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ABSTRACT

ANALYSIS AND INVESTIGATION OF SINUSOIDAL THREE-PHASE
INTERLEAVED FLYBACK INVERTER FOR PHOTOVOLTAIC SYSTEMS

Ihssan Jamal FAREED
Master, Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Dogan CALIKOGLU

May 2017, pages 65

This thesis is focused on increasing the power rating of Flyback converter by
using interleaving topology. The main achievements of the study are to obtain three
phase sinusoidal output with very low THD less than 3%. Increasing the power rating
of conventional Flyback converter up to 2.5 KW, and delivering smooth and
continuous source power by using three-phase converter which also makes the
converter utilize more power from the source especially if PV panels are used. In this
thesis SPWM technique is used to control the Flyback converter’s switches to obtain
half sinusoidal waveform output from the converter with intermediate THD. unfolding
inverters use low switching frequency in accordance with the ac load frequency which
is 50 Hz are used to unfold the output of the Flyback converter to obtain full AC
sinusoidal waveform. Using low switching frequency to control the unfolding inverter
leads to minimize the switching losses that leads to increase the efficiency of the
converter. Two stage filtering is used to minimize the THD, first stage on the output
of the Flyback converter while the second stage is the second order low pass filter that
is connected to the load to deliver smooth sinusoidal waveform to the three-phase load.

Keywords: Flyback converter, Harmonics, Interleaved converters, Sinusoidal
PWM.
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OZET

FOTOVOLTAIK SISTEMLER ICIN SINUZOIDAL UC FAZLI
TERMILATORLU FLYBACK INVERTERININ ANALIZI VE
INCELENMESI

Ihssan Jamal FAREED
Yuksek lisans, Elektrik-Elektronik Miihendisligi Bolimii
Tez Danigmani: Prof. Dr. Dogan CALIKOGLU
Mayis 2017, 65 sayfa

Bu tez, aralikli topoloji kullanarak Flyback doniistiirliciiniin giic oranini
arttirmaya odaklanmistir. Calismanin baslica basarilari, ¢ok diisiik THD degeri% 3'iin
altinda olan ¢ fazli siniizoidal ¢ikt1 elde etmektir. Geleneksel Flyback
dontigtiiriiciiniin - giic oranim1 2.5 KW'a c¢ikarmak ve 0zellikle PV panelleri
kullaniliyorsa konverterin kaynagindan daha fazla gii¢ kullanmasini saglayan ii¢ fazli
dontstiiriicti kullanarak piiriizsiiz ve stirekli kaynak giicli sunmak. Bu tezde SPWM
teknigi, ara gerilim trafosundaki doniistiiriiciiden yar1 siniizoidal dalga formu c¢ikisi
elde etmek icin Flyback konvertoriinlin anahtarlarin1 kontrol etmek i¢in kullanilir.
Acilan invertorler, tam AC siniizoidal dalga bicimini elde etmek i¢in Flyback
konvertoriiniin ¢ikisini agmak i¢in 50 Hz olan AC yiik frekansina uygun olarak diisiik
anahtarlama frekansi kullanir. A¢ilma frekans c¢eviriciyi kontrol etmek i¢in diisiik
anahtarlama frekansinin kullanilmasi, anahtarlama kayiplarini en aza indirgemek igin
konvertdriin verimliligini arttirmaya yol acar. iki asamali filtreleme THD'yi en aza
indirgemek icin kullanilir, birinci asamada Flyback konvertoriinlin ¢ikisi, ikinci
kademe ise ti¢ fazli yiike piirlizsiiz siniizoidal dalga formu vermesi i¢in yiike bagh

ikinci derece diisiik geg¢is filtresi.

Anahtar Kelimeler: Flyback donistiiriici, Harmonik, Araya konan
doniistiiriiciiler, Siniizoidal PWM.
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CHAPTER ONE

INTRODUCTION

1.1 Presentation of The Work

In this work, a two-stage inverter has been designed and simulated to verify the
design. The first stage consists of three-phase interleaved Flyback converter and the
second stage consists of unfolding inverter. An interleaved Flyback converter can be
used for higher power than conventional Flyback converters, also using three-phase
system for DC source is more efficient than single phase systems and it results
smoother input power that is more efficient especially for PV source. Providing
smooth sinusoidal output voltage with low THD. As a result of the designing and
simulation, a three-phase interleaved Flyback converter is used to supply three-phase
load. This shows that the input power is smother than using conventional Flyback
converter, also the output voltage is obtained with THD less than 3% using small LC
filter. The main achievement for the interleaved Flyback is the ripple current is less
than in the traditional Flyback converters due to dividing the current through the
interleaved cells that makes the interleaved Flyback used for higher power than

conventional Flyback converter.

1.2 Materials and Methods

This work has been studied, analysed and simulated on specific value of voltage,
magnetizing inductance of Flyback converter, switching frequency and load, by using
National Instrument Multisim 14.0 simulation software under DCM operation mode.
PWM controlling method is used to control the switching of Flyback converter. A
constant DC voltage source is used instead of using PV panels for easier analyzation
with voltage of 45 V. three phase star Load of 200 V., 250 W is used that will be



supplied by three phase interleaved Flyback converter with sinusoidal output.
Unfolding inverter is used with minimum switching frequency is used instead of using
PWM technique in the inverting side and that reduces switching losses and increase
the overall efficiency.

Flyback converter is an isolated converter topology that uses transforming
topology with high frequency switching to boost the voltage by utilizing transforming
ability and energy storing of the magnetizing inductance.

Flyback converter is used only for low power application due to the high ripple
current in conventional Flyback converter, Interleaving topology that will be discussed
in later chapters is utilized with Flyback converters to minimize the ripples of the
winding currents of the Flyback and increase the overall efficiency in high power
application.

There different controlling technique used to control the switching of the
Flyback converter but PWM has special advantage among them that we can obtain

sinusoidal voltage with low THD less than 3%.

1.3 Converters in General

Power Electronic has never stopped developing specially with the development
of semiconductors that made many researchers work in this field of research and
development. Flyback converter has played role in wide range of various researches
due to it uses the minimum number of component among the isolated converters.

Francois Forest, has analysis and investigate the idea of using multicell
transformers for interleaving Flyback converters in 2007,2009 and 2010. Also, he has
showed the designing parameters for multicell transformers. Also, he showed that
separated transformers used instead of using multicell transformers. [20]

Young-Ho Kim, Young-Hyok Ji and other researchers showed a controlling
technique to improve the efficiency in photovoltaic built in with interleaved Flyback
converters in 2013 [27]

Zhiliang Zhang, showed another controlling method to achieve high efficiency
of interleaved micro Flyback inverters for PV source grids in 2013 by utilizing the
properties of DCM and BCM operation modes for their benefit of hiving less losses
[28].



Mingzhi Gao, Min Chen, Qiong Mo, Zhaoming Qian made a research about the
output current of the Interleaved Flyback converters in Boundary Conduction Mode
(BCM) Operation Mode. analyzing the functional relation between the output current
and input current by theoretical derivation and showing the influence of the operation
mode to the THD [29].

Yao-Ching Hsieh, studied an interleaved Flyback converter with zero switching
voltage, which consists two Flyback converters parallel operated and a shunt inductors
connected in between of the diodes leads to minimize the recovery losses on rectifying
diodes [30].

