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ABSTRACT

A DC to AC inverter can be classified in different topologies; some of these topologies are
three level and multilevel inverter. Both types have some advantages and disadvantages.
Three level inverters can be applied for low power applications because it is cheaper and has
less semiconductor losses at high switching frequencies with poor total harmonic distortion
(THD). Multilevel inverters (MLI) can be applied for higher power applications with less
THD. However, the MLI has more cost and conductive power losses in comparison with
three level inverters.

In order to overcome the limitations of three and multilevel topologies, this thesis presents a
new controlling topology of multilevel DC/AC inverters. The proposed multilevel inverter
topology is based on a current source inverter, which consists of a buck/boost, boost and
flyback converters, and an H-bridge inverter. The output voltage of the inverter is shaped
through the control of just one main semiconductor switch. This new topology offers almost
step-less output voltage without the need for multi DC source or several capacitor banks as in
the case of other multilevel inverter topologies. The efficiency of the proposed topology is
higher than other inverter topologies for medium power applications (2-10 kW). The
proposed topology also generates smaller Total Harmonic Distortion (THD) compared to
other inverter topologies. The two main key aspects of the proposed circuit is to keep the
switching losses as low as possible and this is achieved through the control of a single switch
at relatively low frequency and also to generate an improved AC Voltage waveform without
the need for any filtering devices. The output frequency and voltage of the proposed circuit
can be easily controlled according to the load requirements. The proposed inverter topology
is ideal for the connection of renewable energy; this is due to its flexibility in varying its

output voltage without the need of fixed turns-ratio transformers used in existing DC/AC
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inverter topologies.  The harmonic contents of the output of this proposed topology can be

controlled without the need of any filter.

The simulation and practical implementation of the proposed circuits are presented. The

practical and simulation results show excellent correlation.
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Chapter One: Introduction

Chapter 1 Introduction

1.1Introduction

The benefits of DC to AC inverter are varying the output voltage and frequency of the
system by controlling switching pattern of semiconductor switches in power electronic
system. The most common semiconductor switches in power electronic are MOSFT,
IGBT, GTO, Thyristors, etc. (Malinowski, Gopakumar et al. 2010, Hu, Zhang et al.
2015)

These days power electronic field is growing very fast for using different applications,
such as renewable energies, motor drive, HVDC network and else... The most systems
are supplied from the grid as AC with different frequency and voltage. The power
electronic stuffs can be connected between DC systems & AC systems and vice versa.
(Rodriguez, Lai et al. 2002, Cao, Loo et al.)

The DC to AC inverter is one of the main application systems of power electronics.
There is a lot of topology of DC to AC inverter that have some advantages and some
limitations. The most common topology of inverter is PWM and multilevel inverters.
Each one of these two methods has some limitation in comparison to each other. (Zhang,
Qu 2015, Ng, Tu et al. 2014a, Nguyen, Nguyen et al. 2015a). These two topologies have
two main parts power circuit and control circuit (control system). Each of these two
parts has some limitations and benefits (Draxe, Ranjana et al. 2014, Chunxia, Lei et al.
2014). Efficiency, cost and total harmonic distortions are the objectives of DC to AC
inverter. The power circuit of these inverter topologies is looking to improve these
objectives. The control system of these methods is focusing on points to the control
system to have less stress and more balance on the power system circuit (Ravindranath,

Mishra et al. 2013). These objects of inverters make limitation for each topology in past

1
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30 years, so that means each topology can have one or two of these objects (Rodriguez,
Lai et al. 2002, Muthukumar, Sankar et al. 2015, Bhagwat, Stefanovi¢ 1983).

The recent researches are about combination of different topologies together to improve
the system. This improvement depends on control techniques and electrical material of
semiconductor components (Atly, Aathira 2015a, Atly, Aathira 2015b, Zhang, Qu 2015,

Ho, Chun et al. 2015, Ma, He et al. 2015).

1.2 Research Scope

The power electronic field is very wide in comparison to other part of electrical
engineering because of being a combination of power and control system. This thesis
focuses to present a new control topology of DC to AC inverter. This topology can be
applied in different current source inverter with multistage output voltage. The
multistage output voltage can reduce a total harmonic distortion and reduce switching
losses at high frequency.

The controlling topology can optimize to eliminate specific harmonic order by
controlling switching pattern and frequency. Also the switching frequency has a direct
relationship to size of passive components in power electronics (Zheng, Wang et al.
2014, Prasadarao, Sudha Rani et al. 2014). So high switching frequency increases losses
in switches; especially in industrial power application (Ranjana, Maroti et al. 2014, Ng,
Tu et al. 2014b). The multilevel inverter can be applied in high power application, where
the cost is not the main issue in the system (Narimani, Wu et al. 2014).

There are different types of multilevel inverters, which can invert DC voltage to AC
output with a number of levels. These numbers of level can be chosen by power
application required (Sruthi, Saritha 2014, Yadav, Bansal et al. 2014, Singh, Tiwari et al.
2012). The number of passive and semiconductor devices increase with the increasing

number of levels (Chulan, item 2014).
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1.3 Research Motivation

The research motivation for this project is to have less number of passive and
semiconductor components to shape multilevel output voltage. The multilevel output
voltage does not have poor THD in comparison with 3levels inverter (PWM)
(Kanimozhi, Geetha 2014a, Law, Dahidah 2014). However, amplitude of lower order
harmonics is high at multilevel inverter, which can be eliminated by optimising
switching pattern. The multilevel inverter has more semiconductor devices in
comparison into 3-levels inverter topology for having more levels, which increases
conductor power losses and cost as well (Sato, Kawasaki et al. 2011a, Dixon, Pereda et
al. 2010).

The number of components in 3-levels inverter topologies is less than the number of
components in multilevel inverter topologies. Also the amplitude of lower order
harmonic is very low at 3-levels inverter topologies then a smaller size filter can reduce

THD (Kanimozhi, Geetha 2014b).

1.4 Research aim and objective

The aim of this project is to introduce a new DC to AC inverter topology. This new
topology is controlling current source inverter to have a varying multistage output
voltage. The new controller can be applied in different type of current source such as
buck/boost, boost and flyback converters. The objective to use this controller in different
types of current source inverter is to have different application such as residential and
industrial. This control signal in applied on main switch of the current source in medium
frequency 1 kHz to 5 kHz. The switching frequency of the circuit could be more or less
than medium frequency, which depending on the application required. The voltage ratio

of proposed circuit can be easily controlled by the varying switching pattern of control
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signal. This variation voltage ratio can be useful for maximum power point tracking for
renewable energy source. Also, these variation ratios can balance the system when the
load changes in the system. However, varying switching frequency in inverters can
control the output frequency. These frequency and voltage variation can be applied as
motor drive to control speed and generate specific harmonics as active filter.

THD of this proposed topology can be reduced to 5% with no filter required. The
efficiency of this topology is high in comparison to other topologies, which is the main

reason to use this topology for high power application at single phase.

1.4.1 Research approach
This topology is combination current source and H-bridge inverter. Only the main

switch of current source operates at high frequency and switches of H-bridge operate at
low frequency. The control signal of this main switch is double sinusoidal pulse width
modulation (DSPWM). This control signal operates at medium frequency (1 kHz to 5
kHz), which a switching loss is low at these frequencies. The switching frequency
losses are not limitation for this topology. This control signal has direct relation to
output voltage and frequency. Controlling switches frequency in H-bridge inverter can

vary the output frequency.

1.4.2 Expected contributions

There are gaps in different topologies to have main objectives of DC to AC inverter
topologies in one circuit, which are low losses, low THD and low cost. This limitation
could be solved by the new control system, which is a DSPWM control signal. This
control signal can apply to different type of the current source to have low or high power
application in low frequency. The conductive power losses and switching losses of this
proposed circuit could be lower in comparison to other topologies. Also, this control

signal can reduce THD in the output of the proposed circuit by controlling the switching
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pattern. The output can form closely to an AC sinusoidal waveform, which could reduce
THD in the system. This new control system can be optimized to generate or eliminate
specific harmonic order in the output of proposed circuit. The proposed circuit has
multistage AC output with less number of semiconductor components, which reduces
cost and losses in comparison to multi-level inverter topologies.

This control signal applied to different current source in different situation and different
loads in simulation and practical to implement. The results of practical implement,
simulation and theory experiment were almost the same. This topology achieves good
results, which can help since to improve for the next step. The next step could be 3

phases of current source inverter at low frequencies.

1.4.3 Research overview and structure
This thesis includes of seven chapters as follows:

e Chapter one an introduction of the research objective and contribution.
e Chapter two is a literature review;
- Background of three-level and multilevel inverter topologies.
- Introducing and comparison between new topologies, which are a
combination of current sources and multilevel inverter topologies.
- There is a brief description of new topology advantages, limitations and
critical points of these topologies.
e Chapter three is introducing proposed Buck/Boost-based low frequency inverter
BBLFI with the new proposed control signal
- Pulse width modulation (PWM) control signal.
- This proposed circuit is controlled by Rectifier Sinusoidal Pulse Width
Modulation (RSPWM) control signal in main switch of the current

source.
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- There is discussion about these two types of controller for BBLFI. This
discussion is about the advantages and limitations of these two controllers
for BBLFI.

- There are simulation examples for these two control topologies.

e Chapter four presents a double sinusoidal pulse width modulation (DSPWM)
for different current source inverters.

- Introduce circuit of DSPWM control signal generator.

» Introduce Buck/Boost-based Low Frequency Inverter
» Introduce Boost-Based Low Frequency Inverter
» Introduce Flyback-based Low Frequency Inverter.

- Design example for these proposed circuit.

- Optimising switching pattern to reduce low order harmonics

e Chapter Five; There are examples for these different current source inverters,
which are simulated in chapter five. This chapter is simulation of these three
topologies in same condition and discuss about simulation results.

e Chapter six is about practical implemented of these three different current
source inverter topologies. This chapter discusses about different case studies,
which are for different loads and frequencies.

e Chapter seven is a conclusion and future work of this research.

e Appendices A, B and C present proof of equations, microcontroller/ MATLAB

programmed code and practical implement the results of case studies.
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Chapter 2 Literature review of DC to AC inverter topologies

2.1 Introduced three and multilevel DC to AC inverter

A DC to AC inverter is designed for converting DC power to AC power. The waveform
of the AC could be a square waveform or pure sine wave. The square wave is
constructed by adding all odd order harmonics for odd signal. The pure sine wave can
have only fundamental frequency and other odd order harmonics are minimized to zero
(Atly, Aathira 2015a, Tourkhani, Viarouge et al. 1999, Nho, Cong et al. 2007). The pure
sine wave can be reached by adding the right value of the filter at the AC output
waveform (Georgakas, Vovos et al. 2014, Agorreta, Borrega et al. 2011). The DC/AC
inverter can be designed for different application in variable frequency and variable AC
output voltage. An application of DC/AC inverter could be a driver of an electrical
machine such as induction and synchronous machine (Hothongkham, Kinnares 2007,
Nisha, Jain 2015). The most common application of DC/AC inverter is for connecting
renewable sources to power grid network. Another application of DC/AC inverter is
Uninterruptible Power Supplies (UPSs) for constant regulated voltage AC. Additionally,
a DC / AC inverter is also used in passive / active filter and could also be in series or
parallel configurations, voltage compensation, Flexible AC transmission systems
(FACTSs) and Static variables (reactive power) compensations (Chang 2011, Sanchis,

Ursaea et al. 2005).

