if we define reference
oscillator is master and VCO is slave and connect a frequency divider feedback
mechanism for decreasing output frequency to input side, output signal will have
stable frequency. Additionally, low pass filter (LPF) should be connected between
reference oscillator and VCO. If amplitude of frequency at LPF is low, frequency of
VCO will be low or vice versa.

Briefly, PLL operation is shown at Fig. 3.5. with block diagrams, features of

components are defined and its 3 states are explained below;

Reference Phase

Oscillator Detector Amplifier Filter VCo
Output

@—» PD —>I>—> /?6 @ High Freq.
'~ .
Signal
A
Frequency Divider
<N

Figure 3.5. Block Diagram of PLL

Phase Detector:
e Compares input and output frequency
e The output of the phase detector is proportional to phase difference between

input and feedback frequency
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e Output of phase detector is DC or minumum frequency signal. Thus, it is

reflected as the error voltage.
Filter:
e It removes high frequency noise
e It produces DC signal

e [t can be active low pass filter or passive low pass filter.

e It generates high frequency signal
e The instantaneous VCO frequency is controlled by its input voltage
e The frequency of VCO is directly controlled by DC input voltage.
PLL operation shows 3 states;
Free running:
e If no input voltage is applied, PLL operates free running state.
Capture:
e Once input voltage is applied, frequency of VCO starts to change and PLL
is said to be capture mode and it is refered as “frequency pull in”.
Phase lock:
e When input frequency and freuency of VCO are equal, it is refered as phase

lock state.

3.1.3. Clarke And Park Transformations
3.1.3.a. Clarke Transform (three phase to af transform)

Clarke transform is used for transforming three phase a, b, c lines to stationary
a, B, 0 values. It provides converting the time-domain components of a three-phase
system. Where, a, b and ¢ are the components of the three-phase system in the abc
reference frame. o and  are the components of the two-axis system in the stationary

reference frame. O is the zero component of the two-axis system in the stationary
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reference frame. Fig. 3.6. shows the transformation according to the axis and

mathematical expression is given below.

a
A
b
klZO\
7 a_ B
- 1\2>0 } >
120
C
\J
Figure 3.6. Clarke Transformation
‘1 1 1
o 2 2 a
- 2 -
ol 3 2 2 [lc
1 1 1
L2 2 2

3.1.3.b. Park Transform (aff to dq transform)

Park transform is used for transforming three phase a, b, c lines to stationary
d, g, 0 values. It provides converting the time-domain components of a three-phase
system. Where, a, b and c are the components of the three-phase system in the abc
reference frame. d and q are the components of the two-axis system in the rotationary
reference frame. O is the zero component of the two-axis system in the rotationary
reference frame. O is the angle between a and q axis alignment or the angle between
a and d axes for the d-axis alignment. o is the rotational speed of the d-q reference
frame Fig. 3.7. shows the transformation according to the axis and mathematical
expression is given below. Additionally, mathematical expression of transformation

is defined below for a g-axis alignment.
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b q "{)'

Figure 3.7. Park Transformation

d 21 21
[CI] = |cos(B) cos(B — ?) cos(0 + ?)

| 1 1

21 21
sin(@) sin(® — —) sin(O + —)]
3 3 [
1 |
— — E J

2 2

3.1.4. SRF-PLL Operation, Reactive Power And DC-Link Voltage Controllers

PLL is generally used in grid connected converter topologies

synchronizating to grid voltage and Synchronous Reference Frame — Phase Locked

Loop (SRF-PLL) is commonly used three phase PLL in grid connected power

converters. This technique estimates the frequency and phase of the grid voltage by

using clarke and park transformations. Fig. 3.8. demonstrates SRF-PLL block

diagram.
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Va—»{\ o L dq > kv -V
Vb .
Ve—»|abc\|_"# »| oB Vq > kps:kl AWe We % »0
A A

cos

sin

|<7PD—>|<—LF—>|<— vCo —>|

Figure 3.8. Block Diagram of SRF-PLL

In this figure;

PD, LF, VCO: Phase Detector, Loop Filter, Voltage Controlled Oscillator

V, We, ©, Wn: Amplitude, Estimated Frequency, Phase Angle, Nominal
Frequency

kp and ki: proportional and integral gains of LF

kv: cut off frequency of low pass filter used fort he amplitude estimation.

In this study, grid connected 2 level inverter is operated with SRF-PLL method
and its MATLAB implementation is shown at Fig. 3.9.

Moreover, we should add reactive power control and DC-Link voltage control
to the below SRF-PLL method. In this way, the system needs more PI controllers
and defining Kp-Ki parameters. Fig. 3.10. and 3.11. demonstrate these control
methods according to reactive power control and DC-Link voltage control
respectively. Only we can change the power flow at Fig. 3.3. by using Fig. 3.11.
instead of Fig. 3.10.(b) and Fig. 3.10.(c) while creating a DC-Link voltage control.
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[Vsd] u? +
1
[Vsql —> u’

[P_Plout]
[Ved]
[Q_Plout]
[Vsql
[P_Plout]
[Veql
[Q_Piout]
[Vad]

{1d_Ref_Fil

2pi*50'10-3

(d)

Figure 3.10. Reactive Power Control of Grid connected 2-Level Inverter
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-]

[Vdclink]

[KIDCLC] |

Figure 3.11. Changable part with Fig. 3.10.(b) and (c) for DC-Link Voltage Control

Firstly, voltage and current values are evaluated from grid side of the inverter
and Vsd, Vsq, Isd and Isq values are obtained by using abc to dq transformation.
After some mathematical calculations as Fig 3.10.(b), Pinv_fil and Qinv_fil are
obtained. These 2 filtered powers can be evaluated with reference active and reactive
powers with PI controllers. Then P_Plout and Q_Plout parameters are used as Fig.
3.10.(c) in order to obtain Id_Ref and Iq_Ref. After these operations Isd-Id_Ref and
Isq-Iq_Ref are used in current control PI method. Thus, we use extra Kp and Ki
parameters for current control. Finally, VaRef, VbRef and VcRef values can be
usable for producing triggering signals of the inverter at reactive power control. In
this way our inverter operates from DC-Link to grid (AC side).

When we use DC-Link voltage control method instead of reactive power control,
our power flow should be grid to DC-Link voltage. Actually, they use similar
controller but its I Ref value is always “0 (zero)” and we can use the Fig. 3.3., PI

based DC-Link voltage control instead of Fig. 3.10.(b) and Fig. 3.10.(c).

3.1.5. Design of LCL Filter for Grid Connected 2-Level Inverter

LCL filters are generally used for mitigating the harmonics at voltage
waveforms on grid side of the inverters and these filters are investigated detaily by
different authors in literature (Liserre et al. 2005; Wang et al. 2019; Sahoo et al.
2014; Reznik et al. 2014; Giacomini et al. 2017; Twining et al. 2003; Teoderescu et

al. 2003; Karshenas et al. 2006). They are very effective than L and LC type filters
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at low power applications. Therefore, its parameters should be calculated correctly

in order to obtain low THD values.

In this study, LCL parameters are calculated firstly with below equations and
after the combination of filter and grid connected inverter, system parameters are
shown at Table-2.

First of all, we should know the below parameters for designing LCL filter.

Ep, =400V = Vi1ims) B, =10 kW fg =50Hz
Von = 400 V/V3
Ve =700V fsw=10kHz
=23094V
Base impedance can be calculated as (3.1);
E,2 4002
T = — = =1 3.1
b= "B, " 10000 6 G-

Base capacitance can be calculated as (3.2);

1 1
Cb_wgzb_Zan50><16

= 198 uF 3.2)

And base inductance can be calculated as (3.3);
Zy 16

L, = =
b7 2mf,  2Xxmx50

= 0.05H (3.3)

%5 of reactive power absorbed, x=0.05. Then,
Cr = x Cp = 0.05 % 198 X 107 =99 uF (3.4)
If G, is equal to 1 pu, Crwill be 0.05 pu (%5).

In our LCL filter Cy capacitors are Y connected. But if they will be connected A

type;
C¢/3 =33 uF
Then, maximum current ripple;
AMpmax = ﬂ(1 -m)(m)Ty, = ﬂ or AMpmax = (0.1) X Ly (3.5)
3L, 6fswli
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L; is inverter side inductor and m is inverter modulation factor (typical m=0.1)

at (3.5).

L P2 10000 X V2
T 3Vpn 3% (400/4/3)
Aoz = (0.1) X Igy = 2.041 A

= 204124 (3.6)

After calculation of maximum current /., L; can be calculated by using (3.7);

Lo e _ 3 x 700
Y 50f,Almax 50 X 10000 x 2.041

If Ly is equal to 1 pu, L; will be 0.041 pu (%4.1).

= 2.057 mH 3.7

Harmonic attenuation at the switching frequency, k. is equal to (3.8);

i‘g(hSW):k _ 1 _ 1
i(hsy) N+ r(@-—a-x) |1+r(A—=L; Cp we? x)|

r is current ripple on the converter side and it is selected 0.1545 A at equation
(3.8).
And, a = [2.057 x 1073 X 198 x 107° x (2 X w X 10000)?] = 1607.9

(3.8)

According to equation (3.8);

ig(hsw) S - 1
i(hsw) ¢ 114 0.1545 x (1 — 1607.9 x 0.05)|

For calculating grid side inductor “L,”;

141 1+
K, k. (3.9)

= = 0.3138 mH
CrWsw?  Cp X (2 XTTX fo)? m
If L, is equal to 1 pu, L, will be 0.006 pu (%0.6) and r =
L,/L; = 0.1525 validated.

For the cut-off frequency;
1

T[\/Ltotalcf 7T\/(L1 + L,)Cr

= 0.08876

L2:

fcutoff = = 2078 Hz (3.10)

44



3. DESIGN AND MODELING OF PROPOSED HYBRID REGENERATIVE
POWER SYSTEM Rahmi {lker KAYAALP

Resonance frequency “f..,” should be higher than 10 times of grid frequency and

should be lower than half of the switching frequency. It can be calculated as equation

(3.11);

Ly+1L,
LyL,Cy

Wres = 2T fres = = 19251.94 and f,.s = 3064 Hz 3.11)

= It should be (10 - f; < fres < 0.5+ f5,,) and (500 < 3064 Hz
< 5000) validated.

Then, equation (3.12) should be used for calculating damping resistances “R,”.

Ry = =17490 (Y — ti .
d 3ol ( connection) (3.12)

If damping resistances connection is A type, this result should be product with

1.749 x 3 = 5.246 ) (A — connection)
In this way, these resistances can be calculated by using the impedance of the
filter capacitor at resonance frequency with divided by 3. R; = X./3

Moreover, we can calculate the b value in order to calculate k value.

1
b=————=0.063 (3.13)

Wswr/ CbLZ
Additionally, k value expresses how far the switching frequency that is

calculated by equation (3.14).

b 1+r_0063 1+ 0.1545 o 3.14)
Ul rex 0.1545 x 0.05 '

And equation (3.15) shows the power losses of damping resistors;

P, =3-R, .Z[i(h) —i,(W]* =47.25W (3.15)
h

Damping ratio of LCL filter; (fi=f..s and fi=f; at equation (3.16))
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[2cos(2n-%> - 1] 2 fr Lg
§= 2 f = 76.146
sin (Zn y T:>

After these calculations, equivalent circuit, block diagram of LCL filter and its

transfer function are shown below.

P jinv

L1 L2
1 1g
Vi @ Cr== 6, Ve
Figure 3.12. Equivalent circuit of LCL Filter
Cg + > 1 ig + ic i 1 Uc =+ 1
/ sLg / sCf sLinv
Uc iinv Uinv

Figure 3.13. Block Diagram of LCL Filter (L,=L> and Li,=L;)

For drawing bode diagram, transfer function of the designed LCL filter

should be occured by the below calculations.