Janviere Umuhoza, proposed a design of solar microinverters consists of
interleaved Flyback converter with multi stages and regulated using feedback loop for
controlling and phase-shifting control. A snubber circuit of resistor, capacitor and
diode is used for each stage. A Flyback converter that have the topology of isolating
the input and output, and built-in with a full-bridge inverter to obtain a specific
frequency and voltage delivered to distant homes load. Simulation and experimental
results achieved verifying the idea of the proposed design for solar micro-inverters
[31].

Masataka Ishihara, Shota Kimura. Have analyzed and designed the passive
components for interleaved Flyback converters with integrated transformers. analyze
the quantitative volume and power losses of the integrated transformer and the input
capacitor. also, an experimental work has been done to prove the theoretical study [32].

Ramya Chandranadhan, has worked with bridgeless Flyback Rectifier with bi-
directional Switches, introducing a control technique for the mode of average current.
The proposed control method utilizes a closed feedback loop for voltage, that keeps
the fixed output voltage and another closed loop is used to measure the input current.
This method for using Flyback converter as rectifier showing that it is suitable to obtain
the required voltage from a variable voltage [33].

1.4 Contribution of the work

Photovoltaic (PV) arrays have gained a significant attention in last few years to
utilize the nature power and reduce the pollution which caused by normal power
generators also because of the high evolution of power electronics [1-2]. Since the

utilization of solar energy became so important but in the same time it has low panel



voltage, various types of boost converters have been introduced like Boost-Converters,
Buck-Boost Converters and Z-source [3-5]. Flyback converter has an advantage
among them as it provides electrical isolation and wide range of boosting. Many
controlling techniques have been introduced to reduce the distortion (THD) in DC-AC
converters although they still suffer from relatively high THD. Also, many kinds of
inverters have been introduced to achieve low AC distortion, however high switching
frequency is needed leads to lower overall efficiency of the converter [6-7]. Single
phase converter with sinusoidal waveform has been introduced to reduce THD in
Buck-Boost and Flyback converters which would be used with a simple inverter with
less switching frequency which obtains low switching losses and low total harmonic
distortion [8-9]. PV panels delivers power to the power converter so the power will
take the waveform of the output power so if the converter is single phase the power of
the source will be a half positive sinusoidal waveform which means in a time it will be
reach zero and also the voltage of the PV panels is not constant with time so a capacitor
of high capacity is needed to remain the voltage constant. According to the mentioned
drawbacks, an interleaved three phase Flyback converters with sinusoidal waveform
shifted by 120° between each other and connected to inverters has been studied in this
thesis to eliminate the mentioned drawbacks by eliminating the need of PWM
techniques which will reduce switching losses and the average power of the source
will be higher which means smaller energy bank is needed to be connected to the PV
arrays so that the efficiency will be increased, with low total harmonic distortion we
can connect the output to an LC filter of smaller size since the output is already has
low THD that will result in smoother sinusoidal waveform to be connected to the grid.
High THD distortion of the AC waveform has many disadvantages to the AC load
especially to rotary loads due to the sudden changing of the flux frequency that results
in vibration in the rotor part and it may cause a damage to the load. Also high distortion
effects the efficiency of the load so low distortion is required in some load for smooth

operation with high efficiency.



1.5 Organizing of The Proceeding Chapters

Chapter Two gives an introduction about the topologies that related to this work
and shown the differences and their operation principle then Chapter Three shows the
operation principle of the interleaved Flyback converter and the analyzation of the
converter. Chapter Four shows the simulation, results and conclusion for non-
interleaved three phase Flyback converter. Chapter five shows the simulation of the
interleaved Flyback converter then in Chapter Six the results of the three-phase
interleaved Flyback converter are shown, finally Chapter Seven a Conclusion is given

in this chapter and future works that can be done are given.



CHAPTER TWO

CONVERTERS AND INVERTERS PRINCIPLES

2.1 Power Electronic

It is defined as "The applications of the solid-state electronics with power,
electronics and control™ [10].

Generally power electronics deals with two stages Power Converting and
Controlling. The control deals with steady state and dynamic characteristics, power
deals with converting power signal waveforms to required waveform that needed in

the system such as converting the power from DC to AC and from AC to DC.

2.2 Types of Power Electronic Circuits

Generally power electronics are classified into six classifications:
Rectifiers
AC to DC Converters (Controlled-Rectifiers)
AC to AC Converter (AC-Voltage Controller)
DC to AC Converter (Inverter)
DC to DC Converter (DC-Chopper)
Static Switches

o 0k~ w0 DN PRF

2.2.1 Diode Rectifier

A diode rectifier circuits is a circuit that convert an alternative signal (AC
alternative current) to a fixed constant signal (DC direct current) and it can be a three-

phase circuit or single phase circuit [10-12].



2.2.2 AC to DC Converters (Controlled-Rectifiers)

AC-DC converters which also known as controlled rectifiers are an electrical
circuit consists of two switches, which rectify the AC voltage signal to DC voltage
signal. The average output voltage is related to the On period of the switches so it can
be controlled by varying the duty cycle. As other rectifiers, the source can be either
single-phase or three-phase [10-12].

2.2.3 AC to AC Converters

AC-AC converter as also known as AC Voltage Controller is a circuit that
obtains a variable output of AC power signal from a fixed AC power signal with
bidirectional switches. The obtained voltage is related to the On period of the switches
so it can be controlled by varying the duty cycle [10-12].

2.2.4 DC to AC Converters (Inverters)

DC-AC Converters also known as Inverters. They are electrical circuits that
inverts the DC voltage to AC voltage. Inverters are used in many application such as
Uninterruptable Power Supply (UPS), Adjustable Speed Drivers (ASDs) and other
utility application for bulk power transporting. The controlling of the Inverter is done
by using PWM techniques. If variable voltage is needed a combination of DC-DC
Converter and Inverter is used [10-12].

2.2.5 Static Switches

Power electronic devices is used as contactors, the power supply source is either
AC or DC, and the switches are called static switches for AC or switches for DC.

Electronic switches converters convert DC voltage to another DC voltage value
by storing the input energy in magnetic storage which is inductor temporarily and then
releasing this energy to obtain different voltage values depending on the On period of
the switching. The storage might be in magnetic components such as inductors or
capacitors. This type of conversion usually has high relative efficiency up to 90%,
while voltage regulating with linear converting has lower efficiency due to dissipating

the unwanted power as heat. Disadvantage of switching converters are circuit
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complexity, noise (RFI — EMI) and cost. DC-DC converters can be classified
according to the electrical isolation to Isolated converters and Non-Isolated converters.
Non-Isolated converters is a converter using transformerless technique which means
the input and the output are electrically connected (sharing a common ground point).
An Isolated converter is a converter that use transformer technique in which means
they does not share a common ground point. Examples of transformerless converters
(Non-lsolated Converters) topologies like [10-12]:

1. Buck Converter

2. Boost Converter

3. Buck Boost Converter

And for transformer converters (Isolated Converters) topologies:

4. Push-Pull Converter

5. Forward Converter

6. Flyback Converter

2.2.6 Buck-Converter

It is a switch-mode converter, a step-down Converter that utilizes two types of
switches; a transistor and a diode. Energy storing components are inductors and
capacitors. The output voltage function for this topology is:

Vo =DViy (2-1)
VL
| -—
— YN

Figure 2.1 : Buck converter [10].

The mentioned formula works when i;> 0 and the converter operated in

continuous conduction mode (CCM).