There are many DC to AC topologies in industrial applications; two categories of DC to
AC topologies are focused on in this thesis. These two categories are classified
according to the output waveform of the inverter, which are two/three-level and

multilevel inverter topologies. The three-level inverter includes +Vgq., zero and -Vyc
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levels; however, multilevel inverters can have different levels in the output waveform.
These levels could be +Vq., +0.5Vy, +0.25Vy, +0.125V, and also zero level. These
levels could be repeated at the negative side of the cycle (Azli, Bakar 2004, Gupta,
Khambadkone 2005, Bai, Zhang et al. 2007). This chapter introduces topologies of
three-level and multilevel inverters. The next part of this chapter covers voltage and
current sources in three-level inverter. Then there are brief descriptions about different
models of multilevel inverter in this part. There is a summary of the advantages and
disadvantages of these topologies. The next part of this chapter (2.4) covers some new
topologies which have more advantages than three and multilevel inverter circuits. The

last part (2.5) all DC to AC inverter topologies is critically covered.

2.2Three level inverter

The three-level inverter includes three main parts: positive, zero and negative voltage or
current. These levels can be repeated several times in one cycle. These repetitions
(switching) depend on a carrier frequency of pulse width modulation. The waveform
generated from a square wave output inverter circuit contains all odd number harmonics.
However, there is an option to reduce or minimise some of the harmonics through the
control of the on-off ratio of the switches (Binesh, Wu 2011, Takatsuka, Yamanaka et al.
2013, Xujiao, Zhengming et al. 2001). This three-level inverter can be designed in half
or full H-bridge inverter configurations. Figs 1-(a) and 1-(b) show circuit diagrams of
half and full H-bridge three-level inverter. This type of inverter includes all numbers of
harmonics in the output waveform, so the total harmonic distortion (T.H.D) of this
waveform is very high (Kang, Park et al. 2004, Luo, Ye 2010). The THD can be reduced
or minimised by applying filters to cancel the amplitude of harmonic orders. There are
some other methods to reduce the T.H.D by increasing carrier frequency in control

modulation waveform (means increasing the switching frequency within one output
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cycle) then the low order harmonics will be minimised. Also, lower order harmonics
can be minimized or cancelled by having more than 2 or 3 output levels (Hagh,
Taghizadeh et al. 2009). On the other hand, and in order to reduce the harmonics
associated with 3-level inverters, the electronic devices (switches) need to operate at
higher frequency and that in turns increases the switching losses. Although increasing
the switching frequency does not reduce the THD, however, lower order harmonics are
pushed down the frequency spectra range to become higher order harmonics (Ng, Tu et
al. 2014a, Kang, Lee et al. 2003). These higher order harmonics are easier to filter in
comparison to their previous position at low order frequencies. This is due to the fact
that the filter size (L, C) needed for filtering actions is smaller in sized in comparison to
those used to filter lower order harmonics. The amplitude modulation can be varied from
0 to 1. At zero amplitude modulation the output voltage is zero and at 1 amplitude
modulation the output voltage will have a square waveform (Agorreta, Borrega et al.

2011, Arman, Marouchos et al. 2012).

: |
Cy S1 S1 Sz
+ +
Ve <_> L Load Vel Load
G S2 S3 Sa
G= G= G= G=
(@) (b)

Fig. 2-1 (a): half bridge (b): full bridge

2.2.1 Pulse Width Modulation (PWM)
The three level inverter could be an AC square waveform in half or full H-bridge. This

square wave is caused by the high amplitude modulation ratio (M,) or low frequency
modulation ratio (M), which means the carrier frequency and main frequency of
modulation are the same. The main idea of pulse width modulation is to increase

9
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frequency modulation ratio to minimise the magnitude of the low order harmonics. The
low order harmonics generated by inverter circuits create imbalance and instability and
decreases the power factor in the distribution / transmission levels. Such harmonics
could be generated from inverter circuits connected to renewable energy sources (Lei,
Wang et al. 2012, Zhang, Wang et al. 2005, Kanchan, Baiju et al. 2005, Dahidah,
Konstantinou et al. 2010).

The number of switching in one cycle depends on the frequency modulation ratio. The
frequency modulation is the ration between carrier frequency and main frequency. For
example if the carrier frequency is 20 times the main frequency, then the number of
switching (pulse) in the cycle is 20 times. The duty cycle of pulse Width Modulation
(PWM) depends on the amplitude modulation ratio. The duty cycle can be from zero to 1
which depends on the ratio between the square-wave reference signal and the carrier
signal of modulation. This ratio controls the amplitude of the inverter output and also
has an effect on the distortion of the output waveform (Kanimozhi, Geetha 2014a,
Nguyen, Nguyen et al. 2015b, Bao, Bao et al. 2011, Bao, Bao et al. 2009).

The H-bridge inverter (Fig. 2-1 (b) operates in a manner where the 4 switches control the
current during the positive (S1, S4) and the negative (S2, S3) half cycles. The value of
the inverter output voltage is controlled by controlling the amplitude modulation ratio
(My). This ratio can either be controlled through hardware analogue circuits or software
based digital microcontroller system. These control pulses are at low voltage and they
can be used directly via drive circuits to control the main inverter semiconductor
switches (MOSFET, IGABT, etc.) (Chakraborty, Hasan et al. 2014, Malinowski,
Gopakumar et al. 2010)

Fig.2-2 shows an example of PWM pulses where the carrier frequency is 14 times the

square-wave frequency. The control pulses are generated by comparing the triangular

10
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and the square waveforms. The control output signals from the comparator takes the
form of a train of pulses which can be fed to a driver circuit in order to control the
switches. The control pulses could also be generated as digital pulses from a
microcontroller and then fed to driver circuits to control the switches. The duty cycle,
which is called amplitude modulation ratio (M,) can be calculated from the formula (2-
1) (Azli, Bakar 2004, Adda, Mishra et al. 2011, Nguyen, Nguyen et al. 2011). M, is the
ratio of the amplitudes of the square to the triangular waveforms. M, for this example is
0.8. The frequency modulation ratio M is calculated from a formula (2-2) which is the
frequency of the triangle waveform over the frequency of the square waveform. M;s for
this example is 14, which is 7 pulses in the positive and 7 pulses in the negative sides.
All generated pulses are positive and it is the action of the inverter switches which
generate positive and negative output waveform from such control pulses. The control
system of the DC/AC inverter could be open or close loops. Both control methods can
utilise analogue as well as digital controllers (Ebadi, Joorabian et al. 2014, Dahidah,

Konstantinou et al. 2010).

M, = Vin (2-1)
Vtri

M; = feri (2-2)
fi

Where fii.m is the frequency of the carrier signal. And V4 is the voltage of the carrier
signal.

Where fi, is the main frequency and Vi, (amplitude of the square waveform) controls M,
which in turn controls the output voltage.

11
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Fig. 2-2 Pulse Width Modulation of AC waveform

Sinusoidal pulse width modulation (SPWM) can reduce T.H.D in the output waveform
by having a different pulse width on each of the half cycles (Sekhar, Das 2006, Bai,
Zhang et al. 2007). The amplitude voltage of the sine wave is the main voltage (Vi) for
modulation. The amplitude of triangle waveform is carrier voltage (V) for modulation.
The amplitude and frequency modulation ratio can be founded from formula (2-1) and
(2-2) (Luo, Ye 2010, Gajanayake, Luo et al. 2010a). The Fig.2-3 shows an example of
SPWM for 50Hz output frequency. The M, for this example is 0.8 which means the
r.m.s value of AC output voltage is 0.8 times the DC voltage source. M¢ determines the
sidebands of the output frequency For example My in Fig. 2-3 is 14 so the first
harmonics in the output waveform are 13" and 15" followed by 27" and 29" and so on
according to the modulation theory (Bai, Zhang et al. 2007, Gupta, Khambadkone 2005,
Navabalachandru, Ashok et al. 2013).

The three levels DC to AC inverter can have three different topologies which are
voltage, current and impedance source inverters. These types of inverter are explained in
more detailed in section 2.2.2 and 2.2.3. The three level inverters discussed in this
chapter are controlled by sinusoidal pulse width modulation (SPWM) technique which

controls the semiconductor switches in all topologies (Binesh, Wu 2011, Shahalami,
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Damirof 2012, Guedouani, Fiala et al. 2011, Chamarthi, Pragallapati et al. 2014,

Saghaleini, Mirafzal 2012).
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Fig. 2-3 Sinusoidal Pulse width modulation (SPWM).

2.2.2 SPWM voltage source
The SPWM can be applied to half and full H-bridge (Fig 2-1). The SPWM pulses

control the switches in the voltage source inverter and the semiconductor switches
control the flow of the main inverter current. In order to cancel low order harmonics
(say from the 3" to the 11"™), the frequency of the carrier signal should be at least 15
times the reference frequency. The THD which is a measure of how the waveform is
distorted is not controlled by M¢. Mt only pushes the frequency range to a higher value.
THD can only be reduced either through the use of passive and active filters or through
the use of multilevel inverters which is covered in section 2.3. However, the advantage
of increasing Mg is mainly to reduce the size of the filter. The filter size is inversely
proportion to the switching frequency. This is the main limitation of voltage source
inverters as in order to reduce the size of the filter, one has to operate at higher switching
frequency and as a result of that the switching losses will increase as it is directly
proportional to the frequency of the semiconductor devices (Suh, Choi et al. 1996,
Zhang, Wang et al. 2005, Kanchan, Baiju et al. 2005).

The SPWM voltage and current source inverters convert DC voltage into the AC voltage

output of the inverter. The DC voltage source connects to inverter directly, then switches
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which are controlled by Pulse from SPWM controller. The load can be resistance or
inductance load as well, which could be single phase or 3 phase. The SPWM signal has
two cycles, which depend on the main frequency of modulation. The number of pulses in
the half cycle depends on carrier frequency. In the 3-phase inverter the main frequency
for each phase is same as main frequency, but there are three different modulations with
120 degree phase shift. The M, value can be described in three different categories,
which are linear range, over-modulation and square wave if the M¢ value of PWM is less
than 21. The Ma value is less than one for linear range. In this range the lower
harmonic order is minimised by increasing switching frequency. The Ma value is
between 1 and 3.24 in over-modulation (Luo, Ye 2010, Shen, Joseph et al. 2007).

The fundamental amplitude output is not linear in over-modulation. The square wave is
applied if the Ma value is more than 3.24. However, the output rms value of voltage
source inverter is always less than the input value of DC source in the linear range
(Ma<1). So the output rms value can be higher or lower than the input voltage if the H-
bridge inverter connects to the current source. In that case this topology is called SPWM
current source inverter, which is explained, in the next part of this chapter. The SPWM
current source has three different categories buck, boost and buck, and boost

inverter(Koushki, Khalilinia et al. 2008, Rahnamaee, Mazumder 2014, Hauke 2009).