According to equivalent circuit of LCL filter at Fig. 3.12.;
1/SCf

1

ig(s) _

TFy e, = Vi(s)
2

1

sLq

sL, + —
2 SCf

1

X
N st/sC{ sL, + (1/sCf)

sLy(1+52L,Cr) + 5Ly $3LiLoCr +5(Ly + Ly)

46

(3.17)



3. DESIGN AND MODELING OF PROPOSED HYBRID REGENERATIVE
POWER SYSTEM Rahmi {lker KAYAALP

When found L;, L, and Cy values are written in the above equation, transfer

function of the proposed LCL filter will be;
1
6.39 x 1071253 + 2.3708 x 10735

TFycp =

Bode Diagram

-
100 I- System: GpLCL

Frequency (rad/s): 1.93e+04
Magnitude (dB): 108

Magnitude (dB)

Phase (deg)

Frequency (rad/s)

Figure 3.14. Bode Plot Diagram of The Proposed LCL Filter

When we look at the resonance frequency value of the graphic at Figure
3.14., it is shown f,..c = 1.93 X 10* rad/s and if the below relationship is used for
transforming f,.; from rad/s to Hz;
1Hz =2m rad/s = 6.283 rad/s
1rad/s=1/2mHz = 0.1592 Hz
In this way, 1.93 x 10* x 0.1592 =
3072.56 Hz (validated with eq.3.11)
Passive damping transfer function is also calculated with the below (3.18)
formulla and its graphic is given at Fig. 3.15. and Fig. 3.16. shows bode plot of these

two transfer functions together.
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Ve(s) _ (sL2)(1 + RyCrs)
Vi(s)  s(Lq +Lz)(1 +RyCss + L Crs?)

L, = L, is parallel with L,

Ve(s) $2LyRyCr + SL,

Vi(s)  s3(LyLyCr) + 52(LyRaCr + LaRaCr) + s(Ly + Ly)

Phase (deg)

Magnitude (dB)
IS & !

Bode Diagram

)
o

Frequency (rad/s)

(3.18)

Figure 3.15. Passive damping transfer function graphic of proposed LCL filter
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Bode Diagram
.

| System: GpLCL
Frequency (rad/s) 1.93e+04
Magnilude {dB) 110

Magnitude (dB)
\

Phase (deg)

Frequency (rad’s)
Figure 3.16. Bode Plot of Two Transfer Functions together

In addition to these, THD measurement values are included at the simulation
and results section to show the effect of the proposed LCL filter.
Moreover, DC-Link capacitor of the grid connected 2-level inverter can be

calculated by using the below equations (3.19, 3.20 and 3.21) respectively.

Iphase = 20 A =2 X Lyprms) = Ipnerms) = 14.142 A (3.19)
V3 (V3 9M
Ieaprms) = Iph@ams) X \/ 2M {E + <? - 1_6> Cosgoz}] (3.20)

Firstly, Ipnrms) value should be found by using the /,xq current of the inverter
(3.19) and s is the begining stable value while the system is operated. Then Zeap(rms)
is calculated by equation (3.20). M is a modulation index and @ is angle value that
can change the ratio of Ieap(rms)/ Ipngms) - In this way, M=0.5 and @=45° are selected

for finding the optimum cap(rms).
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When the above parameters are placed into equation (3.20), Icqprms) =

7.387 A.
Then finally Cpcminy is calculated by equation (3.21) below.

: e laparms) 7.387 A
DC(min) Vyippie X 2Mfgy  0.01 X 2 X X 10000

=11.75mF (3.21)

Consequently, we can choose 2 times of the calculated Cpc for reducing
DC-Link voltage ripples. Thus, we used 23.5 mF. All of the parameters are given at
the below Table-3.1.

Table-3.1.  Simulation Parameters of Proposed 2-level Grid connected Inverter

with LCL Filter
DC-Link Voltage Viclink 700 V
Grid Voltage Vims(op) 400 V
Inverter side Inductor Ly 2.057 mH
Grid side Inductor Lo 0.314 mH
Filter Capacitor Cr 9.9 uF
DC-Link Capacitor Cac 23.5 mF
Damping Resistors Rqy 1.75Q
DC-Link Resistor Rac 0.001 Q
Internal Resistors of
R 0.11Q
Inductors
Grid Frequency foria 50 Hz
Switching Frequency fsw 10 kHz
Pref '1 0 kW
Qref '1 kVAR
Pl Parameters for Power
. Kppc 0.1
Flow 1 (from DC-Link to
_ Kipc 0.001
Grid);
Kpcc 0.7
Kice 0.02
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Vicret 700 V
Pl Parameters for Power KppcLc 1.3
Flow 2 (From Grid to DC- KipcLe 0
Link); Kpcc 0.05
Kicc 0

3.2. Modeling of Isolated Bidirectional DC-DC Converter for Batteries

Isolated Bidirectional DC-DC Converters (IBDCs) are generaly used for
combining batteries and DC link voltages. In literature, there are different types of
IBDC topologies to meet our needs. This topology can be changed input-output
voltages and its powers. Thus, they can be 3 or 8 levels that are called modules and
each module has same converter type. But, these topologies can be used for high
power applications. Especially these papers used modular multilevel topology
(Todorcevic et al. 2013a; Todorcevic et al. 2013b; Filsoof et al. 2013; Costa et al.
2013) and the modular multilevel topology is used for obtaining different voltage
levels from output side of the converter. In fact, it can be easily executable by
choosing buck or boost modes in order to control different voltage values. Moreover,
(Todorcevi¢ et al. 2013a; Todorcevié et al. 2013b; Filsoof et al. 2013; Costa et al.
2013; Feng et al. 2014; Zhao et al. 2012; Song et al. 2017; Inoue et al. 2007; Kumar
et al. 2017) use their own bidirectional dc-dc power converters in medium voltage
applications. Additionally, three phase IBDCs can be usable for high power
applications such as (Fei et al. 2018; Kim et al. 2011).

The recommended IBDC is designed based on Dual Active Bridge (DAB) or
H-Bridge topology because of convenient feasibility among the other isolated BDC
topologies and it is similar with (Kayaalp et al. 2015; Walter et al. 2003; Krismer et
al. 2006; Mi et al. 2008; Segaran et al. 2008; Haneda et al. 2020; Jalbrzykowski et
al. 2009; Moghaddam et al. 2012; Yazdani et al. 2017).
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In this chapter, IBDC is operated by applying Dual Phase-Shift (DPS) control

method on all of the triggering elements because of providing harder control
mechanism but gives better efficiency results than the other phase shift control
methods such as Single Phase-Shift (SPS) ( Song et al. 2017) and Extended Phase-
Shift (EPS) (Zhao et al. 2012). In literature, SPS is commonly used as far as EPS and
DPS because of more simple mathematical algorith (Song et al. 2017). However DPS
has more complex algorithm, it gives higher efficiency performance results than the
others. In the light of these information, isolated BDC parameters are calculated
according to DPS requirements such as compatibleness of input-output dc link
voltages and phase-shift angles. Additionally, main dc link capacitor and resistive
load are defined for obtaining maximum efficiency and minimum settling times of
dc link voltages. Thus, this study discusses effect of DPS control method on IBDC
for buck and boost modes by operating both power flow directions. This case will be
explained by switching signal graphics.

The recommended IBDC system topology is given in first section with its
parameters. The second part defines the dual phase shift control method and third
section contains batteries features and finally, the fourth section tells Constant-

Current Constant-Voltage (CC-CV) control method.

3.2.1. Circuit Description And Operation Principles

The IBDC is designed based on H-Bridge converter and it contains 8 switches
with isolated high frequency transformer. Converter can be operated with regard to
intended voltage levels respectively. Figure 3.17. shows the proposed IBDC
topology and if output side of the converter is wherever chosen, dc-link capacitor C;
and resistive load Ryqs should be connected there for the reliable operation of buck-

boost modes.
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14 Batteries

Rb Lb
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Figure 3.17. Circuit Topology of proposed Isolated Bidirectional DC-DC Converter

The circuit topology of IBDC is H-bridge buck-boost DC-DC converter that is
also called dual active bridge circuit, see in Fig.3.17. First of all, DC link capacitors
“Cinputs Coupur or C2, C;”” and auxiliary inductors “L; and L, are calculated by taking
into consideration with dual phase-shift angle ¢ or ¢ and input-output voltages Vi1,
Ve respectively. These two dc-link capacitors are used for limiting of inrush current,
achieving to zero voltage switching (ZVS) and zero current switching (ZCS). In this
10 kW converter model, efficiencies of dual phase-shift control method are measured
by without using snubber capacitors in order to provide cost & size reduction and
clearly understand effect of phase-shift on bidirectional converter topology.
Converter is operated by power flow 1 (PF1) and power flow 2 (PF2) and simulation
results are obtained both of the two directions. PF1 represents discharging of
batteries to 700 V DC-Link voltage and PF2 represents charging of batteries from
the DC-Link voltage.

First of all auxiliary inductors and dc-link capacitors are calculated according

to buck and boost phase-shift angles.

ViVoN o?
piValN( o (3.22)
wlL T
AL T,
input = 8A—VS:} (3.23)
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I,DT,,
Coutput = A—VO

(3.24)

In equation (3.22) should be V>>V; and dual phase shift angle 6 is used for
calculating auxiliary inductances L; and L; (L=Lyanst+L;+L; and Ly is the
inductance of high frequency transformer. If it is too small, it can be ignored while
making the calculations. All of the inductances can be equally chosen if input and
output voltages are close values each other.) based on power of the converter P, turn
ratio N and o= 2xf by considering buck and boost modes (Inoue et al. 2007).

Equations (3.23) and (3.24) provide to calculate dc-link capacitors. Where AVo
is peak-to-peak voltage ripple of the buck mode of the converter output (1 to 2% of
the output voltage) for (3.23) and f; is 20 kHz switching frequency, Ty, is 1/f;.
Moreover, AIL is the peak-to-peak current ripple (124 A). At equation (3.24), D is
duty cycle (0.5) and AVo is peak-to-peak voltage ripple of the boost mode of the
converter output (0.6 V). Other parameters are the same as (3.23). Moreover, Lj is
used for mitigating the current ripple and it is important for charging and decharging
health of the batteries. Another formulla is given at (3.25) for calculation of the total

inductance value at the converter.

NV \2
P= (zfi) D%(1 = D)2R}paq (3.25)

If we calculate our L value by using the above equation;

0.2%x96 \?

=\ X . ZX — 0. ZX
10000 (2><20000><L> (0.5)2 x (1 — 0.5)2 x 100

L=12uH
And L is seperatedto L; = 11 yH and L, = 1 uH .
Because charging current of batteries should be high for fast charging.

V; = 336 V because of 14 batteries are series used and each of them is 24 V.

54



3. DESIGN AND MODELING OF PROPOSED HYBRID REGENERATIVE

POWER SYSTEM Rahmi ilker KAYAALP
124
Conpur = C2 = g5 20000 ~ 29 ™
7 %x0.5

Courpur = C1 = 5505000 — 029 ™F

Generally, calculated capacitor values can be usable but they should be increased in
order to mitigate ripple voltage of DC-Link and total voltage ripple of batteries.
Thus, they are chosen high values (C;=23.5 mF and C,=40 mF).