2.2.7 Boost-Converter

It is a switch-mode power supply (SMPS) converter, it is a as step-up converter.
It contains of two types of switches; diodes and transistors, and minimally one energy
storage component; capacitance or inductance passive component. Theoretically the
output can reach infinity but in practice it cannot due to parasitic effect of the
components [10-12]. The output voltage equation for this converter is:

Vo = 125 (CCM) (2-
2)

- D
S
VS J |-|:1 C == LOAD v

Figure 2.2 : Boost converter [10].

2.2.8 Buck-Boost Converter

A buck-boost converter is a DC-DC switch-mode converter that can convert the
input DC voltage to DC Voltage with value of more than or less the input. Its principle
is similar to Buck and Boost Converters. The output voltage magnitude based on the

duty cycle [10-12]. The output voltage function for buck-boost converter is:
Vo = —(1%5) Vin (CCM) (2:3)

where the polarity will be opposite to the source.
-+—

g IR
v L C=— R|| |V,

Figure 2.3 : Buck-Boost converter [10].



2.2.9 Push-Pull Converter

A Push-Pull converter is a DC-DC converter that utilizes the ideology of the
transformers to convert the DC voltage. The transforming turns-ratio is fixed,;
however, in many applications the duty cycle controls the output voltage of the
converter. The main motivations of Push-Pull converter are their simple circuit and it
Is able to gain high power so that they are utilized in industrial power applications.
Figure 2.4 shows the Push-Pull topology with power up to 300 W [10-12]. The formula
of the output voltage is given below:

(2-4)

Figure 2.4 : Push-Pull Converter [10].

2.2.10 Forward Converter

A Forward converter is a modified version of Push-Pull Converter by replacing
one of the switched with a diode. Single it is less expensive, has less losses and requires
less placing space than Push-Pull converters. Forwards Converters are popular
converter used for low power application with maximum output power of 250 W [10-
12]. The formula of the output voltage is:

Vo = Viy (x—i) D (CCM) (2-5)
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Figure 2.5 : Forward Converter [10].

2.2.11 Flyback Converter

It is an isolated type converter built in with galvanic core isolation. Flyback
converters are considered as a Buck-Boost converter that utilize the topology of
transformers, so that the load voltage value is varied according to the transforming
ratio and duty cycle. Simple design of a Flyback in given in the Figure 2.6 which shows
that Flyback has fewer component compared to other topologies. Flyback topology
suffer from one main issue which is high inductor current ripple that is solved by using

interleaving topology [10-14]. The output voltage equation is given by:
Vo=V (57) 55 (26

T D |

¥ ],

N1 N2 c_|
Vs SJ'_ ] LOAD | y/

Figure 2.6 : Flyback Converter [10].

/1

Derivation of Flyback converter

Flyback converters are derived from buck-boost converters. The derivation is
shown Figure 2.7, where (a) shows the ordinary buck-boost converter’s circuit, with

two switches types (MOSFET & diode). (b) the inductor has been replaced with two
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coupled inductors and connected using two wires with a turn ration of 1:1. Inductor’s
function still not changed, but the two paralleled inductors are equivalent to one
inductor with larger wire. In (c) the two windings are disconnected by braking the
wires that connect them. Now the two windings are working consequently, the current
flows if the primary inductor when Q1 conducts while the current flows in the
secondary winding when D1 conducts. The average current of the circuit is the same
to the second case (b); however, the currents are divided unequally through the two
windings. Since the two inductors are coupled the magnetic field inside the two

inductors are identical in both cases.

Figure 2.7 : Derivation of Flyback converter [10-13].

The symbol that used for the windings of the Flyback converter is the same
symbol that used for the normal transformer also they are called “two-windings
inductor”. This converter sometimes is called “Flyback Transformer”. In ideal
transformer, the current flows continuously in both primary and secondary winding
while in Flyback converter the current flows in primary winding in On-period of the
duty cycle and flows in the secondary winding in Off-period of the duty cycle. (d)
illustrates the conventional Flyback converter configurations. The transistor connects
the primary winding of the Flyback converter to the ground of the DC source. For
better converting optimization, 1: n turns ratio is used. [10-13]
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Analyzation of Flyback converters

The analyzation of most of the converters built in with isolated windings is done
by taking the simple equivalent circuit of the transformer which consists of two energy
storing components; an ideal transformer and magnetizing inductance connected in
parallel. The magnetizing inductance behaves according to the usual rules of inductors
in addition to volt-second balance when the converter operated in steady-state mode.
This applies the average voltage to zero on all windings. For better understanding for
the operation of the Flyback converter, the transformer has been replaced with the

equivalent circuit described earlier. As shown in Figure 2.8(a) is obtained [13-14].
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Figure 2.8 : Conduction states of Flyback converter a) Conventional Flyback Converter b) Switched On state c)
Switched Off state [10-13].
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The Ly works in the same principle as the L of the ordinary buck-boost
converters of Figure 2.7 (a). In the first phase when Q1 conducts, L,, stores energy
from the source. In the second phase when D1 contacts, the energy that is stored in L,
is delivered to the load. The current and voltage of the inductor are scaled according

to duty cycle and the 1: n ratio.

In phase 1, while the transistor Q1 conducts, the diode D1 will be in reversed
biased. The converter model will be reduced to Figure 2.8(b). The voltage of the

inductor v,,, Current of the capacitor i, and dc source voltage i jare given by:

v, = Vg
Ic = —g (2-7)
iy =i

Assuming that the converter is operated with small capacitor voltage and
inductor ripple, the output capacitor voltage v and magnetizing current i can be

approximately calculated by their dc components V, I respectively by the following

equations:
UL = I{q
. 14
ic=—2 (2-8)
ig=1

During the phase 2. The transistor Q1 is off and the diode D1 conducts, the
circuit will be modelled as it is shown in Figure 2.8(c). The voltage of the magnetizing
inductance v, the current of the capacitor i, in the secondary side, and the current of

the dc source are calculated by the following equations:

e =1 (29)
iy =0

The v, (t),ic(t), and iy (t) waveforms are shown in the Figure 2.9.
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Figure 2.9 : Current States of Flyback Converter [10-13].

2.3 Interleaving of SMPS

Most Switched Mode Power Supply (SMPS) can be connected in parallel with
k number of identical converters and this is called interleaving and controlling signal
is typically the same with phase shift of 360%k, the consequences are different from
each converting topology to another there are three main converting topologies has
been used in interleaving form (Forward Converter, Push-Pull Converter and Flyback)
[20].

2.3.1 Forward

There are two types of interleaving for Forward converters as shown in Figure
2.10, one of them is connecting the secondary side in parallel and the other is
connecting the secondary side in series.
1) Parallel Connection: With secondary side connected in parallel, this method

requires k number of inductors and transformers operating at the same frequency F
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(this applies for k > 2; k=2). This case of connection has one necessary output
inductor.

2) Series Connection: With secondary side with series connection, allows combining
the rectified voltage waveform. It’s not very suitable for low voltage applications
due to the drop voltage of series connected diodes. [16], [17].

;_L_t@

series-output | e |

(W |
Fi - : - Parallel-output
1E = El
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Figure 2.10 : Interleaved Forward Converter [20].

2.3.2 Push-Pull

The push-pull converter as shown in Figure 2.11 is can be interleaved in two

options parallel or series. It is suitable for low voltage power conversion with
numerous variants [16], [19].