2.2.3 SPWM current source inverter

The SPWM current source inverter (CSI) converts DC input current to AC output
voltage of the inverter. The energy is transferred from the DC source into the inductor as
a form of current. This energy is then transferred to the load. CSI can be used in three-
phase and single-phase applications (Caceres, Barbi 1999, Chen, Liang et al. 2013, Qin,
Shaetal. 2012).

The semiconductor switch is controlled by PWM signal, which is compared to the main

frequency and carrier frequency (Fig.2-2). The current source could be boost, buck or
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buck/boost DC to DC converter. The CSI is using PWM or SPWM controlling signal in
semiconductor switches to invert DC voltage to AC output voltage. There are 3
different types of current source inverters, boost, buck and buck/boost inverters covered
in this chapter (Wang 2003, Chakraborty, Annie et al. 2014).

In the buck type CSI the voltage is stepped down from high value (DC source) to a
lower value (capacitor voltage). This is done through the control of the switch S; and
the use of diode D;. Then the DC voltage is inverted to AC voltage at H-bridge by
controlling S,-Ss at high frequency SPWM. For clarification Fig.2-3 demonstrates the
operation at lower frequency. Fig.2-4 shows a buck current-source inverter; this circuit
includes two parts DC to DC converter and H-bridge inverter. The frequency of all
switches in this type of inverter is high (higher than 50 Hz) in order to reduce size of
inductor, capacitor and passive filter in the circuit. The passive filter can reduce THD to
a desired value (usually less than 2%) (Agorreta, Borrega et al. 2011, Arman,
Marouchos et al. 2012, Georgakas, VVovos et al. 2014). So this circuit needs to have the

filter on the load side to have a pure sine wave.
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Fig. 2-4 Current source (Buck converter) DC to AC inverter

The second type of CSl is a boost DC to AC inverter; S; is controlled by PWM signal in

high frequency; usually in the range of 1-5 kHz the lower and upper limitation are the
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magnetic size and the switching losses (Fig.2-2). The voltage across the capacitor is
higher than the input DC voltage. The inductor is charged and discharged through the
PWM operation of S; D;. The energy stored in the inductor in terms of current is then
transferred to the capacitor in terms of voltage. The S,- Ss switches on the H-bridge
operate in the same manner as the H-bridge in the buck-based current-source inverter
which was shown in Fig. 2-4.  Fig.2-5 shows a boost-based current-source inverter
which includes boost DC —DC converter and H-bridge inverter (Zhang, Liu et al. 2014,

Wu, Ji et al. 2015a, Atly, Aathira 2015b, Luo, Ye 2010).

) {‘\S’Z S‘??
K B
S1 ¢ *
Ve =1
Pe {:_\, — Load

Fig. 2-5 Current source (Boost converter) DC to AC inverter
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The third type of current source is a buck and boost inverter. This type of CSI can step
up or down the inverter voltage. The output voltage can either be higher or lower than
the DC voltage source. This is achieved through the control of the duty cycle PWM
(My) of switch S; (Fig.2-6). This type of CSI is working the same as other type of CSls.
The polarity of the capacitor and H-bridge voltage are opposite to that across the DC
source. Fig.2-6 shows the circuit of buck/boost-based current-source inverter (Chen,
Smedley 2008, RW.ERROR - Unable to find reference:68, Tampubolon, Purnama et al.

2015, Jang, Agelidis 2011).
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=

Fig. 2-6 Current source (Buck/Boost converter) DC to AC inverter

The main advantage of CSI is not using a transformer to increase or decrease voltage in
the inverter. The size of inductor and capacitor could be very small in low power
applications because of the use of high frequency of the main switch in the DC to DC
converter. The current ripple in the current source converter depends on the value of
inductance, duty cycle and frequency of the PWM controller of the main switch S;. Also
the voltage ripple of the load depends on switching frequency, duty cycle and the value
of the capacitance. The size of the capacitor and inductor is inversely proportion to the
switching frequency of S;. In these types of current source inverters the high
semiconductor switching losses are the main limitation/disadvantage (Sanchis, Gubia et
al. 2005, Chowdhury, Chakraborty et al. 2014). The high switching losses are as a result
of 5 switches operating at high frequency. On the other hand the main advantage is the
reduction of the inductor and capacitor sizes. The CSI can be applied for small size of
load 1000W for single phase and 3kW for 3 phases current source inverters (Xujiao,
Zhengming et al. 2001, Lei, Peng 2014, Cancellier, Colli et al.).

Section 2.2.4 introduces the SPWM impedance source inverter, which is another

interesting type of inverter to cover in the evolution of DC/AC inverter configurations.
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2.2.4 SPWM Impedance-source inverters

The SPWM impedance-source inverter is a combination of voltage and current source
SPWM inverters (Zhu, Yu et al. 2010, Bao, Bao et al. 2011). Fig 2-7 shows a 3-phase X
shape impedance source inverter (ZSI), which is a buck/boost DC to AC inverter. This
inverter includes seven semiconductor devices, which are six switches and one diode.
Also, this circuit has two inductors and capacitors. However, the ZSI is a voltage source
inverter if the value of L is zero. Also the ZSI is a current source inverter if the value of
C is zero. So this topology has the same advantages of voltage and current source
inverter. Moreover, this circuit does not have the limitations of voltage and current
source inverter such as dead time for voltage source and overlap time for current source
inverters because of the two inductors and two capacitors. Additionally the AC output
amplitude of this topology could be more variable than current and voltage source
inverter. Finally the ZSI is more reliable in comparison with other configurations. It has
fewer problems in shoot-through of EMI noise, because of its ability to have anti-noise

function (Shen, Joseph et al. 2007, Peng, Shen et al. 2005, Zhu, Yu et al. 2010, Lei, Peng

et al. 2013).
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Fig. 2-7 SPWM impedance source inverter circuit

The voltage, current and impedance source (three level inverter) has two main problems
when used in high power applications, which are, low efficiency and high total harmonic

distortion. However, there are other topologies, which do not have the three level
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inverter limitations. One of these topologies is called multilevel inverter, which is

explained in more detail in section 2.3.

2.3Multilevel Inverters

The Multilevel Inverters topology uses low frequency switching to invert DC to AC. The
DC voltage source divided into different levels by using and controlling semiconductor
switches. The DC voltage levels can be used as different numbers of DC sources and DC
capacitors. The voltage levels at the output can be higher than 3 (only odd number in
order to eliminate any even harmonics). The higher number of levels needs to have
more semiconductor components such as switches and diodes and also more DC voltage
sources or DC capacitors (Arman, Darwish 2009, Nedumgatt, Vijayakumar et al. 2012,
Zamiri, Hamkari et al. 2014, Sruthi, Saritha 2014).

In this section, the focus is on three main types of multilevel inverters: Diode clamp,

Capacitor clamp and cascading H-bridge.

2.3.1Diode-Clamped Multilevel inverters
The output voltage in the Diode-clamped Multilevel Inverters (DCMI) is constructed

through switching in or out of different DC capacitors (Yuan, Barbi 2000). The positive
and negative output voltage waveform is formed through the number of
capacitors/switches connected in series. Each capacitor works as a DC source in this
topology . The capacitor voltages are clamped by two extra diodes. A m-level inverter
requires a voltage level of V4/(m-1) for positive and negative polarity(Yuan, Barbi
2000). Then the voltage across each DC capacitor is Vg/(m-1).

In summary the number of devices required for DCMI depends on the m-levels of
inverter which are:

e Number of power electronic semiconductor switches =2(m-1)

e Number of DC-link capacitor = (m-1)
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e Number of semiconductor diodes= 2 (m-2)

Fig.2-8 (a) and (b) shows an example of CDMI circuit for 3 and 7 level inverter.

Ci|
ok
S Ce |
1 -
Ci ]
— e
Vbce D S2
O
Vod
— GL +)
A S T 5L
D2 ko]
ol T4 g
Sa
Ca|
Cs|
Co |
(@) (b)

Fig. 2-8 (@) three levels DCMI circuit AND  (b) Seven levels DCMI circuit

2.3.2 Capacitor —Clamped Multilevel inverters (flying Capacitor Inverters)

A voltage level is clamped by capacitors in the circuit, so each capacitor has a DC-link
voltage for different levels. C; and C; of the circuit are for positive and negative polarity
of Vg in Fig 2-9 (a). A m-level inverter requests a voltage level of V4./(m-1) for positive
and negative polarity of capacitor (Kanimozhi, Geetha 2014b, Kalashani, Farsadi 2014,
Rahnamaee, Mazumder 2014, Ranjan, Gupta et al. 2012, Huang, Corzine 2006). In
summarizing the number of devices required for a Capacitor-Clamped Multilevel
Inverter (CCMI) depends on them-levels of the inverter, which are:

e Number of power electronic semiconductor switches =2(m-1)
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e A number of DC-link capacitor =2 (m-1) -1

Figs.2-9 (a) and (b) show an example of a CCMI circuit for three and seven level

inverter.
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Fig. 2-9 (a) three level CCMI circuit AND (b) Seven level CCMI circuit

2.3.3 Multilevel inverters using Cascaded H-bridge
The Cascaded H-Bridge (CHBs) DC to AC inverter is a combination of H-bridge

inverters, each inverter has its own DC source (Corzine 2003). The Number of DC
sources and H-bridges determine the number of levels which requests for application.
Each DC source and H-bridge makes 2 levels of output and zero level can be applied in
load by switching off on H-bridge (Zamiri, Hamkari et al. 2014, Zheng, Wang et al.
2014, Tuteja, Mahor et al. 2013, Malinowski, Gopakumar et al. 2010, Madouh, Ahmed

et al. 2012). The Fig2-10 (a) and (b) Shows 3 levels and 7 level inverters for CHBs.
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Fig. 2-10 (a) three level CHBs inverter circuit (b) Seven level CHBs inverter circuit

There is a way to increase the number of levels by having different switching patterns
and different values of voltage in the DC - link. So The V. can add to or subtract from
each other by putting V4 in series connection. Fig.2-10 (b) can have 15 or 27 levels if
the voltage DC-link sources are different value. Table.2-1 shows an example of CHBs
inverter with 7, 15 and 27 levels output with 12 switches and 3 different values of DC-
link sources (Malinowski, Gopakumar et al. 2010, Rodriguez, Lai et al. 2002, Sujitha,
Ramani 2012).

Table 2.1 shows CHBs inverter with different levels

CHBs levels for 12 | Vg (Volt) Va2 (Volt) V3 (Volt)
switches
7 levels 3 3 3
15levels 3 6 12
27 levels 3 9 27

This part is brief short explanation about three main different multilevel inverter

topologies. The multilevel inverter has some advantages in comparison with the three
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level inverters. The next part will explain and compare the advantages and limitations of

two main DC to AC inverter topologies.