Table-3.2. Circuit & Simulation Parameters of the Proposed IBDC
Boost (PF1) Buck (PF2)

For DPS Control Method;

IBDC Parameters

Input-Output IBDC
Vaet, Voez 700 V, 336 V 700 V, 336 V

Voltages
. , 23.5 mF, 40
DC-Link Capacitors Cy, C2 23.5 mF, 40 mF .
m
Auxiliary Inductors Ly, Lo 11 uH, 1 yH 11 pH, 1 yH
Transformers Turn
. N 5:6 5:6
Ratio
Output DC-Link
_ Ry 0.001 Q 0.001 Q
Resistors
Inductor of Batteries
_ Lp 0.2 mH 0.2mH
side
Proportional Gain Kp 0.02 0.2
Integral Gain Ki 0.1 0.1
Switching Frequency fow 20 kHz 20 kHz
Load Rload 100 Q 100 Q
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The rated DC voltage values are selected asunder to each other. Its reason is

batteries total voltage is 336 V and transformer turn ratio “N” is selected 5:6 in order
to hold suitable operating range.

Moreover, C;, C> are more dominant parameters from inductances to reduce DC
link settling times. Thus, C; and C; values are tried to reduce more than inductances.
Additionally, K, is different values at PF1 and PF2. When the batteries decharge,
IBDC uses DC-Link voltage control method and if batteries are charge condition, K,
should be increased at PI operation of Constant Current Constant Voltage (CC-CV)

control.

3.2.2. Dual Phase-Shift Control Method

DPS control method is rarely used at isolated BDC applications. This method
has different types and these types are presented as lots of studies in the literature.
(Cheng et al. 2017; Akagi et al. 2011; Wang et al. 2012) are used DPS control
method. Reference (Song et al. 2017) used SPS control for eliminating reactive
power and obtaining available system efficiency. Reference (Kumar et al. 2017)
studied power characterization of SPS experimentally and lastly (Fei et al. 2018)
includes current stress optimized switching strategy with mathematical equations
experimentally. Consequently, all of these studies emphasize SPS control is more
effective fisibility than other phase-shift control methods but DPS gives high
efficiency performance than the others.

The current stress becomes higher values when the voltage range of two side of
the transformer increase. This condition gives rise to use higher volt-ampere rating
components and switching frequency must be increase in order to minimize the
weight and size. Under this condition, increase of the current stress cause to
switching losses and great reduction in efficiency. Therefore, requirement of good
performance, DPS control method must be use instead of increasing switching
frequency and 20 kHz is sufficient for optimum operation. DPS control has a little

bit complex algorithm and its modelling is harder than the Extended Phase Shift
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(EPS) and Single Phase Shift (SPS). Furthermore, the mathematical complexity of

DPS control can be risen when the dead band effect is considered.

Two switching legs of primary and secondary side of the high frequency
transformer has different phase shift angle at DPS control method. In other words,
gAl, gA2, gA3, gA4 between gB1, gB2, gB3, gB4 switches have different angle
each other. Also each leg of A and B sections has different angle. Their switching

waveforms are given at simulation results section.

3.2.3. Batteries Features

Lithium-Ion 24 V, 10 Ah batteries are used and 14 of them are series connected
to proposed IBDC. Thus, their total voltage value is 24x14=336 V. When the
batteries parameters are defined at MATLAB, using real battery datasheet gives
correct results. Thus, in this study benefitted from Ionic Batteries Company 24 V, 10
Ah lithium-ion battery (Model: IC-24V10-EP) datasheet by taken close or average
values because of comparing the other 24 V, 10 Ah batteries
(https://lithiumhub.com/wp-content/uploads/2019/06/24V -10Ah-specs-front.pdf).

Table-3.3. 24 V, 10 Ah Battery Parameters at MATLAB.

Nominal Voltage 24V
Rated or Maximum Capacity 10 Ah
Cut-off Voltage 18V
Fully Charged Voltage 29.9357 V
Nominal Discharged Current 4.3478 A
Internal Resistance 0.024 Q
Capacity at Nominal Voltage 9.0435 Ah
Battery Response Time 30s
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Nominal Current Discharge Characteristic at 0.43478C (4.3478A)
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Figure 3.18. Discharge Times of 24 V / 10 Ah Battery at Different Current values.

Figure 3.18. demonstrates if discharge current increase, discharge time of

the battery will be decreased.

3.2.4. Constant Current — Constant Voltage (CC-CV) Control

CC-CV control is used for charging of the batteries. Lots of studies are applied
this control method because of more practical than the other charging algorithms
(Dash et al. 2015; Bhattacharjee 2012; Duryea et al. 2001; Chen et al. 2006;
Armstrong et al. 2008; Colak et al. 2008; Lin et al. 2010; Dung et al. 2016; Thomson
et al. 2018). This method partipates 2 section. At the first section, when charging
current is stable and this is called bulk current, batteries voltage is increased. Then
if increased voltage is higher or equal than open circuit voltage (threshold or preset
voltage) of the battery, it continues stable and charging current will be decreased.
Decreased current is reached a minimum value that is called float current at the
second section. Figure 3.19., Figure 3.20. and Figure 3.21. show the CC-CV control
strategy graphic, CC-CV algorithm and MATLAB implementation of the CC-CV

control mechanism respectively.
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Figure 3.19. CC-CV Control Strategy Graphic

Figure 3.20. CC-CV Control Algorithm
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Figure 3.21. MATLAB Implementation of the CC-CV Control

In CC-CV control mechanism, voltage and current values of the batteries are
used with V.2 and 4 respectively. Figure 3.21. shows that bulk (charge) current is
stable current of the 14 series connected batteries at section-I of the charging process.
When Vg.2is equal to V,. or higher than the V,. (29.7 V x 14 =415.8 V for 14 series
connected batteries), section-II begins and current of the batteries decreases. Its
minimum level called float current. Additionally, SoC reference should be chosen
below of %85 because of if it is chosen close to %100 charging rate, high current
levels can be harmful for batteries. Thus, defining of SoC reference, bulk and float
currents are important for creating CC-CV control. Bulk current is defined by users
but float current is defined by automatically and its calculation is given below.
Generally, bulk current should be chosen by looking datasheet of the batteries. Also,
float current should be equal to maximum capacity of the one battery is divided by
100 (3.26) so briefly it means that when maximum charging capacity reaches to
%100, battery charging current decreases to float current value.

Float current (Ir);

Ir=——=0.1A4 (3.20)
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While the charging process continues, final output of PI_Out?2 is used from

the A type switches of the converter in order to make phase-shift angle. But when
the discharging process occurs, the PI_Out2 value is not used. PI_Out value that is
the output of DC-Link voltage control method is used to take 700 V at output of the
IBDC. But, if the DC-Link Voltage control method is used at discharging process,
discharge current is defined by automatically and this issue cause to define too high
discharge current. Thus, current controller provides to define discharge current by
batteries users. These DC-Link voltage controller and current controllers are shown

at the below figures respectively for discharging process.

700 O I Py T [PI_Out3]
[ [ [ [
VdcRef

Figure 3.22. DC-Link Voltage Controller for discharging

O
Plzy ¥ —— =4Pl,0u11|
m m

[DSCHC]

Figure 3.23. Current Controller for discharging

3.3. Modeling of Isolated Unidirectional DC-DC Converter for PV Panels

This chapter includes literature survey of DC-DC converter types,
photovoltaic (PV) circuit and operating principle, features of PV panels, modelling
of full bridge unidirectional DC-DC converter, Maximum Power Point Tracking
(MPPT) technique, Perturb & Observe (P&O) algorithm, proposed topology
description with controllers at MATLAB.
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When we look at the literature, especially in recent years, there are many

different types of new DC-DC converter topologies besides full-bridge and half-
bridge topologies (Ahmed et al. 2015). Since these new topologies are non-isolated
systems, they are often used in low-power applications such as EVs and HEVs. For
this reason, although isolated converter topologies with transformers are
disadvantegeous in terms of weight and cost, they can still maintain their currency
due to their long life and being usable in higher power applications.

Moreover, in the literature, it is seen that PV panel connected power systems
generally press power to the grid using boost converter and PLL method
(Phanikumar et al. 2013; Li et al. 2019; Gupta et al. 2019; Femia et al. 2009).
However, in these low power applications, fewer PV panels are used and the DC-
DC converter is prone to breakdown, making the system unreliable.

In addition, it can be said that cascade topologies created by using boost
converters together cause problems such as harmonic increase in the system,
especially if they convert different voltage levels (Farivar et al. 2016; Zhao et al.
2012; Choi et al. 2014; Tafti et al. 2016; Mukundan et al. 2017; Wang et al. 2017).

For these reasons, the fact that isolated H-bridge or full-bridge converters
that has transformers in their structure can be used in more robust and high power

systems has been the reason for preference in this study.

3.3.1. Photovoltaic Circuit And Operating Principle

Photovoltaic (PV) circuit or PV cell is the basic unit of PV panels where the
photovoltaic effect is utilised to produce electricity from light energy. Photons are
formed when the sunlight hits the semiconductor surface and the electrons in the
atom are released. Photons contain different amount of energy for each wavelength
in the solar radiation spectrum. When photons come on to the solar cell, some of
them are reflected exactly, some are absorbed by the solar cell and some pass through

the solar cell. Photons absorbed by the solar cell generate electricity.
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Sunlight is produced in different colors by the combination of low energy

infrared photons, high energy ultraviolet photons and visible light photons.
Photovoltaic material types respond to a narrow range of these energies, depending
on their specific bandwidth. Thanks to the absorbed photons, the electron movement
due to temperature and radiation creates a current in the PV cell “Iph”. This resulting
current passes through the shunt and series connected resistors “Rsh and Rs” of
different semiconductor materials with different values, creates cell voltage “Vpv”.
The circuit below that is shown at Figure 3.24., is given precisely to show the
generated voltage by the effect of temperature and irradiance. Additionally, the
below formullas can be used for calculating output current “Ipv” of the PV cell.
(Saiju et al. 2019; Khanam et al. 2018) references are usable for calculating these
parameters according to different materials and climate changes. The following

formulas are used to calculate these parameters.

Irradiance Rs
vW——O0

_> ‘
Id Ish Ipv
& Iph D Rsh Vpv

Temperature

>

Figure 3.24. Photovoltaic Circuit

Photocurrent is dependent on short-circuit current, actual-reference

temperatures and irradiation on the device surface (W/m?).

A
Lo = [Iser + Ki(Tie = Trep)] X 7550 (3.27)
I _ ISCT
rs —
qVoc \ _ (3.28)
e (k7)1
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q X E 0 1 1
Iy =1 X [T/T.]3 X exp [ Akg X (T_r - ?>] (3.29)

Ly = Ny X Ly — Npy X I X

q X (Vow + IpwRs)
~1|-y,
exp{ N, kAT pv

(3.30)

Iph : Photocurrent (light generated current at the nominal condition (25°C and
1000W/m?))

Iscr : Short-circuit current

Ki : Short-circuit current / temperature coefficient (0.0017 A/k)
Tk : Actual temperature

Tref : Reference temperature

/. : Irradiation on the device surface (W/m?)

Irs : Reverse saturation current

g : Electron charge (1.6x10"° C)

Voc : Open-circuit voltage varies with PV panel type

Ns : Number of cells connected in series

Np : Number of cells connected in parallel

A : Ideality factor (1.6)

k : Boltzman constant (1.3805x10 J/K)

Ipv : PV module output current at single diode model

Rs : Series resistance of PV module

Rsh : Parallel (shunt) resistance of PV module
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3.3.2. Features of PV Panels
In this study, 1 Soltech 1STH-215-P type panels are used. They combined

each other with 4 parallel strings and 12 series connected modules. Its module data
and I-V, P-V characteristics of array are shown at Table-3.4. and Figure 3.25.
respectively. All parameters are taken from MATLAB/Simulink program.