L ]
m{,‘onﬁg 2 g
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Figure 2.11 : Interleaved Push-Pull Converter [20].
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2.3.3 Flyback

Interleaving Flyback Converters as shown in the circuit in Figure 2.12, with two
output connection options parallel and series.

1) Parallel Connection: The interleaved Flyback converter with secondary side parallel
connected configuration is more known and because the interleaved currents are
summed up to a current waveform with multilevel formation in the output of the
converter.

2) Series Connection: Secondary series connected option for k number of interleaved
connections requires k number of capacitors and k number of diodes series
connected on the output side of the converter. This analyzation shows that the
parallel connected interleaved Flyback is a suitable choice for high power

applications [20].
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Figure 2.12 : Interleaved Flyback Converter [20].

2.4 Inverters

Inverters takes wide part in power electronic world since and it is developed with
the developing of semiconductors. Inverters convert DC power to AC power through
varying the polarity of the input DC source with time. The output voltage will have
specific frequency depending on the controlling technique that used. The normal
output voltage of any inverter is square AC voltage but the amplitude of the output
will be related to the inverter type and duty cycle. Generally, the output AC voltage of
the inverter has high THD, many techniques has been used to minimize the THD of

the output but none of them reached zero THD since most of the inverters use PWM
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controlling techniques which will be discussed in deep later in this chapter. There

many researchers worked in this field of power electronic and many types of inverters

have been studied and proposed for both single and three phase power system. An

inverter has the following facilities:

a) The output voltage waveform can be square wave or sinewave with low THD.

b) Controlling the voltage can be done by drives of the switches.

c) Some inverters are called PWM inverter due to using the Pulse Width Modulation
Techniques.

d) Non-sinusoidal voltage has harmonic distortion that makes them not sinusoidal.

e) Proper control schemes are used to reduce these harmonics.

T4 Dy Ts
Q1—|K} Qs—lK}DS
* > o
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Figure 2.13 : General Schematic of Single Phase Inverter [10-13].

Generally, inverters are classified according their source to two classification
VSI and CSI which are the abbreviation for (Voltage Source Inverters) and (Current
Source Inverters) respectively. Inverters can work for single or three phase converters.

a) VSI are supplied by constant voltage source while CSI are supplied by constant
current source.

b) To convert a voltage source inverter to current source inverter an inductor is
connected in series and then changing the supplied voltage to obtain the required
current.

c) A VSI and CSI can operate in the voltage control and current control mode
respectively.

d) Inverters are used in various applications like uninterrupted power supplies

(UPSs), static VAR compensators, induction heating, and etc. [10-12]
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Table 2-1 : Comparison between VSI and CSI.

VSI

CSlI

Fixed source voltage

Fixed or adjustable current source

VSls are supplied by a voltage source with

very small impedance.

CSls are supplied by adjusted current
from a voltage source of high

impedance.

The nature of the load effects the waveform

of the load current and its value.

The nature of the load effects the
waveform of the load voltage and its

value.

The load doesn’t affect the voltage

The load doesn’t affect the magnitude of

the current

Circuit complexity

Circuit simplicity

Feedback diodes are required

Feedback diodes are not required

Voltage Source Inverter

(VSl)
+C
v, | v, |
—( /\VD, —1[{ /
0 == :).,./YY\R L L

v, x )
o, K

T

4

Current Source Inverter
(CSl)

Figure 2.14 : Voltage Source Inverter (VSI) & Current Source Inverter (CSI) [10-13].

2.4.1 Inverter Controlling Techniques

Controlling technique is one of the most important topics that researches focus

on. Inverters has relatively high AC voltage distortion which is can be reduced by
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using proper controlling technique also low-pass filter usually is used to get pure ac
voltage but it will increase the cost and losses. Controlling techniques can be divided
to two division square voltage out-put and sine voltage output. Square voltage output
can be obtained by using bi-directional controlling technique, while sine voltage output
can be obtained by using PWM (Pulse Width Modulation) controlling technique which
Is the most known and used technique in inverters. PWM technique is used to reduce
the distortion of the output voltage but still a pure AC voltage can’t be obtained from
PWM technique without using Low-Pass filters. Many types of PWM techniques have
been introduced but the most known two types are SPWM and SVPWM [10-16].

2.4.2 Square Controlling Techniques

Square controlling techniques is one of the most used techniques when only
inverting is needed without any controlling to the input signal and it has some
advantages due to its low switching frequency, easy to control and low cost. The output
of this technique is AC signal with square waveform. This output is most suitable

to low-sensitivity applications such as lighting and heating.

Voltaoe (4]
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Figure 2.15 : Square Controlling Technique Waveform [10-16].
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2.4.3 Sine Controlling Techniques
Pulse Width Modulation (PWM)

it is a modulation technique to convert the analog signal to pulsing signal. This

technique is widely used in power electronic especially in converters and inverters

topologies and one of the most important advantage of this technique is to reduce the

THD of the ac signal when it is used with inverters. The idea concept of this method

IS to convert the input signal to square wave by controlling the switches, the “on”

period of the square wave is controlled by the technique to provide variety “on” and

“off” periods to the square wave where the ration of the “on” period to the “off” period

is called duty cycle [10-16]

o b~ w0 D

Voltage

On Oft

Vi

Duty Cycle
(D)

RFL —
Time (T)
Period (T)
Figure 2.16 : Pulse Width Modulation Controlling Technique [10].
Duty Cycle is calculated by:
OnTime
Duty Cycle = " 100% (2-10)

There are many advantages for this technique:
Average value and duty cycle are proportional related.
Low power is used in transistors which to switch the signal.
High switching frequency is possible due to the development of power electronic.
less noise.
Less heat dissipation compared to using resistors for intermediate voltage values.

While the disadvantages are:
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Expensive.
Complex circuit.
RFI.

Voltage sparks.

o B~ W D

Electromagnetic noise
The generation of the PWM technique signal can be done by using an electronic
circuit that has two signal generators, one generates saw tooth signal which is called
carrier signal and the second one generates sine wave signal which is called reference
signal. A comparator should be used to compare these two signals and gives an output
of 5V:

1. When sine is greater than sawtooth PWM is high.
2.  When sine is less than sawtooth PWM is low.
3. PWM toggles when sine equals sawtooth.
Amplitude (V)

—

source signals

o

PWM signal

{]-_.._. | I S B ) - L
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Figure 2.17 : Sinusoidal Pulse Width Modulation Controlling Technique [10].

Choosing the frequency of the carrier signal:
1. Application dependent.

2. Not too low:
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1. Audible frequencies
2. Twice the inverse of device time constant
3. 10 Times higher than control system frequency
3. Not too high:
1. More heat is generated in transistor at high frequencies
2. At high frequencies, some loads not responding

2.5 Discontinuous Conduction Mode (DCM)

DCM is one of the three known conduction modes that available which are
DCM, CCM and BCM which are the abbreviation for Discontinuous Conduction
Mode Continuous Conduction Mode and Boundary Conduction Mode respectively
which is considered as DCM in principle. The conduction mode express the output
current waveform of converter where, in DCM and BCM the waveform of the current
will be triangular where the current will reach zero at the end of the period Off-State
of the switch and then the current raises to a specific value. DCM appears at large
switching ripple enough to reverse the polarity of the switch. The DCM generally
occurs in DC-DC converters or AC-DC rectifiers and sometime appears in different
types of converters such as inverters or other converting topologies built-in with two
quadrant switches. DCM operation mode is usually used in converter applied for high

load with large inductor current ripple. [18].