2.4Summary of three-level and multilevel DC to AC inverters

There are lists of the advantages and limitations of three-level and multilevel inverters.
The main advantages of three level inverters (PWM and SPWM inverter) for voltage and
current source inverter topologies in comparison to multilevel inverters are (Kanimozhi,
Geetha 2014b, Bai, Zhang et al. 2007, Gurpide, Sadaba et al. 2001, Narimani, Wu et al.
2014, Muthukumar, Sankar et al. 2015):

e Less number of switches (less cost).

e Low amplitude of low order harmonics.

e Only asmall size of output filter required.

e The small size of inductors and capacitors used in current source inverter.
Because of these advantages three-level inverters are still used in some low power
industrial applications such as small induction AC Motor drivers and small size inverter
for renewable energies (photovoltaic) (Kouro, Bernal et al. 2006, Zhang, Wang et al.
2014, Nisha, Jain 2015, Murugesan, Sivaranjani et al. 2011, Liu, Luo 2008, Chowdhury,
Chakraborty et al. 2014).

The main limitations of three-level inverters (PWM and SPWM inverter) for voltage and
current source topologies in comparison to multilevel inverters (Kjaer, Pedersen et al.
2005) are:

e Higher semiconductor switching power loss at high frequencies

e Higher conduction losses.

e Larger dv/dt, and di/dt which cause very big electromagnetic interference (EMI).

e Poor total harmonic distortion (THD)

e The RMS value of output voltage is always lower than input voltage.

23



Chapter Two: Literature Review of DC to AC inverter topologies

e Controlling system is quite complicated for three level inverters.

However, the multilevel inverter can be applied for industrial high power applications
and their advantages can be summarised as low power semiconductor switching losses,
because of low switching frequency(Sekhar, Das 2006, Kabalci, Colak et al. 2011,
Navabalachandru, Ashok et al. 2013).

e Low conduction power losses in each switch, because the current and voltage is
distributed between numbers of switches.

e Very low electromagnetic interference (EMI) because of the output amplitude
voltage is distributed between m-levels of multilevel inverter. So this causes a
small dv/dt at each level.

e The pulse widths of all pulses can directly control the value of the AC output
voltage.

e Lower THD, this is due to the low switching frequency and also due to the
multilevel configuration.

e Selective harmonic elimination can also be implemented in MLIs.

e The controller is relatively simple. This is due to the relatively low frequency
and it could be implemented easier in closed loop control system.

These advantages are the reasons to use multilevel inverter topologies for high power
application and for specific applications such as the connection of high power,
renewable energies to the power grid (Dash, Kazerani 2011, Muthukumar, Sankar et al.
2015, Prasadarao, Sudha Rani et al. 2014, Jang, Ciobotaru et al. 2013, Malad, Rao
2012).

The mechanism of the multi-level inverter is simply to add different voltage levels in the
series at predefined timings. These voltage levels can be from different voltage source or

capacitor by adding several power semiconductor devices. These semiconductor devices
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are switches and diodes. Normally multilevel inverter adds voltage sources or capacitor
voltages step-by-step from minimum negative through zero to maximum positive. The
switching frequency in the MLI is at least twice the output frequency (Ebadi, Joorabian
et al. 2014, Liu, Luo 2008, Lopatkin 2011, Yusof, Othman et al. 2014, Hasan, Mekhilef
et al. 2014, Banaei, Dehghanzadeh et al. 2013). However, MLI also has its own
limitations which can be summarised as:

e High number of semiconductor devices such as diodes and switches (this will
cause more cost)

¢ A high number of DC voltage links such as DC voltage sources or DC capacitors
(this you also will increase the cost).

e High amplitude of lower order harmonic distortion.

e Large sizes of passive filter to cancel/control low order voltage harmonics

e Using boost DC to DC converter or transformer to step up the voltage at the
output. This is due to the fact that the required output voltage, usually has a
higher amplitude in comparison to the DC input voltage.

e There is a higher voltage drop due to the larger number of semiconductor devices
in comparison to 3-level inverters. However, this should be seen in relation to
the lower switching losses.

e Could be less reliable than three level inverter because there are more devices in
multilevel inverter topologies

On the other hand, multilevel inverters can be used for specific applications in which the
cost and size of the inverter are less important. There are different topologies which can
have some advantages of multilevel and three levels inverter (Kalashani, Farsadi 2014,
Atmopawiro, Rachmildha et al. 2012, Bhatnagar, Nema 2013, Mosazadeh, Fathi et al.

2012). There is more explanation in section 2.5, which introduces different models and
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combinations of multilevel and three level DC to AC inverter. There are also two
examples of how selected harmonic elimination is applied in MLI and in  multistage

PWM inverters.

2.5 Improved multilevel DC to AC inverter topologies through the

optimisation and multistage control techniques.

Some researchers at universities and RD within industries are trying to find a solution to
the challenges within the three levels and multilevel inverter topologies. They try to
combine the advantages of both techniques into single topology. For example, a
multistage PWM inverter is a combination of multilevel and PWM inverter topologies
aiming to achieve less power loss in the switches and reduce total harmonic distortions
(Axelrod, Berkovich et al. 2004). In this section the focus is on introducing state of the
art topologies which has the advantages of both SPWM and MLI topologies(Tolbert,
Habetler 1999, Prashanth, Kumar et al. 2011, Li, Czarkowski et al. 2000, Colak, Kabalci
et al. 2011). There are also some critical points of these modern topologies (combination
of multilevel and three-levels inverter topologies) in this section.

The multistage PWM inverter topologies could be a combination of two circuits
together, or could be a multilevel inverter circuit with PWM or SPWM switching pattern
to control switches in the multilevel inverter circuits. However, these two combinations
of inverter topologies have some advantages and disadvantages, which are explained
further in the next section.

First, the PWM and SPWM switching pattern applies to switches at multilevel inverters
to reduce total harmonic distortion and choose to eliminate specific low order harmonic
distortion such as minimising 3™ ,5" ,7" and 9™ harmonic orders. There are two main
methods to minimise lower order harmonics by optimising the switching pattern or more

switching at each level (Salehi, Farokhnia et al. 2011, Kumar, Das et al. 2008). Fig.2-11
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(@) shows the time domain of 7 level inverter, which the voltage of each level is 33.33
volts and amplitude of output voltage is 100 volts. The pulse widths of switches are
chosen by optimising switching pattern to minimise 3™, 5™ and 7" harmonic orders in
this 7 level inverter (Lei, Peng et al. 2013, Zhou, Low et al. 2006, Guan, Song et al.
2005). Fig.2-11 (b) shows the fast Fourier transforms (FFT) of 7 level inverter when the
amplitude of lower order harmonics are minimised by choosing the right values of
control pulses. The control pulses are selected through Newton Raphson method (Hagh,

Taghizadeh et al. 2009, Prashanth, Kumar et al. 2011, Salehi, Farokhnia et al. 2011).
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Fig. 2-11 voltage waveform are 3" 5™ and 7" are eliminated and their frequency spectra

Fig.2-11 (b) shows the voltage amplitudes of 9", 13" 15" and 17" harmonics. Their
values are between 7% to 10% of the fundamental components. The reason these values
are high because they are outside the optimisation process, unlike the 3%, 5™ and 7™
harmonics also the THD increased in this case. So a low pass filter is required to
minimise 9™, 13", 15" and 17" harmonic distortion. The low pass filter increases power
loss in the system and reduces inverter efficiency (Chen, Liang et al. 2013, Zhou, Huang
2012). This method of switching pattern has a limitation which is by minimising
amplitude of the lower harmonic order, the other odd order harmonics increase and also

the total harmonic distortion increases. So there is another way to solve this problem,
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which is by using pulse width modulation to control each level in the inverter(Barkati,
Baghli et al. 2008, Taghizadeh, Hagh 2010, Ozpineci, Tolbert et al. 2004).

Fig.2-12 (a) shows 7 multistage PWM DC to AC inverter. So the total harmonic
distortions decrease and eliminates lower order harmonic in the output. The PWM pulses
are applied at each level of multilevel inverter (Ray, Chatterjee et al. 2009, Li,
Czarkowski et al. 2000, McGrath, Holmes et al. 2003, Ozpineci, Tolbert et al. 2004,
Hagh, Taghizadeh et al. 2009). So it means there are several ‘on’ and ‘off” in each level
of the multilevel inverter. The number of ‘on’ and ‘off” at each level depends on the
carrier frequency of the modulated waveform. The carrier frequency of PWM in this
example is 2 kHz in order to minimise the harmonics at low order. Fig2-12 (b) shows the
FFT of 7 levels multistage PWM inverter. The amplitude value of 3™ -37" voltage
harmonics are less than 2 volts in this case, but the THD is about 17%. The reason to
have poor THD is due to the high switching frequency of the inverter and the sidebands
associated with this switching frequency. The passive filter can minimise the amplitude
the harmonics associated with these switching frequencies. A simulation results show

that the THD is less than 2%.
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Fig. 2-12 a)Output voltage b) FFT of output voltage of seven levels multistage inverter

The MLI and MSI (Multistage Inverter) share the same number of devices (for the same
number of levels), however the control techniques are different. These methods apply

different pulses to control the switching pattern in order to have different performance in
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these two cases. These two methods are very useful for resistive loads and no variable
input voltages. The variable inductive loads and variable input voltages (renewable
energy sources) needs to have very complicated control systems (Muthukumar, Sankar
et al. 2015, Prasadarao, Sudha Rani et al. 2014, Agorreta, Borrega et al. 2011). Also,
there is more switching loss at multistage PWM inverter. So there is a method which
can have the best solution for these two methods, limitations: “The combination of
multilevel and current source inverter together”. This method can have variable input
voltage and variable loads(Bao, Bao et al. 2011, Adda, Mishra et al. 2011, Nguyen,
Nguyen et al. 2011, Peng 2003). Section 2.6 has more explanation about this

combination.

2.6 Combination of multilevel and current source inverter

Research at present focuses on the idea of bucking / boosting the DC level before the use
of the MLI (Wu, Ji et al. 2015b, Li, Liu et al. 2009, Chakraborty, Annie et al. 2014). The
buck/boost process can be in the form of a current source inverter (CSI). There is a lot of
topologies and methods to combine CSI with multilevel inverter in industrial for small
and big size, power applications(Kwak, Kim 2009, Takatsuka, Yamanaka et al. 2013,
Guedouani, Fiala et al. 2013). The current source can generate different levels as DC
link for multilevel inverter. The current source can have different levels by having a
greater number of power devices such as inductors and capacitors. Also, it needs to have
more semiconductor devices such as diodes and Switches (MOSFET or IGBT) (Bao,
Bao et al. 2011, Li, Anderson et al. 2009, Peng 2003). These methods are a good
combination of current sources and multilevel inverter for some applications (Kjaer,
Pedersen et al. 2005, Axelrod, Berkovich et al. 2005). The output performance of these
types of inverter is good in terms of low total harmonic distortion (THD). The reason of

the low THD is that the harmonics in the whole inverter circuit are modulated
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(frequency and amplitude modulations ‘M’ and ‘My’) through the control of a single
switch (current source switch) (Luo 2007, Gajanayake, Luo et al. 2010b, Cortes,
Svikovic et al. 2014). The THD is inversely proportional to the number of levels. The
stepping up/down transformers is not required for these types of inverters (Marcos-
Pastor, Vidal-Idiarte et al. 2014, Ho, Chun et al. 2015, Ng, Tu et al. 2014a). However,
these types of inverter have a high number of power and semiconductor devices, and
also these topologies have more power losses in these devices. Additionally the
switching losses are high in these types of inverter because of the high switching
frequency of the main CSI switch. The controlling system for these types of inverter is
complicated because of the numbers of passive devices used are high. Also the number

of linear and nonlinear devices increases as the number of levels in the MLI goes up.