Table-3.4. Used Solar Panel Parameters at MATLAB

PV Panel Brand / Type & Parameters 1 Soltech 1STH-215-P
Maximum Power (W) 213.15
Open Circuit Voltage (V) 36.3
Voltage at Maximum Power Point Vmp (V) 29
Temperature Coefficient of Voc (% / deg.C) -0.36099
Cells per module (Ncell) 60
Short-circuit current Isc (A) 7.84
Current at Maximum Power Point Imp (A) 7.35
Temperature Coefficient of Isc (% / deg.C) 0.102
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Array type: 1Soltech 1STH-215-P;
12 series modules; 4 parallel strings

l 1 kWr’mz
30T
2
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<
T2 0.6 kW/m?
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Figure 3.25. I-V and P-V curves of the used solar panels array according to different
irradiance levels

3.3.3. Modeling of Unidirectional Full Bridge DC-DC Converter

Isolated unidirectional full-bridge DC-DC converter topology includes 4
IGBTs, 4 diodes, 1 transformer and 2 DC-link capacitors. Auxiliary inductors inside
the converter can be connected in different ways and these inductors are usually
connected to the input and output of the transformer. When calculating these two
auxiliary inductors, first of all, the total value is found and the internal inductance
value of the transformer is substracted and the remaining value is divided according
to the smoothness of the voltage-current waveform at the output of the transformer.
Equation 3.31 provides calculation of these auxiliary inductors. Additionally, Ciupu:

and Coupur DC-Link capacitors can be calculated by using the Eq. 3.32 and 3.33. D
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is the duty value in these equations can be taken the average value of the MPPT-PI

controller output according to different temperature and irradiance levels.

P_V1><V2><n>< 5 52 3.31)
T WXL T '

In this formulla, § is phase-shift angle and n is transformer turn ratio.

Then;

Al X Ty,
Cinput = 8X—AVO (3.32)
I, X D X Tgy,
Coutput = OT (3.33)
0

Equation 3.31 depends on the phase shift angle and this angle changes with
different duty values. When PV panels connected to full-bridge converter, different
irradiance or temperature levels cause to different duty cycles. Therefore, § value
can be used with defining a range for accurate calculation. But this condition a little
bit hard because of duty is output parameter of the PI controller also. In this way,
another formullas (Equations 3.34 and 3.35) can be useful because of the necessary

input-output voltage ratio.

Vo 2Xn

Vin [ 4k _ (3.34)
_4xn®XLg
R, XT (3.35)

In these formullas Dmax is maximum duty value, Lr=L;+Lo+Transformer
internal inductor, R, is load resistance and Ts=1/fs, fs is switching frequency.

L1 and L2 calculation:

v, 2xn 758 2x24

Vin 4k 348 4k

1+ /1+Dmax2 1+ (145057
k=0.1014

67



3. DESIGN AND MODELING OF PROPOSED HYBRID REGENERATIVE
POWER SYSTEM Rahmi {lker KAYAALP

L _0.1014><100><5><10-5
R= 4 x 2.42
Li+L,=22uH —2uH =20 uH

=22MH=LH"+L1+L2

Then, total auxiliary inductor value should be seperated for obtaining
smooth seconder voltage of the transformer.

Li=5uH and L, = 15 uH

L3 calculation:

Extra series connected inductor should be used for mitigating the output
current ripple at the proposed full-bridge converter. In this way, LC or CL filter types
are useful when battery is connected to the load side of the converter. In this system,
CL filter type is created for more reducing current ripples because of it depends on
the input empedance and output empedance rates. The below formullas gives us the
minimum L3 value. But when all of the HRPS equipments are connected this
inductor value is not necessary because of only resistors are used at DC-Link. If the

load has only batteries, this inductor can be used for reducing charge current.

N,
L _ VL,max _ N_1 X Vin = Vour 336
min Iripple X IL,max - Iripple X IL,max ( ' )

tOTl tOTl

24
Vimax =75 % 352 =700 = 144.8V

P,
I max = ——— = 4900/26.4 = 185.6 A and t,, = 0.028 sec., Ippe = 1.1 A

Vo,min

144.8

Lmin =T1x 1856
0.028

=19.85mH = 20 mH
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3.3.4. Maximum Power Point Tracking System And Perturb & Observe

Algorithm

Maximum Power Point Tracking (MPPT) is used for catching maximum
operating power value of PV panels according to irradiance and temperature values.
It is established by making different algorithms such as Perturb and Observe (P&0O),
Incremental Conductance (IC), etc... Moreover, these MPPT algorithms are
compared at lots of studies in photovoltaic applications literature.

In this study, P&O algorithm is used because of its simple diagram and has
easier implementation than the other techniques. Its flowchart is demonstrated at the
Figure-120.

In simulation model, P&O and PV panel simulink blocks are used at input
side of the isolated full-bridge DC-DC converter.

It is very important to determine the parameter values which are used in the
algorithm, correctly while creating the P&O algorithm. At this point, knowing the
maximum-minimum total voltage and current values of the PV panels used in open
circuit will help to determine the limit parameters. Additionally, these limit

parameters may vary depending on whether the MPPT system can operate according

Measure V(k), I(k) and
calculate P(k)=V (k) xI(k)

to voltage and current.

Calculate
AP=P(k)-P(k-1)
AV= V(k) V(k-1)

Ye No
| Vref=Vref+AV Vref=Vref+AV |
| Vref=vref-av Vref=Vref-AV |

Figure 3.26. Perturb and Observe (P&O) algorithm flowchart
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When we look at the P&O flowchart, total measured voltage and current

values are utilized by calculating “A” values by substracting the previous values of
total power and total voltage from instant values of them. Then, new Vref value is
defined at every loop depending on whether these difference “A” values are greater
or less than zero. Thus, the highest voltage and current values are captured by the
MPPT algorithm and these voltage-current values are different at different

temperature-irradiation conditions.

3.3.5. Proposed Topology Description With Its Controllers At Matlab

When we look at the literature, we see that boost converters are generally
used with PV panels and one switching signal is easily used for obtaining required
output voltage at these topologies. However, in this study, since there will be
different power flow scenarios in the hybrid regenerative system, a longer-lasting
reliable DC-DC converter is needed. Thus, full-bridge unidirectional isolated DC-
DC converter is available for these operations. Proposed converter topology and its
MPPT controller are taken from MATLAB/Simulink at Figure-3.27 and its

parameters are shown at Table-3.5.
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ncromontaki Used 0 cease dcros Vel (Detad)

Figure 3.27. PV panels connected isolated full-bridge unidirectional DC-DC
converter with MPPT controller at MATLAB/Simulink program.
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In this topology, solar panels, 4 IGBTs, 20kHz transformer and 4 diodes are

connected with auxiliary inductors and capacitors according to the Figure 3.27.
These IGBTSs are triggered with duty ratio that is produced from MPPT algorithm.
gAl-gA4 and gA2-gA3 switches are same phase angle but these pairs are
complimentary each other. Therefore, there is a 180 degree phase difference between

the signal generators of these switch pairs.

Table-3.5. Isolated Full-Bridge Unidirectional DC-DC Converter Parameters

IUDC Parameters Values
Solar panels side input capacitor (C1) 45 mF
DC-Link side output capacitor (C2) 23.5 mF
Transformer primary side inductor (L7) 5uH
Transformer secondary side inductor (L2) 15 uH
Output auxiliary inductor (L3) 20 mH
Internal Resistances (R) 0.001 Q
Transformer Turn Ratio (n) 5:12
Switching Frequency (fsw) 20 kHz
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4. DESIGN AND MODELING OF PROPOSED CENTRAL ENERGY
MANAGEMENT SYSTEM

Hybrid Regenerative Power System (HRPS) is created by combining grid
connected inverter, PV panels connected isolated full-bridge unidirectional DC-DC
converter, batteries connected isolated full-bridge bidirectional DC-DC converter
and AC-DC loads.

In this chapter, power flow scenarios are only introduced on HRPS. Then, fifth
chapter demonstrates operation of all of the power flow scenarios results with and
without proposed Central Energy Management System (CEMS) and these scenarios
are shown at Figure 4.1 with their names. In addition, Table-4.1 shows that
controllers of system equipments are defined for each power flow scenario. And
second part, proposed EMS and controllers of the system equipments are explained

detaily in this chapter.

4.1. Operating Modes of Hybrid Regenerative Power System

@ OPC: Off-PV Charge Mode 700V
DC-Link
+ —
PV Panels
Grid Uni.Iso 2
PF1 - e
380 V bC-DC ) /ﬁ
Conv. [ | @
% \ LCL Inverter
) Filter AC/DC Bidlso.| |
DC-DC | | ﬂ
Conv.
AC DC Batteries
Load Load —_—
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_ 700 V
@ OPD: Off-PV Discharge Mode DC-Link
+ —
PV Panels
Grid - Uni.Iso. ‘
380 V DC-DC _J@
Conv. | |
K\J \ LCL Inverter
) Filter AC/DC Bid.Iso. | |
DC-DC | | “
Conv.
AC DC Batteries
Load Load < PF2
@ LC: Line Charge Mode D7CO%Vk
-Lin
iy
PV Panels
Grid - Uni.Iso. 4
380 V DC-DC _J§
Conv. | |
r\/ \ LCL Inverter
) Filter AC/DC Bid.Iso. | |
DC-DC | | “
Conv.
AC DC Batteries
Load Load -
700V
@ DLD: Double Line Discharge Mode DC-Link
+ -
PV Panels
Grid - Uni.Iso. 5
380V DC-DC _@
Conv. | |
K\J \ LCL Inverter
) Filter AC/DC Bid.Iso. | |
DC-DC | | “
Conv.
AC DC Batteries
Load Load
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@ OB: Off-Batteries Mode 700 V
DC-Link
N e——@F
PV Panels
Grid < Uni.Iso. y
380 V DC.DC 4 @
Conv. | |
K\J \ LCL Inverter
) Filter AC/DC Bidlso.| |
-
Conv.
AC DC Batteries
Load Load
@ BY: Bypass Mode 700 V
DC-Link
+ )
PV Panels
Grid Uni.Iso. ]
380 V DC-DC —/$
Conv. [ |
K\J \ LCL Inverter
) Filter AC/DC Bidiso.]
DC-DC || “
Conv.
AC DC Batteries
Load Load
@ 0G: Off-Grid Mode 700V
DC-Link
VT e
PV Panels
Grid Uni.Iso. 4
380 V DC.DC 4 @
Conv. | |
K\J \ LCL Inverter
/ Filter AC/DC Bidiso.|
DC-DC | | “
Conv.
AC DC Batteries
Load Load -

Figure 4.1. HRPS Power Flow Scenarios
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Table-4.1.  Controllers of HRPS components according to different Power Flow
(PF) scenarios

Scenario
Modes & Grid Inverter Batteries + | PV Panels +
HRPS IBDC IUDC
Components
DC-Link
sc1-0pc | SOUCC | yopage ce-Cv OFF
Power Control
Control
Iniect DC-Link Discharge
SC2a - OPD ) Voltage Current OFF
Power
Control Control
Inject Power LSF-ink
SC2b - OPD ) Voltage OFF
Power Control
Control
Inject iy’ CcC-CV MPPT
SC3-LC Voltage
Power Control Control
Control
. DC-Link Discharge
SC4 -DLD Inject Voltage Current N Y
Power Control
Control Control
. DC-Link
SC5- OB Inject Voltage OFF MPPT
Power Control
Control
Source DC-Link
SC6 - BY Voltage OFF OFF
Power
Control
DC-Link
SC7 - OG OFF OFF Voltage MPPT
Control
Control
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4.2. Proposed Central Energy Management System

In this section, a new energy management system application to
automatically operate the Hybrid Regenerative Power System (HRPS), which has
been modeled before, according to the desired power flow scenarios and the results
are obtained as a result of this application are explained in detail.