2.5.1 Benefits of DCM in Interleaved Flyback converter

In this work, Discontinuous Conduction Mode is used for the following
motivations:

1. Stability and fast dynamic responsivity for considered operating conditions.

2. Doesn’t have reverse recovery issues, where the diode shows reverse recovery
issue in CCM operation mode which result in EMI problems, noise and
additional losses which reduce the overall efficiency. So, DCM prevents all
these complications.

3. Eliminate the turn on switching losses.

4. Minimize transformer size.
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5. Ease of control. Feedback loops are not needed where a feedback loops are
sufficient to obtain a sinusoidally formed current with low THD this makes the
control of the converter easier and have less complexity.

Beside the advantages and benefits of using DCM operation mode, there are also
several drawbacks. In DCM, the current waveform has high RMD to mean ration (form
factor) compared to CCM operation which causes more losses, as a solution for this
drawback, every path carrying current should have low resistivity, another
disadvantage is the current pulses which have high peak values and discontinuity in
the waveform, and for this disadvantage parallel connections for the same converter is
a good method to handle the high peaks currents. Nevertheless, all these drawbacks
will be reduced by interleaving topology which connects number of flyback converter
cell in parallel. Firstly, each cell will have less current peaks due to the interleaving
the discontinuity will be the same which will be much decreased when all of the
interleaved cells connect at the input source with a common point. All these benefits
come from sharing the drawn power evenly among the phase-shifted cells over one
period of switching cycle leads to the minimum discontinuity. Table 2-3 gives a
comparison between CCM and DCM [7], [17], [25].
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Table 2-2 : Comparison between conduction modes for Flyback converter.

Corr;t%a::son Discontinuous mode Continuous mode
Ip / / Ip ( ( Kl
| ton I{rr < \tow {“
Operation ’ < bu: " ] T bu
Discontinues current Continues current
waveform waveform
Smaller inductance, smaller Higher inductance, bigger
Transformer . . )
size and cheaper size and more expensive
Rec'glfylng Fast recovery Needs a faster recovery
Diode type,
SW|tc_h|ng Higher power is allowed Less power is allowed
transistor
Outp_ut Higher ripple current Less ripple current
Capacitor
Efficiency Less switching losses and higher switching losses and

higher efficiency

less efficiency
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CHAPTER THREE

WORK PRINCIPLE AND ANALYSIS

3.1 Literature Review

Solar energy which is one of the most important and known green energies and
it is also renewable source of energy plays a great role in the energy market and science
world currently; Therefore, the development and research in the rise. However, the
cost of most of the converting technologies limits the global consumption, the cost is
one of the essential points for commercialization especially in small electrical
applications. A Flyback converter has motivations due to its simple structure and easy
power flow. It recognized as isolated converter and it has an advantage over other
isolated converters since it has least number of components that leads to make it the
lowest in cost compared to other isolated converters, this advantage due to eliminate
the need of two separated storing components which are the inductor and the
transformer by combining these two components. In other converting topologies, the
energy storing component and transforming component are separated. This motivation
leads to lower cost and smaller transformer size. One of the challenges come when
designing a transformer with high energy storing. Since the energy is stored in the air
gap of the transformer, that makes Flyback converters needs relatively large air gap;
however, that results magnetizing inductance to become small. The aforementioned
challenge achieves a low leakage inductance for small magnetizing inductance. A
Flyback converter’s transformer that has large leakage flux and poor coupling will lead
to reduce the energy transfer efficiency. The mentioned drawbacks of conventional
Flyback converters make it not suitable for high current applications. As a result,
Flyback topology is used only for small power applications. Here where interleaving
taking in role to solve the aforementioned drawbacks where multi number of cells can

be interleaved to increase the power the can be used for an application. But still we
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will face the problem of high cost and complexity of using low pass filter which can
be minimized by using special controlling technique which will be discussed later in
in this chapter to obtain sinusoidal waveform with low THD so small low pass filter
can be used to deliver smooth sinusoidal waveform with small low pass filter

components and minimum THD.

Interleaved DCM Full-bridge .
flyback converter  unfolding inverter SE{*E-_:I]
=T
DC - -
Source ~N "|'\ Grid
b I' 1 Low-pass
AYRA A Si7 |Sse filter

Flyback & Inverter
Switching Signal Generator

Figure 3.1 : Block diagram of interleaved Flyback converter with unfolding inverter.

In previous researches a decupling capacitor used to be used after the PV panel
to maintain the flow power flow of the converter, where in this study using of three
phase sinusoidal converter of interleaved Flyback converter

3.2 Operating Principles

DC voltage source is applied to three-phase converters of interleaved Flyback
transformer each interleaved Flyback consists of three interleaved cells. Each Flyback
converter is connected by switch at the primary side, while a diode is used to connect
the secondary side to the inverter. Also, the load side of the topology consists of
unfolding full-bridge inverter and a second order LC filter for pure sinusoidal
waveform with minimum THD for better interface with the grid, where the topology
obtains a sinusoidal output waveform with low THD that makes the cost of the low
pass filter low. The unfolding full-bridge inverters are used to unfold the half
sinusoidal DC voltage of the converter output to AC voltage without using any
modulation techniques. To simplify the principle of the converter, one phase out of

three will be explained. The Flyback converter operation is divided for two
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subintervals, first subinterval when the switches of the primary side that are connected
with the ground terminal of the Flyback converter are turned On, and the second
subinterval when those switches are opened. In the first subinterval, the current flow
from the source to the primary windings of the Flyback converter and an energy stored
in form of magnetic field. In this subinterval, no power is transferred to the load
directly from the source due to the existence of the diode, so the load is supplied by
the Cr and Ly. While in the second subinterval the stored energy in the magnetizing
inductance is transferred to the load in current form. The Flyback converter is operated
in Discontinues Conduction Mode (DCM) for stability and ease generating of AC
current at the grid station in addition for the aforementioned benefits of DCM in
Chapter Two. The DCM operation mode produces triangular current pulses of Flyback
converter windings under open loop control with each switching period. If PWM
controlling technique is used as it is explained before in Chapter Two, a group of
triangular pulses with different amplitudes will be formed as explained in Figure 3.2
and Figure 3.3. Specifically, Figure 3.2 shows the input current pulses of the Flyback
converter primary winding and Figure 3.3 shows the output current pulses of the
Flyback converter secondary winding. The instantaneous currents are composed of
peaks with discontinuity that falls in form of sinusoidal due to the controlling scheme
of sinusoidal PWM. Figure 3.2 also input current (i;) that has high switching
frequency, the average of the pulsed current (1;) which has low frequency over one
switching cycle and the DC current (I;) which is the average current over one grid

period.
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Figure 3.2 : Input Current (i,), average current (i;) over one switching period, DC current (I;) over one grid
period.
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Figure 3.3 : Output current (i,) after unfolding and Output average current (i,) over one switching period.

In practice if this topology is applied on PV sources, so any supplied current by
it to the grid, it will cause variation in the supplied voltage. The variation at the
terminals should be small so a decoupling capacitor should be placed at the source and
sized in which only the DC current is applied by the source and both low and high
frequencies are bypassed. In this work, an ideal voltage DC source is used for the ease
of analyzation and implementation. Since the unfolding inverter is used only to unfold
the sinusoidal modulated output of the converter to AC output, the switched of the
inverter are operated with line frequency which is considered very low frequency
compared with the switching frequency used in modulation. The losses of the switches
are decreased and just conducting losses are involved for these reasons, the unfolding
inverter bridge can use thyristors or transistors switches due to the low switching

frequency to reduce the cost [21-24].