2.6.1 Combine current source / H-bridge inverter topology (seven-levels)
Fig. 2-13 shows an example of current source which can generate three different voltage

levels (V1, V2 and V3). These voltages can be controlled by changing the duty cycle and
the frequency in current source switch (S;). The output voltage of this circuit is higher
than the input voltage. If this current source is connected to an H-bridge inverter then
this combination can generate seven levels. The value of these levels could be the same
(V1 = V, = V3) or difference (V1 # V2 # V3) which could reduce the THD (Lopatkin
2011, Elsheikh, Ahmed et al. 2011). The number of power and semiconductor devices
will increase in this circuit with the request number of levels. This topology has some
advantages; transformer less, the output is easily controllable from the single switch (S;)
of the current source, in addition to all the other advantages of multilevel inverters
(Malad, Rao 2012, Luo, Ye 2003). However, this topology is high on cost (more

devices), less reliable (inductor current does not respond spontaneously to the change in
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load) and less efficient (high switching frequency and more devices) compared to other

methods (Luo, Ye 2003).
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Fig. 2-13 The circuit of 3 different output voltages from current source

There are other types of combination of current source and multilevel inverter, which
can have less numbers of semiconductor components. These types of inverter generate
different levels of DC-link through the change in the switch duty cycle and frequency.
The number of levels is determined by the number of series combination of the DC links
(Bai, Zhang et al. 2007, Du, Ozpineci et al. 2009, Jamaludin, Rahim et al. 2014). This
type of combination has all advantage of previous combination methods. Also this
method has fewer switches for the same number of levels. On the other hand the power
losses and power switching losses are high which cause a poor overall efficiency. The
controlling system of this method is much complicated than other topologies. Fig. 2-14
shows an example of a combination of a current source with multilevel inverter circuit
with fewer components (Axelrod, Berkovich et al. 2005). This circuit generates seven
levels only by having seven switches, four diodes, one inductor and three capacitors for
single phase (Bao, Bao et al. 2009, Du, Ozpineci et al. 2009, Liu, Tolbert et al. 2008,
Axelrod, Berkovich et al. 2004). However, this topology is suited more for high-

frequency, low-power applications. Also, this circuit can be used in low frequency DC to

31



Chapter Two: Literature Review of DC to AC inverter topologies

AC inverter for industrial applications. But the value of capacitors and inductance would
be increased in high value if the switching frequency of this circuit becomes 50 or 60Hz.

So this circuit is not recommended for high power industrial applications.
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Fig. 2-14 The circuit of combination current source with H-bridge inverter topology (seven-level)

The high number of power and semiconductor devices is the main limitations in these
topologies. Also the frequency of the switches in these topologies is high in order to
reduce the size of the inductor and capacitor at the DC link. Also the size of the passive

filter used is still large. (Axelrod, Berkovich et al. 2005).

2.6.2 Active Buck-Boost Inverter with Coupled Inductors

Fig2-15 shows the circuit of a new topology that is a combination of Buck/Boost current
source and H-bridge. This topology can control the switches of the current source (Qs,
Q6, Q7 and Q8) to shape DC voltage (V;) into a sine wave at the inverter output. The
voltage output of the current source increases step by step until the maximum output is
reached, then it decreases to zero (in half cycle). It is repeated in the negative half-cycle.
Switches Qs-Qg operate at high frequency in the first half cycle. On the other hand the

switches Q;-Q, operate at low frequency 50 or 60Hz(Tang, He et al. 2014a).
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Fig. 2-15 Active Buck-Boost Inverter with Coupled Inductors

This method is the best way to invert DC to AC step-by-step by having fewer switches
and capacitors in comparison with previous methods (combination current source with
H-bridg). Also the amplitude of lower order harmonics in this method is less than the
amplitude of lower order harmonics in other multilevel and three level inverter
topologies. The THD in this topology is about 10-15% without using passive filters on
the load side. The efficiency of this topology is still on the low side in comparison with
previous configurations (Current source inverter) due to the high switching frequency
and the losses in inductors. The reason is that two switches operate at high frequency
(typically 20 kHz) during the positive half cycle while the other two operate at the
negative half cycle; so that the switching losses over a whole complete cycle is only
related to two switches (Tang, He et al. 2014b). However, this method has some
limitations and for these reasons a recent topology (transformer-less boost inverter) was

introduced.

2.6.3 Transformer-Less Boost Inverter

This recent topology introduces normal boost DC to AC inverter with intelligent ideas to

reduce switching power losses in switches of the H-bridge (Chakraborty, Hasan et al.
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2014). The main switch of the current source is operating at high frequency to reduce the
size of L and C in the current source inverter. This circuit is designed as transformer-less
boost inverter. Fig.2-16 shows the circuit, which includes five switches and one diode as
semiconductor devices. The capacitor and inductor of the current source can step up the
input voltage to a higher voltage by switching the main switch (S). This circuit operates
as a normal current source inverter, but only two switches (S; and S,) at H- Bridge
operate at high frequency in one half cycle. The other two switches (S; and S4) operate
at the output frequency (50 or 60 Hz). So the switching loss is reduced in the H-bridge
because only two switches are operating at high frequency (SPWM) in half cycle.
However, this method has a poor THD at the output, therefore a large passive filter is
required to reduce it to less than 5%. On the other hand, this circuit could be suitable for
low power applications such as residential photovoltaic applications where the power

rating is small and the cost is an important factor.
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G

Fig. 2-16 Transformer-Less Boost Inverter

The active buck-boost inverter with coupled inductors has the following limitation over
this topology (transformer-less Boost Inverter):
- Two inductors.
- Using freewheel diodes of switches to direct current in load side, this causes more
losses and voltage drop at diodes.
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- Two switches and two diodes are working at high frequency

— Controlling of switches in this method is more complicated.

- Lower efficiency because having more switches and an inductor
However, this topology still has some limitations such as a high THD and a total of two
switches operate at high frequency. Researcher in the field came out with recent
topology (Chakraborty, Hasan et al. 2014), which overcomes some of the previous

limitations. This topology is called “buck/ boost inverter connected to H-bridge”

2.6.4 The Buck/ Boost inverter connected to the H - bridge
Fig.2-17 shows the circuit of the buck/boost with H-bridge inverter topology which is

introduced by Konstantinos Georgkas in IEEE (Georgakas, Vovos et al. 2014). This
topology has some advantages, which include a smaller number of switches and
inductors in comparison to previous topologies. There are only five switches in this
method of which four switches operate at low frequency and one switch operates at high
frequency (SPWM). Also, this method uses a single diode to direct current from H-
bridge to the buck-boost inductor (L). This advantage can be seen in comparison with
the four high switching frequency freewheel diodes used in Fig. 2-15(Georgakas, VVovos

et al. 2014).
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Fig. 2-17. The circuit of Buck/ Boost inverter connected to the H - bridge
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However, the output voltage of these two methods (Fig. 2-15 and Fig. 2-17) is the
samilar (Georgakas, Vovos et al. 2014, Tang, He et al. 2014b). The output of the
BUCK/BOOST inverter is a sinewave with low total harmonic distortion occurring
around the switching frequency. The output is inverted from DC to AC by H-bridge. The
DC input of the H-bridge is shown in Fig.2-18, which is mainly the voltage across the
capacitor (Vc). This voltage (V¢) increases from zero to maximum and then zero again
in small steps and this is repeated every 10ms. The H-bridge alternates the waveform

every 20ms to shape a 50Hz output.
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Fig. 2-18 The DC input voltage of H-Bridge in circuit of Buck and Boost inverter

The Fig.2-19 shows the voltage across the load (output from the H-bridge inverter). The
total harmonic distortion of this topology is 13.3%. The 3™ harmonic in this case is
12.63% of the fundamental component. The 3™ harmonic of the voltage waveform can
be eliminated by optimising the switching pattern of the current source. The THD is then
reduced to less than 5% without the need of any filtering (Georgakas, VVovos et al. 2014,

Madouh, Ahmed et al. 2012, Tang, He et al. 2014b).
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Fig. 2-19 The output voltage of H- bridge without passive filter.

In this topology, the output voltage can be increased or decreased by changing the
amplitude modulation ratio in the main switch of the current source. Also the size of the
inductor and the capacitor of the current source can be decreased by increasing the
frequency modulation ratio in the main switch of the current source. Also the size of the
output filter can be chosen by optimising the switching pattern and the frequency
modulation ratio in the main switch of the current source (Georgakas, Vovos et al.
2014). However, this topology has some limitations which are:

e The inductor value is big for this 20 KHz topology. The value of inductor for
the buck and boost is 1mH and rated at 30A.

e The value of the capacitor is very big for this 20 kHz topology. The capacitor
value for the buck and boost is 10 mF and rated at 450 volts. This is the reason
that the 3™ harmonic is very high in this case. The switching pattern is then
optimised in order to eliminate the 3" harmonic.

e The voltage ratio of the output over the input is limited in this case. So a
transformer is required to step the voltage up. For example, if the input voltage

Is 90V d.c., the maximum value of the rms of the output voltage will be 110V.
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¢ In this topology, source inductor was not taken into consideration. Obviously, if

it is considered then more devices will be required for freewheeling action.
Finally, this circuit is suitable for connecting renewable energy sources to the grid and in
the use of UPS systems in low power applications (Georgakas, Vovos et al. 2014). So
far there are nine topologies, which have been reviewed in this chapter. Perhaps by
putting their advantages and limitations together in a critical way, then a clearer picture

will emerge.

2.7Critical Review of the Different Topologies

Table 2-2 illustrates a comparison between different topologies of DC to AC inverters,
which was explained in this Literature Review. This table compares the efficiency (n),
Total Harmonic Distortion (THD), Sum of n™ Harmonic Distortion (SHD), Number of
Semiconductor Devices (NSD), Number of Power Devices (NPD), Semiconductor
Power Loss (SPL), Control System (CS), Cost and Electromagnetic interference (EMI).
This comparison between these topologies has been carried out for the same power
rating and the same output/input voltage ratio.
The different topologies compared in table 2-2 are:
e Voltage Source Sine Pulse Width Modulation (VSSPWM) (Zhang, Wang et al.
2014)
e Current Source Sine Pulse Width Modulation (CSSPWM) (Takatsuka,
Yamanaka et al. 2013)
e Diode clamped Multilevel inverter (DCMI) (Duggapu, Pulavarthi et al. 2013)
e Capacitor Clamped Multilevel inverter (CCMI) (Kanimozhi, Geetha 2014b)
e Cascading H-Bridge Inverter (CHBI) (Lakshmi, George et al. 2013)
e Combination of Current source with Multilevel inverter (CCSMI) (Axelrod,

Berkovich et al. 2005)
38



Chapter Two: Literature Review of DC to AC inverter topologies

Active Buck-Boost Inverter with Coupled Inductors (ABBICI) (Tang, He et al.