First of all, it is considered how the power flow scenarios that are operated
alone on the created HRPS should work in harmony with each other, automatically
and in a way that meets the system requirements. In this context, it is necessary to
know exactly the power flow scenarios in the power system.

It is very important that all scenarios in this proposed power system work
in a logical order. In order for the Central Energy Management System (CEMS)
created to work properly, it is thought to be able to adapt to variable conditions. Chief
among these is the difference in the power demanded from workplaces or residences
under day-night difference and variable temperature conditions. We can say that this

demanded power change is less during the night and slightly more during the day.
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We can see this situation in the graph below.
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Figure 4.2. Average electricity consumption by hours in Turkey in 2018.
[enerjiatlasi.com]
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The hourly consumption in the figure above is not taken as a basis, since

the power system created is not very high-powered and can supply more specific
critical loads. The aim to be seen in the simulation study, the results of which are
obtained; as stated above, it is possible to apply all power flow scenarios by creating
a power balance according to variable light, temperature, load and charge states of
the batteries. In addition, it is explained in the conclusion part of the thesis how
effective the regenerative feature is in terms of both workplaces and residences by
discharging the batteries and transferring the power produced from photovoltaic
panels to the grid in the proposed system.

When we look at the energy management system literature before, we saw
that such applications are mostly made at high power, while low power applications
are especially studied on electric and hybrid electric vehicles. It is possible to say
that this application, in which the regenerative effect that is called micro-grid related
to critical loads, is seen, has an innovative feature with its working power and CEMS
prepared in accordance with it, although not topologically in the literature.

The CEMS applied in the proposed HRPS are shown in Figure 4.3. below,
and the power flow directions and control methods in the equipment used are
indicated. How the power flow scenarios run on the power system can work in
general is shown in this figure.

It is very important to choose the power values of the equipments in the
power system specified in Figure 4.3. and in the proposed power system close to
each other in order to increase the efficiency of the system. However, a smaller
number of batteries were chosen as the cost of the entire system should be
considered. This power balance should be well established on CEMS, which will
ensure the operation of the system, and power flow scenarios should be selected
accordingly. Therefore, theoretical analyzes have been made in general sub-titles

related to the operation of the power system.
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Management o  Partial Shading
System \ <«—— PV Panels
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380V — > DC-DC || 1V
I W
N Conv.
% \ LCL Inverter
/ Filter AC-DC D —
Bid.Iso.
10 kW e PLL Control DC-DC : “ 31{\?;]6
y ¢ DC-Link Voltage Control Conv.
AC e  Power Control DC Batteries
500 Q| Load | 500 Q 100 Q| Load |700 Q + soC Control
500 Q 350 Q ¢ CC-CV Charging

Figure 4.3. General Diagram of Proposed Hybrid Regenerative Power System and
Central Energy Management System

4.2.1. Dynamic Analysis of Energy Storage System

While performing the dynamic analysis of the energy storage system, how
much power can be stored or spent instantly in charge and discharge states can be
found by processing according to small time intervals. In the formula below, we see
the discharge and charge functions, respectively, depending on time. The x.(4) in the
formula shows the energy level stored in the energy storage system according to time
(h), n.s and ng respectively, the charge and discharge efficiencies, Py (h) the power

change in the h time, and 7 the sampling time interval (Pippia et al. 2020).

T
h)+ —P.(h), P.(h) <0
X (h+ 1) = x5t (h) Nt st (h) st (h) @1

Xst (h) + Tan,stPst (h), Pst (h) = 0

4.2.2. State of Charge and State of Health (SoC & SoH)
Companies that manufacture batteries know that many different types of

batteries have their own unique way of working. In other words, batteries can show

80



4. DESIGN AND MODELING OF PROPOSED CENTRAL ENERGY
MANAGEMENT SYSTEM Rahmi {lker KAYAALP

different power values according to their percent charge status and currents,

depending on whether the voltage value is low or high. At this point, it is important
to determine the lower and upper limits when installing the energy management
system, as the ability of the batteries to operate at the same power values will extend
the life of the batteries (State of Health-SoH). The lower limit and upper limit values
for the batteries are defined on the proposed CEMS.

While the state of charge of the batteries never falls below the determined
lower limit during system operation, the defined upper limit is actually seen as a
threshold value. This situation is explained in detail in the simulation results.

There are several methods in the literature to predict the state of charge of
batteries. These are named as “recursive least squares method with variable
forgetting factor”, “artificial neural network utilization method” and “Coulomb-
count method”. In this report, “Coulomb-counting method” is explained in order to
be more useful. If the charge state calculated according to the time intervals is
considered from the beginning, the changing power on the battery over time is
related to the current charge capacity of the battery divided by 1 and the two
parameters multiplied (4.2). The ratio of the instantaneous charge capacity of the
batteries to the nominal charge capacity shows us the state of health (SoH) of the
batteries instantly (4.3). The charge capacity, which varies according to defined time
intervals, is related to the charge or discharge current used in this interval, and the
instantaneous charge capacity can be found by calculating from the formula (4.4)

(Sorour et al. 2021).

t
S0C(t) = S0C(0) — ﬁ f P, (t)dt (4.2)
re 0
SOH(t) = CEL(Q (4.3)
tp
Crer(t) = I(t)dt (4.4)

SOC(ty) — SOC(tg) Jyq
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4.2.3. Condition of AC and DC Loads

In this study, 3-phase loads with 500 Q connected to the grid side and 700
Q, 350 Q and 100 Q equivalent resistances connected to the DC-Link side are used.
On the simulation, DC loads were switched on and off by connecting 7 700 Q loads
in parallel to each other and connecting switches at the beginning and end of each
resistance value. Since the change in the loads will create the demanded power, these
resistance values specified in the DC load show differences. In the load switch charts
below, which switches are open or closed are indicated as an example. During the
operation of HRPS with CEMS, the AC load and a single DC load of 700 Q2 were
constantly connected to the system (SWacL and SWdcL are ON condition all the
time during the simulation period). The switch named SWdcL2 allows 1 of the DC
loads connected in parallel to be connected. The name of the switch that connects
the other 5 DC loads to the system is SWdcL3. Matlab implementation of DC and
AC loads are shown at Figures 4.4. and 4.5. respectively. The open and closed states

of these switches according to time are shown in Figures 4.6 and 4.7.
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Figure 4.4. DC load resistances (each of them is 700 Q)
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Figure 4.5. AC load resistances (each of them is 500 Q, Ri=R»>=R3)
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Figure 4.6. SWdcL2 and SWdcL3 DC loads switches conditions
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Figure 4.7. Switches conditions for DC and AC loads
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4.2.4. Energy Prices and Profit Calculation Function

In our country, according to the national tariff for the period of 2021, the
unit price of 1 kWh electricity is 0.4743 TL/kWh for residences and 0.7063 TL/kWh
for workplaces. In the simulation results, the percentage profit status is shown by the
ratio of the total power injected into the grid to the total power drawn from the grid.
In this way, the difference of the two values is taken and the electricity consumption
fee is also revealed. Again, it will be sufficient to use the formula (5) below in order
to find out how many TL the price will come from our simulation study according
to the power consumed and produced in unit time and to see how much efficiency it

can work daily as a percentage.

|12 Boro ()|

NECP = —;
Jo Peon(@)dx

x 100% (5)

4.2.5. Irradiance and Temperature Spectrums

In this study, the radiation and temperature spectra obtained according to
the date of 25.07.2021 were prepared and used. In the spectra used, each hour is
shown as 1 second. Figures 4.8. and 4.9. show the radiation and temperature spectra,

respectively.

Irradiance

Figure 4.8. Irradiance Spectrum
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Figure 4.9. Temperature Spectrum

4.2.6. Modeling of Proposed Energy Management System

With the Central Energy Management System (CEMS) implemented on
HRPS, it is aimed to run all power flow scenarios shown in Figure 4.1. In cases
where the radiation and temperature spectrums created in this direction are different,
some scenarios may work longer, while others may work for a shorter time. This
difference is also due to the varying load states. It is very important that the scenarios
run instantly change according to the power balance in the system, the power
demanded from the load, the state of charge of the batteries and the amount of
radiation received by the photovoltaic panels.

First of all, when we look at the general structure of our power system, if
we think about which scenario can work and when; We can deduce that in scenarios
1,2 and 6, PV panels can be disabled when there is no light at night, scenarios 3 and
5 must operate at noon depending on the light intensity, and scenarios 4 and 7 may
differ according to the power balance. However, it should be kept in mind that CEMS
must respond appropriately to the changing power demands in the load, no matter
which scenario works momentarily.

The algorithm and MATLAB application of the proposed EMS are shown
in Figures-4.10. and 4.11., respectively.
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The working principles of the proposed EMS mechanism and the

transitions between power flow scenarios are explained in terms of being an example
thanks to the generated radiation and temperature spectrums and load changes. In
other words, the designed EMS benefits from a very small amount of radiation effect,
although not completely. The reason for this is to run the system more efficiently.
So power flow scenarios involving PV panels at night without radiation are
unnecessary to run. Likewise, if the power demands on the loads are met, it will be
possible to inject more power into the entire power system with supporting of the
radiant effect. In the light of all this information, the working principle of the EMS
proposed in the study and the simulation results are explained together.

Measure; Pgrid, Ppv, Pbats,

Pacload, Pdcload, SoCpre

v

Calculate Ploads;
Ploads=Pacload+Pdcload

\ 4
| SoCpre < SoChighlimit

Y
| Ploads < Ploadlimit

Yes No Yes No

Y Y A4

|va > valim| SoCpre - |SOCpre < SoClowlimit
SoCpast > 0 Yes No
Yes No Yes No \ J
 / \ |SOCpre - SoCpast > 0|
SoCpre - SOCpast > O| |va > Ploads + Pbats Yes lNO
No Yes Yes No \

A4 Ppv = Ploads @

| Vbat. =2 Vbat.limit

Y

Yes No
| Ppv + Pbats = Ploads |

: No Yes :
Figure 4.10. Proposed Central Energy Management System Algorithm
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Figure 4.11. Proposed Central Energy Management System at MATLAB/Simulink
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First of all, if we explain the operation of the EMS created according to

Figures 4.10. and 4.11., we need to obtain instantaneous information about the power
produced by the PV panels from the power system, the total power of the batteries,
the total power that may occur in the loads and the instantaneous state of charge of
the batteries. After receiving this information, we need to measure whether the power
value received from the PV panels is more or less than the 1 W power value defined
as the threshold, in order to understand whether the system works at night or during
the day. According to the irradiance spectrum that is defined in Figure 4.8., the power
value received from the PV panels is 0 W, since it coincides with 00:00 in the Oth
second and the radiation value is 0 W/m?.

The next thing is whether the grid power is more or less than the total
power of the batteries and loads. The total power of the batteries is 3 kW against the
grid power of 10 kW at the beginning, and the total power of the loads is
700+320=1020 W. But the important point here is what should happen when the
power demanded from the loads increases? For this reason, scenario 6 will work in
cases where the total power of the loads is more than the defined limited load power,
and the difference of scenario 6 from scenario 1 is that the batteries are deactivated.
Because the main thing here is not to be able to charge the batteries, but to be able
to meet the demanded power even from the grid. In this case, since the total load
power will be less than the limited load power at the beginning, the answer "yes"
comes in the defined next if block.