3.3 Interleaved Flyback using intercell Transformer

Flyback converter can be implemented using intercell transformers which is also
known as inter-phase transformer and sometimes it is called improperly coupled
inductors. Its basic principle has been presented and discussed widely in [21] - [24]
like in the Figure 3.4. the function of this converter in ideal cases is to sum-up the

generated voltage by k communication.
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Figure 3.4 : Circuit Diagram of interleaved Flyback Converter.

3.4 Converter Analysis
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Figure 3.5 : schematic Circuit of the one phase of the interleaved Flyback converter based on three interleaved
cells.

The analyzation of interleaved Flyback converter is discussed and based on the
schematic diagram shown in Figure 3.5 which shows only one phase of three cell and
the analyzation will consider only the first cell of the first phase. The analyzation is
taken through one switching period and when the duty cycle value at the peak value
and grid-voltage at its peaks value. Figure 3.6 explains the controlling signal for one
cell of the interleaved Flyback cells through one switching period, the primary winding
voltage of the Flyback converter ( v,), and magnetizing current (i,,) with its secondary

and primary currents i;and i, respectively over the chosen switching interval where
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the value of duty cycle at the peak (D,.q). Notice that the waveform represents
discontinuous conduction operation mode [20], [26].

Control signal

S,l is ON S,r is OFF
. . . - [
VP '
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...................................... = - - r
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XYoo

Figure 3.6 : Flyback switching control signal.

3.4.1 Analyzation of Flyback Converter in On State

When switch S; is On Figure 3.5 the DC source voltage is supplied to the primary
windings of the first Flyback cell and a current flow in the primary winding of the
converter. The current increase linearly with positive slope with time from zero initial
value assuming that the input value is constant. The current is stored as energy in the
source side winding of the Flyback converter. The Flyback input current and

magnetizing current can be defined as:

i1 = iy = 22t (3-1)

Lm
Where L,, is the Flyback magnetizing inductance. The current reaches the
maximum value at the end of this subinterval and can be expressed as:

_ VinDpeak (3_2)

ilpeak = impeak LmFe
Where F; represents the switching frequency. This maximum current value is

reached when the highest value of duty cycle is reached where the duty cycle is
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sinusoidal modulated. The area that will be drawn from this triangular formed current
gives peak value component with twice frequency of the grid current, triangular
formed current also shows the maximum value of the current with low frequency

component which is given by:

2 VinDpeak
I =—+t= (3-3)
2Ly Fs

The average DC current (1) that is drawn from the input source is taken from

the half of this current.

2
I; VinDpeak
I = n = pea (3-4)
Ncell 4LmFs

Where [;,,; the delivered current from DC input supplier and n..;;; number of
interleaved cells of the Flyback converter of one phase. Consequently, the relation
between the input power and converter parameter can be given by:

2 12
ncellVinDpeak
Py =Vipliy = (3-5)

4Ly Fs

When a design for implementation is needed the desired value of the Flyback
(L,) is found by (3-5) depending on the selection of the frequency for the converter
switches, the best number of the interleaved cells and the best D,,qx Value. The Dy,
is generated according to desired output voltage or by the MPPT controller of the PV

panels to harvest the maximum solar energy.
3.4.2 Analyzation of Flyback Converter in Off State

When §; is switched Off in Figure 3.5 the voltage of the primary side windings
of the converter turns negative to the load voltage after transferring and scaling by the
turns ratio as shown in Figure 3.6, the current of the secondary winding of the first

interleaved cell can be expressed as:

. . Verid
Niy = Iy, = nng t (3-6)

Where Vgrid is the maximum of the load voltage and n is the secondary to

primary turns ratio. in the end of the Off-switching period, the magnetizing currents
are decreased to zero in linear form. Since the converter works in DCM. The change

in current is given by:
— vgridApeak (3_7)

Nizpeak = lmpeak 7 Lo Fs
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Where 4,4 is the time ratio that is needed to reset the magnetizing current to
zero as shown in Figure 3.6 and it is equated by taking the area across the primary

voltage v, as given below:

nVinD k
A = P 3-8
peak Vgrid ( )

Knowing 4,.qx finds the maximum value of the instantaneous average for
current of the Flyback output (i), it is represented by the largest triangular area.

Following equation gives this peak value:

a Tori VZ D2
grid in“peak 3 9
12 n 2L FsV gri ( ) )
cell m¥tsVgrid

The above formula also gives the maximum current value that drawn from each
interleaved cell. Comparing (3-5) and (3-9) verifies that the input power equal to the

delivered power to the grid in an ideal converter. Gives the following equation:

2 2 o %
_ _ TNcettVinDpeak _ Vgridlgrid _
Pin VL’ Iin 4Ly Fs - 2 — fgrid (3'10)

assuming Apeqx = 1 — Dpegr and by (3-8) the turn ratio of the Flyback
transformer can be calculated by:

n = Yaria(1=Dpear) (3-11)

Vin Dpeak
The airgap length of the Flyback transformer can be calculated by using the

following expression:

| = NHodcore (3-12)

g Lm
Where N is number of primary winding turns of Flyback converter cell, y, is the
air permeability and A, is the cross-section area of the core.
Maximum voltage stress on the switched of the Flyback converter on Off-period can

be found by the following expression:
vgrid,max
Vswmax = Vinmax + . + AV (3-13)
Where V;,max 1S the maximum input voltage considering if non-constant input

voltage in full time period. Vgrid_max is peak value of the output voltage. AV is the

transient voltage that caused due to the parasitic effect in the converter in Off-period
and due to the leakage inductance of the Flyback transformer. Snubber circuit or
voltage clamp are generally used to reduce the transient. [20] - [23], [26].
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CHAPTER FOUR

THREE-PHASE FLYBACK-BASED INVERTER WITH SINUSOIDAL
OUTPUT

4.1 Overview

A Flyback converter with special control technique is designed and analysed.
The designed Flyback converter has one DC input and AC Output. The control of the
converter is designed to achieve a half sinusoidal waveform in the DC side (before the
inverter) the reason of having a half sinusoidal waveform to minimize THD and reduce
the size of the low pass filter in the output (AC side) and reducing the losses of the
switches of the inverter due to the elimination of PWM techniques. The DC half
sinusoidal waveform is connected to a bipolar inverter to invert the half sinusoidal
waveform to fully sinusoidal waveform. A three-phase sinusoidal waveform reduced
the current ripple of the transformer also leaded to have continuous input power
waveform which leaded to higher converter efficiency. Interleaved Flyback converters
are needed to minimize the current ripple further and increase the maximum power of
the Flyback converters which achieved by connecting multiple Flyback transformer in
parallel with switching phase shift of 360/n where n is the number of Flyback cells.
The sinusoidal waveform has been achieved by varying the duty cycle with time which
will be explained in this chapter.
The overmentioned converter has been obtained in two steps, firstly a
sinusoidal Flyback converter without an interleaved converter has been designed then
for each phase the Flyback has been replaced by an interleaved Flyback converter.
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4.2 Three Phase Sinusoidal Flyback Converter

The first work that has been implemented is to design a converter of three-phase
converter with Flyback transformer connected to a bipolar inverter. A DC voltage
input is connected to three Flyback transformers, each transformer has different duty
cycle signal, each duty cycle is shifted by 120 degree with high switching frequency

to have sinusoidal waveform.