2014b)

Transformer-Less Boost Inverter (TLBI) (Chakraborty, Hasan et al. 2014)

Combination Buck/Boost Converter and H-bridge Inverter (CBBCHI)

(Georgakas, Vovos et al. 2014)
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Table 2.2 is comparison between different topologies of DC to AC

Topology n THD SHD NSD NPD SPL CS Cost EMI
VSSPWM Low High Low Low Low High No Low High
CSSPWM Low High Low Low Low High No Low High
DCMI Good Low High High High Low Yes High Low
CCMI Good Low High High High Low Yes High Low
CHBI Good Low High High Low Low Yes High Low
CCsMmI Good Low Low High High High Yes High Low
ABBICI High Low Low Low Low High Yes Low Low
TLBI High High Low Low Low High Yes Low High
CBBCHI High Very Low Low Low Low High Yes Low Low
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In general, table2-2 shows that the best topology is the Combination Buck/Boost
Converter and H-bridge Inverter CBBCHI in comparison with other method in this
thesis. However, this method has some limitations, which have been summarised in
section 3-1. One of the main limitations is the high switching frequency on the buck and
boost DC-to-DC converter. Also the di/dt in the inductor and the main switch of the DC-
DC converter at low frequency is higher in this case. This means that the switching
power losses are high at both low and high switching frequencies.

In order to overcome the limitations of all previous topologies and in particularly the last
one, a new control algorithm is introduced in this thesis. The proposed control operates
a single switch at 2 kHz and operates the four H-bridge switches at 50 Hz. Chapter 3
covers two new different control algorithms where the small size of passive filters is
required in comparison to other control techniques. Also in the proposed algorithm the

values of the buck/boost ‘L&C’ are reduced in comparison with other techniques.
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Chapter 3 Buck/Boost Based Low frequency inverter
topology

3.1Introduction

There are three main types of DC/AC inverter topologies from a summary of the
background of inverter in chapter two, which are The Pulse Width Modulation (PWM),
Inverters the Multilevel Inverters (MLI) and a combination of the PWM and the MLI
inverter topologies.

The PWM is based on generating an output voltage (voltage source inverter) or current
(current source inverter). All PWM inverters are 3-levels. Although the THD is
constant for PWM inverters (before any filtering), the higher switching frequency pushes
the lowest order harmonics to a higher value which can be filtered with a smaller filter
size. However, the high switching frequency causes higher switching losses which are
one of the limitations of PWM inverters (Moghadam, Darwish et al. 2013).

The MLI is based on shaping the output voltage through generating an output waveform
at different levels. The number of levels is an odd number (5, 7, 9, etc.). The higher
level number results in lower Total Harmonic Distortion (THD). However, it is also
obvious that the higher the level number requires more number of semiconductor
switches, capacitors, and voltage sources; depends on the configuration used in MLI
(Arman, marques et al. 2012). Because of the mentioned limitation, researchers in the
field of DC/AC inverters came with the idea of a buck/boost based inverters
(Moghadam, Darwish 2012). The main concept is to shape the output waveform
through a boost converter prior to the conventional H-bridge configuration. The
limitation of the buck/boost-based inverters is that the H-bridge still operates at a
relatively high switching frequency (Li, Liu et al. 2009, Chakraborty, Annie et al. 2014,
Wu, Ji et al. 2015b); or it consists of multiple numbers of inductors, large number of

semiconductors and operate relatively high switching frequency (Chen, Liang et al.
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2013, Tang, He et al. 2014b, Ho, Chun et al. 2015, Du, Ozpineci et al. 2007). It also
consists of a large value of inductor and capacitor with high frequency in the CBBCHI
circuit (Georgakas, Vovos et al. 2014). To overcome all the previous limitation, a
proposed circuit has introduced a new control system in current source inverter topology
which is based on the idea of the buck/boost-based inverter.

In the proposed circuit the switching frequencies of the buck/boost part as well as in the
H-bridge are much lower and hence the proposed inverter has much lower switching
losses. The proposed circuit has also less number of semiconductor devices (switches
and diodes), less number of power devices (DC voltage sources and capacitors). The
main idea is to buck/boost a constant DC voltage source in order to produce a sinusoidal
AC voltage. This is done through two stages; the first stage uses a single switch
buck/boost converter which operates at relatively high frequency (similar to the
sinusoidal pulse width modulation) and the second stage uses a basic square wave
inverter which operates at 50/60 Hz frequency. The main concept is to have a high
efficient topology (based on low frequency inverter) and a sinusoidal shaped output
voltage (based on the frequency modulation of the boost converter). Losses within the
single-switch, single-diode buck/boost converter are much less compared to switching
losses associated with several semiconductor switches/diodes used in VS-MLI.

The Buck/Boost based low frequency inverter (BBLFI) can invert DC voltage to AC
output voltage with high efficiency and low total harmonic distortion (THD) with no
filter. High power loads can be used in this type of inverters because the switching
frequency of the current source and H-bridge inverters are low, so efficiency is high. The
THD can be reduced to 6% without using filters, because the output voltage is multi-
stage. Also, this type of inverter can control the output voltage by controlling the duty
cycle of the current source switch which is very useful for maximum power point
tracking for renewable energies. Additionally, this circuit can be used as motor drive in
increasing voltage and frequency in order to control the speed. Fig.3-1 shows a block

diagram of the proposed boost-based low frequency inverter (BBLFI).
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DC
Current Source 50 or 60 Hz AC
Voltage L a 5 10 15 o % 30 15 &0 ]
(Low frequency) H-bridge Inverter Load
Source

Fig. 3-1 A block diagram of the proposed boost-based low frequency inverter (BBLFI).
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The proposed circuit focuses to change the switching pattern in buck/boost converter is
closer to a sinusoidal waveform. So there are two different switching pattern buck/boost
converter.

This chapter includes two sections which are:.

e Pulse Width Modulation (PWM) controller for BBLFI topology (section 3.2);
explains how this proposed circuit is designed (switching pattern 1). Also, this
section includes simulation of proposed circuit as well.

e Rectifier Sinusoidal Pulse Width modulation (RSPWM) controller for BBLFI
topology (section 3.3) explain how this proposed circuit is improved (switching
pattern2) to have better efficiency, less THD and minimised lower harmonic
order distortion. Also, this section includes simulation of proposed circuit.

e Section (C); finalising these two switching patterns of buck/boost inverter.

3.2Pulse Width Modulation (PWM) controller for BBLFI

In this section the controller and the simulation of the proposed circuit are introduced

3.2.1 Proposed circuit topology with PWM controller and analysis

A good performance in MLI is associated with either a large number of split DC sources
or equivalent number of DC capacitors in order to achieve the multilevel voltage
(Moghadam, Darwish et al. 2013). The switching pattern of the inverter is selected in a
way in order to have the desired output voltage level. If more levels are required, then
more DC sources or capacitors are added. Also, if the amount of switches increase, the
power losses (switching losses) also increase. In this section a single DC source is used
and the level of the output voltage can be controlled through buck/boost configuration in
order to achieve the required frequency and voltage by controlling the duty cycle and

frequency of switch in the buck/boost converter (Marouchos, Darwish et al. 2013). This
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can be achieved through the control of the switching pattern of the buck/boost circuit
without the need to add more semiconductor switches, DC supplies or capacitors. In this
section the switching frequency of Buck/Boost converter is chosen to be at 2-3 kHz and
the output frequency of the inverter is 50 Hz. This section demonstrates the principle of
operation of the proposed topology. However It is essential before considering the
topology of the Buck/Boost based Low frequency Inverter (BBLFI) to introduce the
following features which distinguish this proposed topology in comparison to other
types of DC/AC inverters (Moghadam, Darwish 2012, Marouchos, Xenofontos et al.

2014).
1. The BBLFI is integrated buck/boost converter with full H bridge inverter.

2. The output voltage of the BBLFI can be controlled by varying the switching

frequency and pattern of the buck/boost section.

3. The output frequency of the BBLFI can be controlled in the same way as other
DC/AC inverters. This is achieved by selecting the appropriate (1/T), where T is

the time for the fundament frequency component.

4. The single source used in the BBLFI can be increased if the output voltage

required to be stepped up or down in huge steps.

Fig. 3-2 shows the proposed BBLFI power circuit. The circuit includes one DC voltage
source, one inductor, one capacitor, one diode and five semiconductor switches. The
operating frequency of the buck/boost converter switch (S) is 2 kHz, which is quite high

for large power applications. The frequency of the H-bridge switches is 50 or 60 Hz.

This proposed circuit operates in 3 modes within a 50/60 Hz cycle. The first mode is
increasing the voltage across the H-bridge (Vag) from zero to peak value of a controlling

switch (S) in the first 5ms of the half cycle (0 to 5ms).
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e The second mode is decreasing Vag from the peak value to zero in the second

5ms half cycle (5ms to 10ms).

e The third mode is to change polarity at the load from positive to negative every

10ms (half cycle).
—{ > .
D

VDC L <

+ +

Sa Ss3

Fig. 3-2 The proposed buck/boost based low frequency inverter power circuit

Fig3-3 shows the diagram control signal of main switch (S) buck/boost converter. This
control system has two pulse generators. First one generates 2 kHz pulses and the second

one generates 100 Hz pulses. So there are 4 input signals from these two pulse

generators.
AND gate
Signal 3>
Signal 2> [ signal6
AND gate
Signal 4 >

Fig. 3-3 control logic circuit of main switch (S) buck/ boost converter
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The frequency of signal 1 and signal 2 are 2 kHz, but duty cycle of these two signals
complement each other’s. The frequency of signal 3 and signal 4 are 100 Hz with same
duty cycle with 180 degree phase shift. The fig. 3-4 shows the inputs and the output
signal of control logic circuit. Also, there are 2 modes of the proposed circuit in this
figure. Additionally, the signal 2 is the inverse of signal 1. A duty cycle of signal 1 is

the D and the duty cycle of signal 2 is (1-D).

Volt

Signal 1 - 2kHz

Signal 3 - 100Hz

Signal 5 - 2kHz

Signal 4 - 100Hz

1
1

Signal 6 - 2kHz

Control Signal
2kHz 0

URLHROLNN

Model Mode2 Model Mode2

Fig. 3-4 the progress of logic input signals (binary) for controlling main switch (S).