Another question that follows, "Is the battery charge less than the defined
lower limit of charge?" is in the form. Here, since the state of charge of all batteries
is initially set to 0% and it is less than the defined 35% lower limit value. Then, the
answer of this question is "yes", the power flow scenario number 1 starts working
directly. Since the answer will be “no” even if the instantaneous charge state of the
batteries goes above the defined lower limit while the scenario number 1 is running.
the next question is “does a positive value emerge when the previous charge state is

subtracted from the instantaneous charge state of the batteries?” in short, "Are the
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batteries in charge state?" comes the question. Since the batteries are charged in

scenario 1, the answer of the question is "yes", so scenario 1 continues to work.

If the state of charge of the batteries is more than the defined lower limit
during the first start of the system, scenario 2 starts to run first, and scenario 1 runs
again when the state of charge of the discharged batteries is less than the defined
lower limit of SoC in this power flow scenario.

As just explained, while scenario 1 is running, the DC load value was
reduced from 700 Q to 350 Q in the 3rd second. In this case, the total load power
demanded increased from 1020 W to 1720 W. In other words, since the total load
power is more than the limited load power, the battery system circuit has been
canceled and scenario 6 has started. Similarly, in the 4™ second, the total load power
was reduced back to 1020 W, and the scenario number 6 was returned to the number
1 scenario.

If the charge current of 1% scenario is high at the beginning and discharge
current of the 6™ sceneario is low, SoC will be higher than the SoC low limit. Then
after the 6™ scenario, when demand DC load power is lower than the load limit
power, the question will be “does the SoC of the batteries lower than the SoC low
limit?”” and the answer could be “no”. Then the next question is “does the charging
operation continue?” and the answer could be “no” because of the last scenario was
6™, Batteries are discharging at the 6™ scenario. Thus, the next power flow scenario
could be 2™, Also batteries are discharging at the 2™ scenario. When the SoC is
lower than the SoC low limit (35%), 1% scenario will be active. After the second
activation of the 1* scenario, if SoC of the batteries is higher than the SoC low limit
at 1* scenario, 1% scenario will be continue. Because, charging process continues.
But these conditions are not shown in the simulation process. At this point, only it is
desired to verify the EMS algorithm can provide continuity.

HRPS continued to operate in scenario 1 until the power value produced
by the PV panels exceeded 1 W. In other words, after the sunrise at 05:30, the other

side of the algorithm starts to work. Because the power produced by the PV panels
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has exceeded 1 W. In this case, since the answer is “yes”, in the next question, it is

checked whether the charge status of the instant batteries is below the defined upper
limit. According to the results in the simulation, the state of charge of the batteries
is less than the defined upper limit and the power produced by the PV panels is
checked again. At this point, a threshold power is defined. Since the new PV panels
have just started to produce power, a value below the defined limited power comes
out. Since the answer is "no" here, this time, in another question, it is checked
whether the power value received from the PV panels is more than the total power
of the loads and the sum of the instantaneous power of the batteries. Here, the answer
is “no” again. Then, a voltage value of the one battery should be controlled if it is
higher or not than a defined voltage limit (20 V). Batteries are charged at 1* scenario
and their voltage values excess this voltage limit. Therefore, the answer is “yes” and
7™ scenario will be active. Then, total power of the PV panels or solar power
becomes more than the sum of the instantaneous batteries total power and the
demanded load power because of increasing irradiation. Hence, scenario 7 leaves its
place to scenario 3.

Total DC load demand power was increased from 1020 W to 5220 W while
power flow scenario 3 was running. After the increasing of load demand power, solar
power excesses limit PV power (8246 W) because of increasing irradiation again.
8246 W is produced limit power of the PV panels and it is coincidence to 800 W/m?
irradiation value. Then, the aswer will be “yes” and comes “does charging operation
continue or not?” question. 3" power flow scenario provides to charge batteries and
the answer will be “yes” again. Thus, 3™ scenario continues its operation. Thanks to
the above limit PV power or limit irradiance value, the network can be fed without
waiting for the maximum irradiation. While the operation of 3™ scenario, CC-CV
transition is occurred at the batteries.

After the CC-CV transition at charge mode of the batteries, SoC does not
lower than defined SoC high limit. Then, continue of the charging process cause to

comes us comparing of total solar power and PV limit power. At this point, solar
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power is still higher than this limit power. Then, scenario 3 is operating because of

charging batteries continues. After reaching 100% SoC at batteries at 3™ scenario,
charging process is finished. So the next question is “solar power is higher than
demand load power or not”. Irradiance level for PV panels are still high at this time
and total power of PV panels are higher than the demand load power. Thus, power
flow scenario 5 starts.

The 5" scenario could be start if batteries are broken at 3™ scenario. When
the batteries are charged at CC or CV mode, batteries can have more temperature
depends on charging current. If charging process is terminated according to this heat
effect, it will be logical that changing scenarios from 3™ to 5%. Because batteries are
OFF condition at scenario 5.

After the starting of 5" scenario, irradiance level and solar PV power starts
to decrease. When this solar power is not sufficient for meeting the demand power
of loads, the answer will be “no”. Then, it should be controlled sum of solar power
and charged batteries power is higher than total demand load power or not. The
answer comes “yes” and then 4" scenario is active.

SoC of batteries are 100% while scenarios 5" and 4™ are starting to operate.
Solar power is decreased to PV threshold power (1 W) when scenario 4 is active in
the proposed EMS process. But, if discharging current is high and SoC of batteries
can be lower than SoC high limit. At this condition, batteries does not charge and
total solar power is lower than PV limit power. Then, PV power will be lower than
the sum of batteries simultaneous power and total demand load power. Then, the
answer comes “no” and compairing a voltage value of one of the batteries and one
battery voltage limit. If discharging current is low value, voltage of the battery will
be higher than the defined voltage limit (20 V). This condition causes to start 7"
scenario. But, if discharge current is high value, the voltage of the battery can be
lower than the defined voltage limit and it causes to start 6™ power flow scenario. In
this way, proposed EMS can operate continuosly and properly. These conditions can

be possible according to the above explained situations.
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When the 4™ scenario is running, demand total load power is 1720 W.

Then, total solar power is lower than 1 W because of sunset at 20:00. Thus, scenario
4 is terminated. After this case, 6™ power flow scenario will be active again, because
1720 W demand load power is higher than the load limit power (1200 W). In this
way, only grid feeds the load. As the hours pass, total demand load power is generally
decreasing. When the clock is 22:00, demand load power is 1020 W again. Thus,
when the question is “total demand power is lower than the limit power or not?”, the
answer will be “yes” and SoC of the batteries is higher than the SoC low limit. It
causes to comes this next question that is “charging operation continue or not?”
Lastly, batteries are OFF condition at 6™ scenario and the answer will be “no”. So, it
causes to begin starting of 2™ power flow scenario.

The 2™ scenario continues to operate until the SoC value drops below the
defined lower limit value (35%). When this decrease occurs, the power flow scenario
1 starts working again.

By determining the power flow scenarios according to the EMS, the
equipments that will work in the power system should be activated or passive using
a switching controller. In this case, the switch states of the equipment according to
the power flow scenarios are shown in the Table-4.2. Figure 4.12. shows the
modeling of this switch controller on MATLAB.

Additionally, charge and discharge currents of batteries at all of these
power flow scenarios can be adjustable by the proposed EMS users and its related

Figure 4.13. demonstrates how can change these current values.

4.2.7. Determination of Switch States according to Power Flow Scenarios

The control mechanism of the switches in Figure 4.12. works as described
below.

After deciding which scenario will work in the first part of EMS, the
question of which scenario SC_Number is equal to is asked for a total of 3 key

names.
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Table-4.2. Condition of equipment switches according to scenario types
) Inverter . .
Scenarios & . IBDC Switches | IUDC Switches
] Switches
Switch Names . (SWhbat) (SWpvp)
(SWinv)
SC1-0PC 1 1 0
SC2-0OPD 1 1 0
SC3-LC 1 1 1
SC4 -DLD 1 1 1
SC5-0B 1 0 1
SC6 - BY 1 0 0
SC7 - OG 0 1 1

For example, if SC_Number = scenario 3; For SWinv, it is first asked if
SC_Number = 1, since the answer is "no", the value "0" is connected to the false part
of the if tool box in SIMULINK workspace. This "0" value that comes later
corresponds to the question of SC_Number = scenario 6 in the second if tool box. If
the answer is still "no", the value O continues from the false part of the tool box. Then
SC_Number = coincides with the question of scenario 2? If the answer is still "no",
the value O continues from the false part of the tool box. Finally, in the if tool box
number 3, SC_Number = scenario 3 is asked. Here the answer is “yes” and the value
“1” comes from the true part of the tool box. It continues in this way and when asked
if it is equal to other scenarios, the answer will be "no", so the false connected parts
are continued and as a result of this process, it is understood that the inverter and the
grid will be used in this scenario, with the SWinv switches being 1 in the 3rd
scenario. The same logic, question, answer and similar connection types have been

made in this mechanism for other switches in accordance with the scenarios.
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Figure 4.12. Selection of switch states according to power flow scenarios
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4.2.8. Inverter Controller Mechanism according to Power Flow Scenarios

Since the DC-Link voltage controller is used in all scenarios for the
inverter, the parameters of the DC-Link voltage controller will be used in the same
way no matter which scenario the SC_Number value is equal to.

At this point, even though the Id_Ref2, Iq_Ref2 and Isq2 values are
SC_Number = 1, and the answer is yes or no, the same values are connected to both
the true and false parts of the tool boxes to ensure the same parameters in all

scenarios.

4.2.9. Operation of Charge and Discharge Controller of Batteries according to
Power Flow Scenarios

First of all, in order to decide the charge or discharge of the batteries, the
status of the PI controller output values used while modulating the 4 IGBTs
connected to the DC-Link side of the isolated bidirectional DC-DC converter is very
important.

During the operation, a PI_Out2 value is calculated as an output in the CC-
CV charge controller and the PI_Out value is calculated in the discharge current
controller at the same time.

Which of these two values to use is decided according to which one is equal
to PI_Out_X. So PI_Out_X value is used to control the trigger signals mentioned
above.

For example, in scenario 4, the batteries are discharged and the PI output
to be used should be PI_Out. So PI_Out_X must be PI_Out. For this, in the controller
shown in Figure-4.12, it is first asked if SC_Number = 1, since the answer is "no",
at this point the PI_Out value is connected to the false part of the first if tool box.
Afterwards, it is asked if SC_Number is equal to scenarios 6, 2 and 3, respectively.
Since the answers are still "no", the PI_Out value continues from the false part of the
next if tool boxes. Then comes the question whether SC_Number is equal to scenario

4. The answer is “yes”, and at this point, since we want the batteries to discharge in
95



4. DESIGN AND MODELING OF PROPOSED CENTRAL ENERGY
MANAGEMENT SYSTEM Rahmi {lker KAYAALP

scenario 4, the PI_Out value is connected to the true part of the next tool box this

time. Since the SC_Number value is not equal to 7th and 5th scenarios, the answers
will be "no", and the PI_Out value continuing from the false parts of the other if tool
boxes will be equal to the PI_Out_X value and the discharge operation will be
performed successfully.

In other power flow scenarios, charge and discharge states are determined

by the same logic and similar connection types.

4.2.10. Operation of Controller in PV Panels according to Power Flow Scenarios
At this point, there is no need to make any energy management system.
Because no matter what power flow scenario operation HRPS is in, the photovoltaic

power system continues to work in the MPPT — P&O algorithm designed.

4.2.11. Charge-Discharge Current Controller according to Power Flow
Scenarios

In the designed EMS, it is also aimed that the charge and discharge
currents can be manually defined and controlled from outside. Because in this way,
according to the closed or open state of the air or the SoC values of the batteries, we
can power the charge and discharge currents at the desired value for the desired time
and number of times, and we can charge our batteries as much as we want. In
accordance with this situation, the charge-discharge current control mechanism,
which is the 3rd part of the EMS shown in Figure 4.13., is used.