DC Voltage m %

Solar Panel

Three Flyback

Cinverters Three Inverters AC Load

Figure 4.1 : General Block Diagram of Three-Phase Non-Interleaved Flyback Converter.

4.3 Operation Principle

The proposed Flyback which is shown on Figure 4.2 works similarly to the
traditional Flyback converter but it has two coupled inductors in the secondary side
connected in common point. Each inductor connected to a capacitor with a diode so

the capacitors connected in series which leads to have 2Vc on the load.

P

D2

c1 +

Load

L1 L2

||§ )
b1

_/ H J

D1

| s

|||+

Figure 4.2 : Circuit Diagram of single Flyback cell converter.
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Mode I:
In this mode S1 is closed so the current will flow in the primary inductor and
energy from the source will be stored in L1 and D1, D2 are in open state as shown in

Figure 4.3. this mode ends when S1 is opened.

g w

D2

c1

[
o]

c2 +

H J

D1

Figure 4.3 : Mode | of Single Flyback Cell Converter.

Mode II:

This mode starts when S1 is opened. In this mode D1, D2 are conducted and the
energy stored in L1 will flow from L2, L3 through D1, D2 respectively and charge C1,
C2, since the secondary inductors will flow a current oppositely in the common point
and since they both work as the same time and having the same energy, that leads to
have a zero current in the common wire as shown in Figure 4.4. This mode ends when

S1is closed.
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Figure 4.4 : Mode Il of Single Flyback Cell Converter.

The sequence will repeat with different duty cycle which leads to have a half
sinusoidal output. The control signal for each Flyback differ by the carrier signal, each
one has a phase shift of 120° between each other which leads to have three signal in
the output. First Flyback will have an output of half sinusoidal with phase shift of 0°,
the second one will have an output of half sinusoidal with phase shift of 120° and the
third one will have an output of a half sinusoidal with phase shift of 240°. An inverter
with 7 period of on and & of off is needed to obtain an AC output with the desired
phase shift for each Flyback. The output of the three Flyback converters can be
connected to a star or delta AC load. The complete circuit shown in Figure 4.5.
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Figure 4.5 : Circuit Diagram of Three Phase Non-Interleaved Flyback System.
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4.4 Controlling Technique

The Figure 4.9 shows the carrier signal and the reference signal. The carrier
frequency has high frequency compared to the reference signal. As shown the
reference signal is not fixed in this converter and it refers to the duty cycle, so to have
a sinusoidal DC voltage output the duty cycle needed to be variable starting from zero
then to the maximum value that needed then back to zero in waveform of half
sinusoidal and keep repeating and this way a waveform of halves sinusoidal is

achieved. When the reference signal is higher than the carrier signal, the switch

Amplitude (mV)
600

e o~ =~ A
soo0 & X X > \\ /\/ ) \\ X \\
\ AN oo P oo/ P Vo IR Voo
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y I y 1 ) ¥ 1 i'|
\ \ /\ A ] \ f\ /

_ | |
R o A e A A TS AR

f

a '\’ | \[ \ \.[ \ v '\_._.;

0

.

400 4

300 4

Time (ms)
0 10 20 30 40

Figure 4.6 : Duty Cycle of three-phase non-interleaved Flyback converter with maximum value of 0.55.

will conduct which leads to charge the primary inductance of the Flyback transformer
with a specific energy depends on the on state, in the off state the sorted energy will

be transferred to the secondary side of the Flyback transformer with voltage of:

V, =DV, =

mn Ny

(1)

When the duty cycle increases, the output voltage will be increased.
4.5 Experimental Results

A 10 ohms sinusoidal AC load connected to a three-phase sinusoidal Flyback
converter has been simulated in National Instrument (Multisim) software with the
following specification: V;,=12V, V,,; = 30, Fs = 100KHz with duty cycle of half
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sinusoidal waveform with maximum value of 0.555. L1, L4, L7=1mH & L2, L3, L5,
L6, L8, L9=2mH C1=C2=C3=C4=C5=C6=2.5uF.

As shown below in Figure 4.7a -the output voltage of the proposed three phase
sinusoidal Flyback without low pass filter we can obtain a sinusoidal voltage with
THD less than 6% as shown in Figure 4.11, Figure 4.7b shows output current, in
Figure 4.8 show the output voltage of the first Flyback and Figure 4.9 show the duty
cycle with time. LC filter can be added to the load to ensure smooth sinusoidal

waveform.

Amplitude (V)
]

Amplitude (A)

AL

400m i i ; : Time (ms)
Oy 20 Oy

Figure 4.7 : (a) Load Voltage (b) Load Current.
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Figure 4.10 : Controlling Signal of one switch of Flyback converter.
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Figure 4.11 : Harmonics of First Phase Load Voltage.
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4.6 Conclusion

Single DC voltage source is connected to a Flyback converter to obtain a DC
output with half sinusoidal waveform. A three-phase sinusoidal output has been
obtained from half sinusoidal outputs of Flyback converters so that minimization of
THD obtained with less switching frequency. PV panels can be connected to a three-
phase load with smoother power delivering. using the proposed three-phase Flyback
converter leaded to have higher average power compared with the ordinary system but
still the input power waveform reaches zero values so, an interleaved Flyback

converter can be used.
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CHAPTER FIVE

SIMULATION OF THREE-PHASE INTERLEAVED FLYBACK INVERTER
WITH SINUSOIDAL OUTPUT WAVEFORM

5.1 Overview

Based on previous studies and the achievement that has been obtained from the
previous chapter an interleaved Flyback converter is needed to achieve the aim of the
study which is having a three-phase output with sinusoidal waveform with minimum
THD, high efficiency and utilize the input power sufficiently with smooth power
waveform. The interleaved converter consists of three interleaved Flyback converters,
each Flyback is sifted by 120° to obtain a three-phase voltage output. Each interleaved
Flyback converter consists of three Flyback cells interleaved by 120° between each
two cells. Shifting each cell by 120° leads to reduce the ripple current in each cell also
divide the power to each cell which leads to utilize the Flyback converter in higher
power applications than the conventional Flyback converter which can be used only
for small current applications. The controlling of this converter is done by controlling
technique which will be explained later in this chapter. The converter consists of three
interleaved Flyback converters, switches, input DC power, inverter and LC filter. The
inverter which is used for the proposed converter is used only for convert the DC half
sinusoidal waveform to AC sinusoidal wave form without any modulation techniques
by using reference frequency of 50 Hz which means very low switching frequency
compared with other techniques leads to reduce losses of the switching in the inverter
and voltages stress on the switches. Realistic component has been used in the
simulation, an IGBT of model IRG4PC40UPBF has been used for Flyback converter,
a transistor of ON resistancelOm Q, OFF resistance 1M Q and diode forward drop
voltage of 0.7 V has been used for the inverters. A second order LC filter of 10 uF and

1 mH has been used.
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5.2 Block Diagram and operation

The block diagram consists of a DC voltage source that represented by a constant
DC voltage source in this work, DC-DC converter which is represented by three-phase
converter each phase consists of three interleaved Flyback cells. Each phase is shifted
by 120° and according to interleaving converter and the number of cells that is used in
this work that makes the shifting between each two-interleaved cell is 120°. Unfolding
inverters are used to unfold the sinusoidal DC Voltage output of the Flyback converter

to AC voltage to be connected to the grid load.