The control signal from switch S is connected to a semiconductor switch (MOSFET or
IGBT) driver. This controller is generating pulses in digital (binary number) or analogue
(0 or 5 volts). Then this signal becomes the input signal for MOSFET drivers, then the
MOSFET driver converts this input signal to 0 and 12 volts. However, a voltage in the
capacitor and load increases when the main switch (S) is OFF. The voltage at the load
and the capacitor decreases slightly or become a constant when the main switch (S) is

ON. So the current is charged in the inductor of the buck/boost converter when switch S
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is ON. Then the current charge of the inductor is discharged in the capacitor and the load
when the switch S is OFF. The timing of charging the inductor in mode 1 is higher than
the timing of charging the inductor in mode 2. This is the reason that the voltage
increases in mode 1 and decreases in mode 2. For example the duty cycle of this
buck/boost converter is 90% so the r.m.s output voltage is boosted for this case. The
output voltage of this circuit can easily increase and decrease by controlling the duty
cycle of the main switch (S) in the buck/boost. Also the number of increasing and
decreasing steps can be controlled by changing frequency in the main switch.

Fig3-5 shows a process of load output voltage from mode 1 to mode 3. The voltage
increases large steps up from zero to peak value in Vg in first mode (0 to 5ms). The
Vag IS the voltage across the H-bridge and this voltage is an input DC voltage for the
inverter. The voltage Vg is decreased in small steps down to zero value in the second

mode (5ms to10ms). These two modes are repeated every 10ms for 50 Hz inverter.
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Model Mode2

Fig. 3-5 control signals for switch S, S1, S2, S3 and S4 and output voltage from current
source and H-bridge.

The next mode is to invert DC (Vag) voltage to AC output voltage across the load,

which is mode 3 in this process. The switches S; & Sz are ON at the first 10ms (0 to
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10ms) and these two switches are OFF during the following 10ms (10ms to 20ms). The
switches S2 and S4 are ON from 10ms to 20ms. So the load voltage is the same as Vag
in the first 10ms and the load voltage is negative value of V ag for the following 10ms in
the third mode. Then these three modes are repeated every 20ms for 50 Hz output
voltage in the inverter. Finally the input DC voltage is boosted in the Buck/ Boost —
based Low Frequency Inverter then the output is inverted to AC. The BBLFI topology
has the capability to invert single DC voltage source to multilevel AC output by having
one small capacitor (100uF), one small inductor (100uH), one diode, one switch
operating at 2 KHz, four switches operating at 50 or 60Hz. In this topology, if the
switching pattern is optimised to eliminate low order harmonics, then it has a potential to
reduce THD to less than 10% with no filter connected. So this topology has more
advantages than CBBCHI topology (Georgakas, Vovos et al. 2014). The switching
frequency of CBBCHI topology is 20 kHz and using a bigger size inductor (ImH) and
capacitor (10mF) to buck/boost DC to DC (Gajanayake, Luo et al. 2010a). The BBLFI
can invert DC to AC with lower value of inductor, lower value of the capacitor and
lower switching frequency in comparison to CBBCHI topology.

The voltage ratio of BBLFI circuit can be controlled by changing the duty cycle of the
control signal main switch (S) in the buck/ boost converter. The voltage ratio of this
topology is between 0.8 to 4, with no need to change any of the passive devices
(capacitor or inductor values), in the BBLFI circuit. However, there is a limitation in
having a high voltage ratio as this may cause an increase in the low order harmonics
specially 3" and 5™ harmonics. For example the 3™ harmonic is 12% of the fundamental
in a voltage ratio of 4. This limitation causes to increase THD in the output waveform
and hence a passive filter will be required to reduce the THD. Also the THD can be

reduced to less than 10% by changing the frequency and duty cycle in the control signal
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of the main switch (S). However, the THD of this circuit is reduced to less than 5% by

using small size of inductor connected in series with the load. So this circuit has the

following advantages in comparison to CBBCHI topology (Georgakas, Vovos et al.

2014).

The small size of inductor and capacitor for a buck/boost converter. The inductor
size of the BBLFI circuit is 100uH which is 10 times smaller than the inductor
size of the CBBCHI circuit. The value of the capacitor in BBLFI circuit is 100uF
and this value is 100 times smaller than the capacitor in the CBBCHI circuit
(Georgakas, Vovos et al. 2014).

There is no need to use transformer in the BBLFI circuit for higher voltage ratio
(less cost). For example transformer is requested in CBBCHI where the voltage
ratio in this circuit is four (Georgakas, Vovos et al. 2014).

Lower switching frequency in the main switch of the buck/ boost converter in
BBLFI circuit. For example the switching frequency in CBBCHI topology is
20kHz in the main switch, which is 10 times bigger than the switching frequency
in BBLFI topology (Georgakas, VVovos et al. 2014).

The BBLFI topology has less switching and conduction power losses.

On the other hand, this topology has the following limitations in comparison with

CBBCHI..

Higher amplitude of low order harmonic distortion, especially 3 harmonic.

Higher Al in inductor of the BBLFI circuit.

These two limitations can be solved by changing the duty cycle and frequency in the

main switch of the buck/boost converter in the BBLFI. So the BBLFI circuit needs to

have different modes for half cycle. These modes can have different duty cycles in the

control signal of the main switch in BBLFI for half cycle. For example, there are five
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modes in the control signal of the switch in the BBLFI circuit which can eliminate lower
order harmonic distortion in the output. Fig.3-6 shows the control signal of the main
switch (S) which shows 5 different modes. These modes (switching pattern) are chosen
manually by trial and error to find a good solution in generating multistep with low
THD. A program can be used in order to optimise the switching pattern to reduce THD
and minimise lower order harmonic distortion. However, it is really complicated to
generate different duty cycles and frequencies in one control signal in this method.
Additionally, section 3-3 chapter has a better solution for less complicated control logic
circuit for the control signal of the main switch (S).

Fig.3-6 shows an example of five modes in digital (binary) control signal for the main
switch in the BBLFI circuit for half cycle (10ms) of the output. The duty cycle is 70%
and the frequency is 2 kHz in the first mode. The first mode is from zero to 2ms. The
duty cycle is decreased to 60% at the same frequency during the second mode (from 2ms
to 4ms). The frequency is increased to 4 kHz during the third mode (4ms to 5ms) and the
duty cycle is 60%. The frequency is the same as in the previous mode (4 kHz) but the
duty cycle is 20% during the fourth mode (5ms to 7ms). The frequency decreases to 2
kHz and the duty cycle decreases to 10% in the last mode (7ms to 10ms). These modes
are repeated every 10ms in order to control the main switch in the buck/boost circuit.
Then the buck/boost circuit forms the input DC voltage across the H-bridge (Vag in
Fig.3-2). H-bridge inverts the Vag to AC voltage across of load. This example control
signal is applied to simulate circuit in part 3.2.2 which is the simulation part (PSPICE

software) of this chapter.
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Fig. 3-6 An example of digital control pulse of main switch (S) in BBLFI topology in five modes.

3.2.2 Simulation of BBLFI topology with PWM controller

The Buck/Boost-based low frequency inverter topology is simulated in PSpice software.
The load and input DC voltage of this circuit in this simulation are chosen to be the same
as the load and input DC voltage in CBBCHI circuit (Georgakas, Vovos et al. 2014).

The load and the input voltage are 54Q2 and 30 volt DC.

Fig.3-7 shows the proposed simulation BBLFI circuit. The circuit includes one DC
voltage source, one inductor, one capacitor, one diode, a control circuit (V pulse is used
as the control signal circuit in PSpice simulation) and five semiconductor switches
(MOSFETSs). This circuit is simulated on PSpice software with the following circuit

parameters:

30V Vpc source; Load (R=54Q), buck/boost capacitor (100uF) in load side, inductor
(100uH), one diode (D1N5404), MOSFET (IRF150 in PSpice) and V-pulse source.

V-pulse source is programmed to generate the same control signal shown in fig.3-6.
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Fig. 3-7 proposed simulation BBLFI circuit in PsPice software

The frequency of the semiconductor switch used in the buck/boost converter is 2 kHz in
mode 1, mode 2 and mode 5. The switching frequency in the third and fourth modes is
4kHz. The switching frequency of the H-bridge is 50Hz; there is 0.1m time delay in the
H-bridge to switch ON. This delay can reduce the value of 3™ harmonic at the output.
The value of inductor in this simulation is 10 times smaller than the inductor in CBBCHI
(Georgakas, Vovos et al. 2014). Also the capacitor in this simulation is 100 times
smaller in comparison with the capacitor in CBBCHI circuit (Georgakas, Vovos et al.
2014). However the voltage ratio in this simulation is three. The r.m.s value of output
voltage is 90volt when the input voltage is 30 volts. This ratio voltage in this simulation
is nearly two times higher than the voltage ratio in CBBCHI circuit (Georgakas, Vovos

et al. 2014).
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Fig.3-8 The voltage across of H-bridge (DC output voltage of buck/boost converter)

Fig.3-8 shows the voltage across of H-bridge (Vag). The Vg is the DC output voltage of
buck/boost converter, which is stepped up from DC voltage sources to 125 volt at the
peak value. The Peak value of the Vag can be controlled to be a smaller or larger value
than DC source (input voltage in the buck/boost converter). The peak value of Vag
depends on loads, type of semiconductor devices (switches and diode) and passive
devices (size of the capacitor and inductor). Also Vag can be controlled by changing the
frequency and the switching pattern in the main buck/boost converter switch. Therefore,
Vag can be easily controlled through the control of the current source switching
frequency and the switching pattern instant to change the value of passive devices in the
current source. The peak value of the Vag is 125 V which is controlled by the generated
signal. This signal is designed to step up DC voltage to 125 V from 30 V input DC
source. So the Vag DC can be inverted to the AC output (Vi oap) by switching at 50 Hz
in the H-bridge switches as shown in Fig 3-9. The output frequency of BBLFI can be
varied from 0 to a value 20 times less than the switching frequency of the main

buck/boost switch. The reason for the 20 times’ value is to keep the THD at an
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acceptable level. These voltage and frequency variation are depended on H-bridge
switching frequency and switching frequency in the current source. The output rms
voltage for this simulation is 88.4 volts, which is nearly 3 times higher than the input
voltage. The output voltage increases step by step to the peak value. The value of each
step is not the same. The value of these steps depends on the duty cycle of the controller,
the value of the capacitor, inductor and switching frequency in the current source. The
number of these levels depends on the switching frequency in the current source
inverter. The number of steps is increased if the switching frequency is increased in the

current source main switch.
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Fig. 3-9 the output voltage of proposed circuit in load side

The voltage at different levels of the output voltage can be controlled from the control
signal. These values have a direct effect on the THD and the amplitude of low order

harmonic distortion. For example the amplitude of the 3™ harmonic would be increased

56



Chapter Three: Buck/Boost Based Low frequency inverter topology

if the value of the first step in output increases. Another example, the THD will be
decreased if the number of levels increases at the output. Fig.3-10 illustrates the Fast
Fourier Transform (FFT) of the generated BBLFI output waveform. The fundamental
value of the output voltage is 124.61 volts. The THD is about 7.9% in this simulation.
The amplitude of lower order harmonic is quite high in this case. The amplitude of 5"
harmonic is 7.9 volts in this simulation. The amplitude of 5™ harmonic could reduce to
zero by varying the control signal; however, other lower order harmonic amplitudes will
be increased. Also the voltage ratio (hence the output voltage) will change if the control
signal is varied to eliminate the 5™ harmonic. The value of voltage ratio is the main

reason in changing the control signal (Fig.3-6).
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Fig. 3-10 Fast Fourier Transform (FFT) of the output voltage proposed circuit

However, the 5™ harmonic can be eliminated by choosing the right value of low pass
filter at the load side in order to reduce the THD to less than 2%. Additionally, the THD
can be reduced to 5% with no filter if the switching pattern is optimized to eliminate the
amplitude of lower order harmonics at the load side. In general, the voltage ratio and
THD are the objectives to design signal for controlling the switch in BBLFI with no

changes in hard devices (DC sources, inductor and capacitor). This control signal can be
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designed for software and programmed to a Micro-controller in practical
implementation. Finally, this topology has some advantages and some limitation in

comparison to other topologies.