In the way this controller works, first of all, CHC and DSCHC parameters
should be written instead of the current values entered through the charge and
discharge controllers of the batteries. Then, for example, when the system is
operating in scenario 1, the CHC charging current will be 12 A, and when the system
is not operating in scenario 1, the CHC charging current will appear as 12 A in
scenario 3. In these scenarios, charging currents was chosen same. By using the

structure in Figure 4.13., current selections of both CHC and DSCHC can be made
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according to the scenarios and these values can be changed manually. For example,

in scenario 2, DSCHC is defined as 7 A. In short, the way the system works is similar
to the switching controllers. For other scenarios, similar comments can be made and

performed on this controller.
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Figure 4.13. Charge-Discharge current control mechanism according to power flow
scenarios
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5. PERFORMANCE ANALYSIS OF PROPOSED HYBRID

REGENERATIVE POWER SYSTEM AND EMS

This topic includes manuel operation results of power flow scenarios without

the proposed EMS on HRPS at first 7 chapter and 8th part results are obtained by
operating these power flow scenarios with the proposed rule-based EMS. After the
simulation results efficiency calculations are shown for each power flow scenario.
But these efficiency results can not be compared each other because of they are
executed at different load levels. Only information can be obtained about how
efficient the power flow scenarios are according to these given load levels. Finally,

cost efficiency results are given at 9th chapter.

5.1. Results of OFF-PV Charge Mode (Scenario-1)

Grid connected inverter operates with DC-Link voltage control for holding DC-Link
voltage to 700 V.

Batteries are charged by 10 A with CC-CV control at IBDC topology.

All of the related graphics of power system components are given at next figures
with OPC power flow scenario.

DC Load is 350 Q at this simulation and different load values can be defined at this

scenario.
@ OPC: Off-PV Charge Mode 700V
DC-Link
+ —
PV Panels
Grid Uni.Iso ;
PF1 - R e
380 V DC.DC ) ﬁ
Conv. [ | @
/b \ LCL Inverter
) Filter AC/DC Bidlso.| |
DC-DC || ﬂ
Conv.
AC DC Batteries
Load Load _—

Figure 5.1. OFF-PV Charge Mode (Scenario-1)
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Figure 5.2. DC-Link Voltage, Inverter output current, DC-Load current and input

current of IBDC respectively.
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Figure 5.3. SoC, current and voltage values of one battery.
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Duty_CCCV

0 1 2 3 4 5 6 7 8

Figure 5.4. Duty value of CC-CV control for batteries.

Figure 5.6. Grid voltage and current waveforms at CV condition.
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Figure 5.8. Batteries total charge power.

Power Balance and System Efficiency Calculations:

Between 6 — 8 seconds;

Input Power (from Grid) = 4080 W

DC Load Power = (700 / 350) x 700 = 1400 W

Batteries Charge Power =4.8 Ax 294V x 14=1976 W
Power Loss of the System = 4080 — 1400 — 1976 = 704 W
Efficiency = ((4080 — 704) / 4080) x 100 = % 82.75
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5.2. Results of OFF-PV Discharge Mode (Scenario-2)

» Grid connected inverter operates with DC-Link voltage control for holding

DC-Link voltage to 700 V.

» Batteries are discharged by 4 A with discharge current control at batteries

connected IBDC topology.
» All of the related graphics of power system components are given at next

figures with OPD power flow scenario.

» This scenario can be also accomplished by defining available DC and AC

loads. These results are taken for no-load condition.

; 700 V
@ OPD: Off-PV Discharge Mode DC-Link
+ —
PV Panels
Grid < Uni.Iso. 2
380 v DC-DC [ /@
Conv. || @
K\J \ LCL Inverter
) Filter AC/DC BidIso. | |
DC-DC [ | “
Conv.
AC DC Batteries
Load Load < PF2

Figure 5.9. OFF-PV Discharge Mode (Scenario-2)
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Figure 5.10. DC-Link Voltage, inverter input current and IBDC output current
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Figure 5.11. SoC, current and voltage values of one battery.
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Figure 5.12. Discharge Current Control Duty value.
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Figure 5.13. Grid voltage and current waveforms
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Figure 5.14. Batteries Total Source Power
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Figure 5.15. Injected Grid Power

Power Balance and System Efficiency Calculations:

For average value at 9.5 second;

Input Power (from Batteries discharge power) = 1275 W
Injected Grid Power = 1120 W

Power Loss of the System = 1275 -1120= 155 W
Efficiency = ((1275 — 155) / 1275) x 100 = % 87.84

5.3. Results of Line Charge Mode (Scenario-3)

» Grid connected inverter operates with DC-Link voltage control for holding
the DC-Link voltage to 700 V.

» Batteries are charged by 10 A with CC-CV control at batteries connected
IBDC topology.

» PV panels connected UDC operates with MPPT-P&O algorithm at 1000
W/m? irradiance and 25 °C temperature.

» All of the related graphics of power system components are given at next

figures with LC power flow scenario.
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DC Load = 350 Q and AC Loads = 500 Q in the simulation. Different load values,

different irradiance — temperature levels and charge current can be adjusted in this

scenario.

@ LC: Line Charge Mode 700 vV
DC-Link
e G
PV Panels
Grid < Uni.Iso.
380V DC-DC
Conv.
K\J \ LCL Inverter
/ Filter AC/DC BidIso.
DC-DC
Conv.
AC DC
Load Load _—
Figure 5.16. Line Charge Mode (Scenario-3)
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Figure 5.17. DC-Link voltage, UDC output current, DC Load current, Inverter

input current and IBDC input current
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Figure 5.18. Voltage, current and power values of PV panels
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Figure 5.19. MPPT-PI output duty value
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Figure 5.20. SoC, current and voltage values of one battery
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Figure 5.21. CC-CV control PI output duty value
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Figure 5.22. Grid voltage and current waveforms
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Figure 5.23. AC Load voltage and current waveforms
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Figure 5.24. Injected Power of Grid

-100

-300

0 1 2 3 4
Offset=0
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Figure 5.26. Batteries Total Charge Power
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Power Balance and System Efficiency Calculations:

Between 6 — 8 seconds;

Input Power (from PV panels) = 10200 W

DC-Load Power = (700 / 350) x 700 = 1400 W

Injected AC-Load Power =320 W

Batteries Charged Power =4.8 Ax294Vx 14=1976 W

Injected Grid Power = 5000 W

Power Loss of the System = 10200 — 1400 — 320 — 1976 — 5000 =1504 W
Efficiency = ((10200 — 1504) / 10200) x 100 = % 85.25

5.4. Results of Double Line Discharge Mode (Scenario-4)

>

Grid connected inverter operates with DC-Link voltage control for holding
the DC-Link voltage to 700 V.

Batteries are discharged by 6 A with discharge current control at batteries
connected IBDC topology.

PV panels connected UDC operates with MPPT-P&O algorithm at 1000
W/m? irradiance and 25 °C temperature.

All of the related graphics of power system components are given at next
figures with DLD power flow scenario.

DC Load = 100 Q and AC Loads = 500 Q in the simulation. Different load
values, different irradiance — temperature levels and discharge current can

be adjusted in this scenario.
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Figure 5.27. Double Line Discharge Mode (Scenario-4)
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Figure 5.28. DC-Link voltage, UDC output current, IBDC output current, Inverter
input current and DC-Load current
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Figure 5.30. MPPT-PI output duty value
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Figure 5.31. SoC, current and voltage values of one battery
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Figure 5.32. Discharge current control PI output duty value
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Figure 5.33. Grid voltage and current waveforms
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Figure 5.34. AC-Load voltage and current waveforms
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Figure 5.35. Batteries Total Discharge Power
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Figure 5.36. Injected Grid Power
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Figure 5.37. Injected AC-Load Power

Power Balance and System Efficiency Calculations.:

For average value at 4th second;

Input power (from batteries discharge power and PV panels) = 1625 W + 10200 W
=11825W

Injected Grid Power = 6325 W

DC Load Power = 700 x 7 =4900 W

AC Load Power = 320 W

Power Loss of the System = 11825 — (6325 + 4900 + 320) =280 W

Efficiency = ((11825 —280) / 11825) x 100 = % 97.63
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5.5. Results of OFF-Batteries Mode (Scenario-5)

» All of the components are combined in the proposed HRPS.
» Grid connected inverter operates with DC-Link voltage control for holding the
DC-Link voltage to 700 V.
> PV panels connected UDC operates with MPPT-P&O algorithm at 1000 W/m?
irradiance and 25 °C temperature.
» All of the related graphics of power system components are given at next
figures with OB power flow scenario.
» DC Load =350 Q and AC Loads =500 Q in the simulation.
@ OB: Off-Batteries Mode 700 v
DC-Link
T e
PV Panels
Grid < Uni.Iso. 2
380 V DC-DC v /g
Conv. [ | @
/\J \ LCL Inverter
/ Filter AC/DC BidTso
DC-DC || u
Conv.
AC DC Batteries
Load Load

Figure 5.38. OFF-Batteries Mode (Scenario-5)
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Figure 5.39. DC-Link voltage, UDC output current, Inverter input current and DC-
Load current
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Figure 5.41. MPPT-PI output duty value
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Figure 5.43. AC-Load voltage and current waveforms
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Figure 5.45. Injected AC-Load Power

Power Balance and System Efficiency Calculations:

Input power (from PV panels) = 10200 W

Injected Grid Power = 7725 W

DC Load Power = 700 x 2 = 1400 W

AC Load Power =320 W

Power Loss of the System = 10200 — (7725 + 1400 + 320) =755 W
Efficiency = ((10200 — 755) / 10200) x 100 = % 92.60
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5.6. Results of Bypass Mode or Fault Mode (Scenario-6)

» All of the components are combined in the proposed HRPS.

» Grid connected inverter operates with DC-Link voltage control for holding
the DC-Link voltage to 700 V.

» Batteries and Photovoltaic power systems do not operate in this power flow
scenario.

» All of the related graphics of power system components are given at next
figures with BY power flow scenario.

» DC Load =100 Q and AC Loads = 500 Q in the simulation.

@ BY: Bypass Mode 700 V
DC-Link
+ —
PV Panels
Grid Uni.Iso. .
380 V DC-DC [/’ ,ﬁ
Conv. | | &
f\/ \ LCL Inverter
) Filter AC/DC Bidiso. ]
DC-DC || “
Conv.
AC DC Batteries
Load Load

Figure 5.46. Bypass Mode (Scenario-6)
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Figure 5.47. DC-Link Voltage, Inverter output current and DC-Load current
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Figure 5.49. AC-Load voltage and current waveforms
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Figure 5.51. AC-Load Power

Power Balance and System Efficiency Calculations:

Between 0.5-4 seconds;

Input power (from Grid) = 5280 W

AC Load Power =320 W

DC Load Power = 700 x 7 = 4900 W

Power Loss of the System = 5280 — (320 + 4900) = 60 W
Efficiency = ((5280 — 60) / 5280) x 100 = % 98.86
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5.7. Results of OFF-Grid Mode or Island Mode (Scenario-7)

>
>

All of the components are combined in the proposed HRPS.

Grid connected inverter does not operate in this scenario. Thus, DC-Link
voltage control of the inverter does not execute for holding the DC-Link
voltage to 700 V.

Batteries are discharged by 6 A with discharge current control at batteries
connected IBDC topology.

PV panels connected UDC operates with MPPT-P&O algorithm at 500
W/m? irradiance and 25 °C temperature.

All of the related graphics of power system components are given at next
figures with OG power flow scenario.

DC Load = 100 Q and AC Loads are not fed in the simulation.