Three Phase Three
Flyback Seperated
r Three Interleaved N\/\ Unfolding
Flyback Cells Inverter
Thres Interleaved Unfoldin
DC Y. ;Erehallfrcils Irwerterg Load
Source )
\ Three Interleaved Unfolding y
Flyback Cells Inverter

Figure 5.1 : General Block Diagram of Three-Phase Interleaved Flyback Converter.

The DC source apply constant voltage to the three phase Flyback converter, each
cell is controlled by separated switch, each phase will have a reference signal that
control the duty cycle and varies with shape of half sinusoidal as shown Figure 5.2

Amplitude (V)
; P 2 3 1 s 2 3 o < e <
{ \ 12 \ / J \ \\ $ ) J
W O X% \/ \
- \f-- \[ \/ ; \/
| ¥ Y { \J [ ¥ lr} y / Y {
J 3 : . . Time (ms)
0 10 20 30 40

Figure 5.2 : Duty Cycle of three phase interleaved Flyback converter.

45



All the cell of each phase will have the same reference signal with a carrier signal
shifted by 120° as shown the Figure 5.3.

Amplitude

Time

Figure 5.3 : Carrier Signal of The Three Interleaved Cell of One Phase.

In result the controlling signal of each cell will be different, taking the first cell
of first phase will show

Amplitude

~ Time

Figure 5.4 : Carrier Signal and Reference Signal and Controlling Signal of The First Interleaved Cell of First
Phase.

This controlling technique will result an output of half sinusoidal voltage and
current as well which makes the THD much lower.

Figure 5.5 shows the schematic diagram of the converter for one phase only
which in inplementation there will be three phases are all connected to the same
voltage source. The output of each phase will be a half sinusoidal. The outout of each
phase will be connected to an unfoldeing inverter that unfold the output voltage of the
interleaved flyaback converter to sinusoidal AC voltage.
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Figure 5.5 : Circuit Diagram of the First Phase of interleaved Flyback converter.
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Figure 5.6 below shows the implemented diagram using Multisim
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Figure 5.6 : Simulation Circuit of Three Phase Interleaved Flyback Converter.
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CHAPTER SIX

SIMULATION RESULTS & COMMENTS

A simulation has been done to prove the theory of this work by using a
simulation software National Instrument Multisim 14.0. Three Phase load of 20 ohms
supplied by three phase interleaved Flyback converter. Each interleaved Flyback
converter consists of three interleaved cell with turn ration of 3 with magnetizing
inductance of 25 puH for each cell the converter is supplied by constant DC voltage
source of 45V with switching frequency of 10KHz and the frequency of the output
voltage has frequency of 50 Hz and 200 V}.,,,s.

6.1 Flyback Converter Control

The controlling signal that has been generated uses PWM technique. Where a
comparator is used for a reference signal varies as half sinusoidal waveform of 100Hz
and a triangular carrier signal of 10KHz which is the switching frequency. For each
cell, different controlling signal is generated as shown in Figure 6.1 shows the signal
generator for the three phases where the triangular signal is shifted by 120° between

each two cells.
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Figure 6.1 : Controlling Signal Generator of The Three Phase of The Interleaved Flyback Converter.
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Figure 6.2 shows the carrier and reference signals for first cell of the first phase.
Notice that in Figure 6.2 the duty cycle is varying with the time so the output of the

Flyback converter will be sinusoidal.
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Figure 6.2 : Carrier Signal and Reference Signal of the first cell of the first phase.
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Figure 6.3 : a) Carrier Signal, Reference Signal and Controlling Signal of the first cell of the first phase b)
Controlling Signal of all interleaved cell of the first phase.

Figure 6.4 shows the three-carrier signal for the interleaved Flyback cells with
the reference signal. Notice the shifting between each signal is 120° that lead to reduce
the ripple current on the Flyback cells
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Figure 6.4 : The Three Carrier Signal for The Interleaved Flyback Cells.
Notice in the Figure 6.5 the duty cycle is varying from zero to maximum then to

zero with frequency of 100Hz and each one is shifted by 120° depending on the phase.

Each duty is applied on all interleaved Flyback cells of the corresponding phase.
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Figure 6.5 : The Three Reference Signals for the three phases of Interleaved Flyback Cells.

6.2 Flyback Primary & Secondary Windings Current

The interleaving topology makes the current divided on the interleaved Flyback
cell winding that makes the ripple current less that the basic Flyback converter.

Figure 6.6 shows the input current for the first cell of the first phase of the
interleaved Flyback converter. Notice that the current is sinusoidal formed and
operated in DCM operation mode as discussed earlier in chapter 3 and that because of
the controlling technique that used for interleaved Flyback converter. The peak current
that reached in the primary windings 104 A where the secondary current will be 34.5

A due to the turn ratio of the Flyback converter which is 3
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Figure 6.6 : Primary Winding Current of The First Cell of The First Phase.
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Figure 6.8 shows current of one cycle for all three interleaved Flyback cells,

12.4m
notice the current is divided on all cells and shifted by 120°.
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6.3 Flyback Converter Output Voltage

The controlling technique that used in this work with the capacitor that used in
the output of the Flyback converter result in have sinusoidal voltage with 100 Hz
frequency that needs only to be unfolded to be AC sinusoidal Voltage as shown in the
Figure 6.10
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Figure 6.10 : Output Voltage of Three Phase Flyback Converter.

Notice that the voltage has low THD without the using any low pass filter.

6.4 Inverter Control

The controlling signal that used for controlling the inverters of Flyback signal is
shown in Figure 6.11, notice that it has the frequency of output voltage 50Hz just to
unfold the output voltage of the Flyback converter to AC voltage. The low frequency
of the inverter reduces the switching losses which leads to decrease the overall losses
which increases the efficiency as discussed earlier.
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Figure 6.11 : Unfolding Inverter Controlling Signal.

6.5 Load Components

Figure 6.12 shows the three-phase load voltage, current and power.
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Figure 6.15 : Total Harmonic Distortion for load voltage with LC filter.
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CHAPTER SEVEN

CONCLUSIONS AND FUTURE WORKS

7.1 Conclusions

According to the previous studies and to this work a general conclusion can be
made, interleaving topology increases the rating power of the converter also it can
minimize the windings (transformers) sizes, with the increase of number of interleaved
cells, current ripple on the windings is reduced leads to reducing losses and size and
increase the efficiency. Flyback converter is used in higher power application (up to
2.5 KW) than conventional Flyback converter which is used for maximum 700 W if
interleaving technique is used. Controlling the duty cycle as discussed in previous
chapters can be done by using sinusoidal PWM technique with high frequency to
achieve a sinusoidal output voltage that only requires to be unfolded to be an AC
sinusoidal voltage. This technique can be used in various converters types to minimize
the frequency of the switching in the inverters leading to reduce the losses of the
switching. This controlling technique that is used in this work has good advantage that
reduce the capital cost by reducing the size of low-pass filter. Using three-phase
converter is more efficient than using single phase converters, because in three-phase
converter more power is utilized in one full cycle period than in single phase converters
with smoother waveform. Flyback converter has special advantages among the rest
converters, it has the minimum number of components which means it costs less also

it can boost the voltage easier due to transforming capability.
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7.2 Future Works

For future work:
- optimum number of interleaved cell can be studied to see what is the number of
cells that has highest efficiency with low cost

- hardware implementation can be done for constant DC Voltage or PV panels.
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