@ 0G: Off-Grid Mode 700 V

Grid Uni.Iso.
380 V DC-DC [ |/ /ﬁ
L

K\J \ LCL Inverter
) Filter AC/DC

DC-Link
+ -

PV Panels

Conv.

Bid.Iso. | |
DC-DC | | “
l Conv.

AC
Load

DC Batteries
Load -

Figure 5.52. OFF-Grid Mode (Scenario-7)
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Figure 5.53. DC-Link voltage, IBDC output current, [IUDC output current and DC-
Load current
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Figure 5.54. Voltage, current and power of PV panels
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Figure 5.55. SoC, current and voltage of one battery
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Figure 5.58. Batteries total discharge power
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Power Balance and System Efficiency Calculations:
At 6th second;
Input power (from PV Panels) = 5180 W

Input power (from Batteries) = 920 W

AC Load Power =0 W

DC Load Power = 700 x 7 = 4900 W

Power Loss of the System = (5180 + 920) — 4900 = 1200 W
Efficiency = (4900 / (5180 + 920)) x 100 = % 80.32

5.8. Results of HRPS with The Proposed EMS

In this section, HRPS is automatically operated depends on the proposed
rule-based EMS and its results are given. The power flow scenario numbers are
changeable according to the simulation seconds of the HRPS operated with the EMS
are shown in Figure 5.62. first graphic below. The working order and duration of the
scenarios may vary according to the conditions in the loads, power balances of
equipments, SoC of batteries and weather conditions. The working principle of the
EMS algorithm is described in chapter 4.2.6 which is completely based on the
explained example and its results are obtained in the simulation here.

The simulation results in this section are taken by considering the
following situations. Proposed EMS decides which power flow scenario will work
according to the above mentioned conditions. After the selection of power flow
scenario type by the EMS, switch states and controller of converters are chosen by
the switch controller that is demonstrated at Figure 4.12.. In this way, all power flow
scenarios are running according to Table-4.2 switch states. Irradiance and
temperature spectrums are shown at Figure 4.8 and 4.9 respectively. These
spectrums are very important for MPPT of PV panels and simulation is operated
according to these spectrums. Lastly, simulation is operated with variable load

conditions and these load conditions are given at Figure 4.6. and 4.7.
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Figure 5.59. S1, S3, S5 inverter switching signals (S4, S6, S2 are opposite)
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Figure 5.60. DPS condition of gA1-gB3 and gA3-gB1 switches at IBDC
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Figure 5.61. Switching signals of IUDC, gP1=gP4 (black) and gP2=gP3 (blue)
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Figure 5.62. DC Link Voltage and currents of components with power flow

scenarios
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Figure 5.63. Voltage, current and power of PV panels with power flow scenarios
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Figure 5.64. MPPT-P&O algorithm PI output waveform
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Figure 5.65. PV panels array MPP parameters at 1000 W/m? and 25°C
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Figure 5.66. Batteries SoC, current and one battery voltage with power flow
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Figure 5.67. CC mode, CC-CV transition and CV mode
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Figure 5.69. PI_Out_X Graphic (combined with PI_Out_Charge and
PI_Out_Discharge)
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Figure 5.70. Scenario-1 (OPC) Grid Voltage and Current waveforms
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Figure 5.71. Scenario-2 (OPD) Grid Voltage and Current waveforms
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Figure 5.72. Scenario-3 (LC) Grid Voltage and Current waveforms
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Figure 5.73. Scenario-4 (DLD) Grid Voltage and Current waveforms
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Figure 5.74. Scenario-5 (OB) Grid Voltage and Current waveforms
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Figure 5.76. AC Load Voltage and Current waveforms
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Figure 5.77. Grid Power, Batteries Power, DC Load and Total Load Power

5.9. Cost Analysis and Efficiency Calculations for HRPS with EMS Operation

The power values drawn from the grid appear as positive, while the power
values transferred to the grid appear in the negative direction according to Figure
5.78. The amount paid can be found by multiplying the total power consumed over
time and the kWh fee. While the pricing tariff is 0.7063 TL/kWh for workplaces in
our country, it is 0.4743 TL/kWh for residential areas. According to this;
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Since every 1 second is taken as 1 hour on the simulation, the average of

the consumed and produced power values in 1 second is taken and added according
to 24 hours by multiplying with the hourly tariff rate.

Table-5.1. Average hourly consumed or produced powers and hourly wages

Ave. Hourly
Hours Consumed or | Hourly Wage for | Hourly Wage for
Produced Businesses Residences
Powers
00:00 - 01:00 13754 W 9.71 TL 6.52 TL
01:00 — 02:00 4737 W 3.35TL 2.25TL
02:00 - 03:00 4655 W 3.29TL 221 TL
03:00 — 04:00 2342 W 1.65TL 1.11TL
04:00 - 05:00 7768 W 5.49 TL 3.68 TL
05:00 - 06:00 3764 W 2.66 TL 1.79 TL
06:00 — 07:00 3718 W 2.63 TL 1.76 TL
07:00 — 08:00 491 W 0.35TL 0.23TL
08:00 — 09:00 -4552 W -3.22TL 216 TL
09:00 - 10:00 -2234 W -1.58 TL -1.06 TL
10:00 - 11:00 -2345 W -1.66 TL -111TL
11:00 - 12:00 -3784 W -2.67 TL -1.79 TL
12:00 — 13:00 -3558 W 251 TL -1.69 TL
13:00 — 14:00 -3532 W 249 TL -1.68 TL
14:00 — 15:00 -3456 W 244 TL -1.64 TL
15:00 — 16:00 -3685 W -2.60 TL -1.75TL
16:00 — 17:00 -3176 W 224 TL -1.51 TL
17:00 — 18:00 -2427 W -1.72TL -115TL
18:00 — 19:00 -3482 W -2.46 TL -1.65TL
19:00 —20:00 1112 W -0.79 TL -0.53 TL
20:00 — 21:00 1980 W 1.40 TL 0.94 TL
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21:00 — 22:00 1642 W 1.16 TL 0.78 TL
22:00 —23:00 8208 W 5.80TL 3.89TL
23:00 — 24:00 10573 W 747 TL 5.01 TL

The wages in the 3rd and 4th columns of Table-13 are collected separetly as positive
and negative.

Total spent power charge = Sum of positive charges

Total recovered power charge = Sum of negative charges

When calculated with workplaces;

Percent recovery by regenerative effect = (total recovered power charge / total power
spent charge) X 100

(26.38 TL /44.96 TL) X 100 = 58.67 % profit.

Charge payable per day = Total consumed power charge — Total recovered power
charge

4496 —26.38 = 18.58 TL

When calculated for residences;

(17.72 TL/ 30.17 TL) X 100 = 58.73 % profit.

The daily fee;

30.17-17.72=1245TL
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6. CONCLUSION AND FUTURE WORK

6.1. Conclusion and Comments of Results

» In HRPS operated with EMS, the power flow scenario number 1 (OFF-PV
Charge Mode) works at first. In this scenario, while the batteries are charged
in CC mode with a current of 12 A with the power drawn from the grid, the
inverter working with the DC-Link voltage controller keep the DC-Link
voltage of 700 V. Since this scenario takes place at night, the power
produced from the PV panels is still very low and the switches of the [IUDC
connected to the PV panels are not included in the system because they are
in the O state. Therefore, the Idc_UDC current is also seen as 0 A. At the
beginning of the operation, there is a power demand of 700 W at the DC
load. Together with AC loads, this demand total is 1020 W and the current
in DC load is seen as 1 A.

» Total load demand increased from 1020 W to 1720 W at 3rd second (03:00).
In this case, the charging of the batteries is stopped (Idc_IBDC=0 A) and the
scenario number 6 (Bypass Mode or Fault Mode) is passed, and the loads
are only fed from the grid. Then, since the total demand power in the reloads
is 1020 W, scenario 1 is returned. While scenario 6 is running, since the DC
load is 350 ohms, the current in the DC load is seen as 2 A.

» In scenario 7 (OFF-Grid Mode or Island Mode), DC-Link voltage controller
is not used at the inverter because grid connected inverter is not used in this
scenario. DC-Link voltage is kept by batteries connected IBDC which
operates DC-link voltage controller at the results of HRPS with EMS (last
case). Discharge current controller is operated while obtaining the results of
scenario 7 without EMS. Grid voltage and current waveforms are not shown
at last case because of grid and inverter are not used in this scenario.

» DC-Link voltage is stable at 700 V while operating HRPS with EMS. It is

seen that only 3 times distortion of the voltage waveform. The biggest
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voltage distortion is seen at transition from scenario 6 to scenario 2. It is 25
V falling but DC-Link voltage is set to 700 V again rapidly by using the DC-
Link voltage controller. Thus, it is not harmful for converters of HRPS
because of it is 3.28% percentage of 700 V.

» In scenario 3 (Line Charge Mode), power is transferred by the PV panels to
the grid, to the loads and to charge the batteries. In this case, the total demand
power at the loads is defined as 5220 W and the DC load is 100 ohms. For
this reason, it is seen as IdcLoad=7 A. The CC-CV transition that occurs
during the charging of the batteries is also shown in Figure 5.67. CC-CV
transition is occurred at 84% SoC. This percentage is a little bit low. But if
the transition is occurred at high percentages, it will causes batteries have
more heat or exploding effect. Thus, transition from CC to CV can be lower
SoC values. This case can made defining a little bit value than maximum
total batteries voltage when designing CC-CV controller. In this way, this
defined voltage value is complementary with lower SoC values.

» Inscenario 5 (OFF-Batteries Mode), the total load demand power is 5220 W
and power is transferred to the grid during scenarios 3 and 5. Therefore, the
Idc_Inv current is seen as positive. While power is being transferred from
the network to the system, negative current values are seen in other
scenarios. The only difference between scenario 5 and 3 is that the batteries
are not charged. Therefore, the Idc_IBDC current is seen as 0 A.

» In scenario number 4 (Double Line Discharge Mode), the batteries are
discharged with 7 A. Power of loads is supplied by the grid and PV panels.
When the scenario 4 is operated, demand load power is 1720 W and solar
power is very low. Grid gets involve in the system by providing extra power
for feeding loads because of total power of batteries is not sufficient for
loads. Thus, it can be seen that for scenario 4, power is transferred from the
grid to the system in Figure 5.73. It has been seen that batteries and solar

power can be injected to grid when solar power is high enough for demand
151



6. CONCLUSION AND FUTURE WORK Rahmi ilker KAYAALP

power of loads in Figure 5.33. However, this situation is not shown in this
latest simulation study.

The same situation is happened for scenario number 2 (OFF-PV Discharge
Mode). Although the demand power in the loads drops to 1020 W, the total
power of the batteries is not enough to meet the demand here and grid
supplies extra power to the loads. Load demand power should be very low
or system should be operated at no-dc-load condition for injecting power to
grid. When this scenario is operated without EMS, injection power to grid
can be seen in Figure 5.13. Higher power batteries can be used to avoid this
situation. But it should be noted that it will be more costly.

Finally, it is seen that designed LCL filter is operated properly at obtained
results. All of THD values are less than 3% at grid side current when

injecting power to grid scenarios.

» Consequently, HRPS is operated with proposed rule-based EMS accurately.

6.2. Future Work

In future studies can be about ... according to the obtained results in this thesis;

EMS can be applied at higher powers by adding wind turbines to the hybrid
regenerative power system topology.

If low power operation is continued, the factors affecting system efficiency
can be examined in detail and controller-based solutions can be produced to
increase efficiency.

A similar EMS structure can be used for EVs in combination with PV panels.
In addition to one day in summer, the operating performance of the system
can be analyzed by choosing a day from winter months, since the radiation
time is less.

By making a low power experimental prototype; theoretical, simulation and

experimental results can be compared.
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