3.2.3 Advantages

e Less switching power loss; the reason is the use of less number of switches in
comparison with VS-MLI. Also less switching power loss because of the lower
switching frequency in the main switch of the buck/boost BBLFI topology.

e The switching frequency of the buck/boost in BBLFI can control the number of
the output voltage levels.

e The size of inductor and capacitor are small at low frequency in comparison
with other topologies.

e No need for a transformer to step up or down the voltage.

e This topology can be used as active filter and can also be used in the Maximum

Power Point Tracking MPPT (further research need to be carried out).

3.2.4 Possible limitations of BBLFI
1. It requires more complicated control system to reduce the amplitude of the lower

order harmonics and to increase and decrease the voltage ratio in BBLFI,

2. The size of the power application for BBLFI is small (less than 1000W for a

single phase application).
3. The Ai/At is high in the inductor in boost mode of BBLFI circuit.

Section 3.3.1 introduces a new switching pattern in buck/boost switch which can be a
good solution for the first limitation of BBLFI circuit. Chapter 4 describes a new control

signal which can sort out the second and third limitations of the BBLFI circuit.
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3.3Rectifier Sinusoidal Pulse Width Modulation (RSPWM) to

control the buck/boost main switch

3.3.1 Proposed circuit topology with RSPWM controller and analysis
The control signal of the BBLFI circuit becomes very complicated where the control
signal width is different in each half cycle. There is a good solution for this problem
which is using the proposed Rectifier Sinusoidal Pulse Width Modulation (RSPWM) as
a control signal in the main buck/boost switch in the BBLFI circuit. This solution
reduces the complication in the control system; where M, and M can be easily varied
through the voltage ratio. Also, this method can reduce the amplitude of specific order
harmonics in BBLFI only by controlling the value of M, and M¢ in RSPWM. The circuit
of this method is the same circuit of BBLFI. The only change of this proposed circuit is
in the control signal. This control signal is generated through the comparison of a
rectified sinewave and a triangular signal. The proposed circuit has three modes; the first
mode is stepping up the voltage from zero to peak value during the first 5ms (0-5ms).
The second mode is to step down the voltage from peak value to zero in the second 5ms
(5m-10ms). These modes are repeated every 10ms (half cycle) for 50Hz output
frequency system. The third mode inverts the positive voltage to negative voltage for the
second half cycle in the H-bridge inverter. Fig.3-11 shows the control signal circuit. The
firs input voltage to the comparator (op amp) is a rectified 50Hz AC voltage source. The
second input voltage of the comparator is a triangular waveform at 1 kHz. Then the
output from the comparator needs to be an absolute value zero or 5 volts in the time
domain. This control signal can be generated from a Microcontroller as digitised values
(high or low). The controller in this case (RSPWM) is not as complicated as the

controller in BBLFI (PWM controller).
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Fig. 3-11 The control signal generator from comparator (SPWM)

The RSPWM controller in BBLFI can easily covert a DC voltage by stepping it up and
down into AC voltage in one half cycle. The reason of easily formed waveform is to
have different width of each pulse at SPWM. So the output voltage increases to peak
value in the first 5ms because the width of the pulses increases during this time. The
output voltage decreases to zero because the width of pulses decreases from 5ms to
10ms. Fig.3-12 shows the carrier and rectifier frequencies of the RSPWM. The M, and
Mg of this RSPWM are 0.8 and 20. Also the voltage control signal (0 and 5 volt) is

shown in this figure. The control signal controls the main buck/boost switch in the

BBLFI circuit.
control signal (CS)
10
9
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Fig. 3-12 The control signal from SPWM
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The control signal with M¢ = 40 and M, = 0.8 is used to control the buck/boost switch of
the BBLFI circuit in part (3.3.2). The values have been chosen in order to have a voltage

ratio of 3 and small THD.

3.3.2 BBLFI Simulation with RSPWM controller.
The BBLFI circuit simulation with RSPWM controller has the same input and output

voltages with the circuit shown in part 3.2.2. The value of inductor, capacitor and the
load are 200uH, 50uF and 54Q. These values are selected in order to have a fair
comparison with PWM controller covered in 3.2.2. The switching frequency in the main
buck/boost switch is 2 kHz and the switching frequency of H-bridge is 50Hz. Fig.3-13
shows a simulation circuit of BBLFI with RSPWM controller. The simulation circuit
includes two main parts, power circuit (BBLFI circuit) and control signal circuit
(RSPWM controller). The power circuit includes 5 switches, one diode, one capacitor
and one inductor. The value of the inductor in this simulation is two times of the value of
the inductor in the simulation part in 3.2.2. The value of the capacitor is half the value of
the capacitor in the simulation part in 3.2.2. The controller circuit in this simulation
includes a comparator (Op-Amp), AC voltage source, triangle waveform generator and
absolute component. The rectifier of AC voltage source is used as the reference signal
for the comparator in the controller circuit. The triangle waveform is used as the carrier
frequency for the comparator in this circuit. The output pulse from the comparator needs
to have absolute value and this is the reason for using the absolute component in this
simulation. The absolute value of pulse is a control signal for main switch in BBLFI

circuit.
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The H-bridge inverter operates at 50 Hz in this simulation. The duty cycle of H-bridge
switches is 47.5% (instead of 50%) in order to reduce the 3™ and 5™ harmonics. So the
time of zero level is 500us in each half cycle. The 500us at the zero level in each half
cycle is shown in the Fig 3-14. This figure shows the voltage waveform across the H-
bridge inverter (Vag). The voltage increases from zero to the peak value in 5ms and the

voltage decreases to zero in 5ms for each half cycle. The half cycle is repeated every

L
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Fig. 3-3-13 circuit of BBLFI with RSPWM controller

10ms for 50Hz output frequency.

140

120

100

80

60

Voltage(Volt)

40

20

0]

\
\
\
]

“—-_____—-—

(0] 25 30

Time (ms)

35 40

45

Fig. 3-14 Voltage across H-bridge inverter
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However, the peak value of this DC voltage in each half cycle is 127.27 volts with 20%
ripple voltage. So the rms output AC voltage at the load is 90volt which is 3 times the
input DC voltage. This voltage ratio is varied by controlling M, and M¢ in RSPWM
control circuit. Also the voltage ratio can be controlled by programming the
microcontroller. The output voltage of this simulation is controlled by choosing the right
value of M, and Ms control-signals (CS). The output voltage of the H-bridge is shown in
Fig.3-15 for 3 50Hz cycles. The voltage starts to step up to peak value from 250us to
5ms. The voltage steps down to zero volts from 5ms to 9.75ms for the positive half
cycle. This step up and down is repeated in the negative half cycle as well with 10ms
time shift. The time of zero level is essential to reduce the amplitude 3 and 5"
harmonic. THD in this simulation is decreased by reducing the amplitude of both

harmonic orders.
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Fig. 3-15 The AC output voltage of H- bridge (load voltage).

The FFT of the AC output voltage is shown in Fig.3-16. This graph shows the amplitude
of harmonic from the fundamental to 53" harmonic voltage. The fundamental amplitude
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of the output is 126.844 volts. So THD for this sinusoidal waveform is 8.18%, which is

calculated from equation 3-1.

Jvrms (autput)2 —Virms (fundamental) 2 (3-1)

THD = X 100%

Vrms (fundamental)

Where Vims(utput) 1S the rms AC output voltage of the H-bridge. The Vms undamentar) 1S the
rms value of the fundamental output. The Vimseutpur) IS 90 Vvolts for this simulation and
the Vims (fundamentary IS 89.7 volts. So THD is calculated from equation in below;

THD = % x 100%= 8.18%
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Fig. 3-16 The FFT of AC output voltage of H-bridge.

The amplitude of the lower orders harmonic and switching frequency of the FFT output
voltage is listed below.

e The amplitude of 3" harmonic is 3.67 volts (about 3% of fundamental)

e The amplitude of 5™ harmonic is 2.27 volts (less than 2% of fundamental)

e The amplitude of 7 to 37 harmonic is 1.1 volts (less than 1% of fundamental)
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e The amplitude 39" and 41% harmonics is 4.44 volts (about 3.5% of fundamental)
These lower orders harmonic amplitude can be eliminated by optimising the switching
pattern in the control signal with no adding passive filter at the output. However the
THD can be reduced to less than 2% if a passive filter is used at the load side.

In summary, the voltage ratio in this topology is between 0.5 to 8 only by controlling the
value of M; and M,. THD can be reduced to 5% with no filter on the load side. So this
BBLFI circuit with RSPWM controller has all advantages of the topology in section 3-2.
RSPWM controller is not complicated as the control circuit used in section 3-2 (previous
control topology). Then this controller can be a good solution for limitation of control
circuit previous control topology. However, this topology still has other limitations of
the circuit in section 3-2. These limitations are high value of Ai/At in the inductor of
the circuit and this topology is suitable for low power applications. The current is
discontinues mode in the inductor of the circuit. This is the main reason that this
topology is not recommended for high power applications. Chapter four introduces

a new control circuit to solve these two limitations.
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Chapter 4 Double Sinusoidal Pulse Width Modulation
(IDSPWM) controller

4.1Introduction of DSPWM controller
The PWM and RSPWM controllers of BBLFI have a couple of limitations, which can be

solved by changing the control system in BBLFI circuit. The Ai/At in these controllers is
very high in the inductor due to small values of the inductor. A higher value of Ai/At
will increase the switching losses. So these types of controllers are not practical for high
power applications. There is a limitation to increase the value of inductor in BBLFI
circuit. The higher the value of the inductor the more distorted the voltage waveform
will be (higher THD). Also by increasing the switching frequency in the BBLFI circuit,
the THD will increase.

The sinusoidal shaped output is formed through the multilevel action so that no filter is
required. The only changeable parameters are the switching frequency and inductor.
The solution for this case is the proposed Double Sinusoidal Pulse Width Modulation
(DSPWM) controller. This controller can reduce the Ai/At in the inductor of the BBLFI
circuit at low frequency.

Fig 4-1 shows the logic circuit of DSPWM, the circuit includes two comparators,
eXclusive OR (XOR) and invert gates. The inputs to this circuit are 2 sinusoidal
waveforms at the fundamental frequency with 180-phase shift and a triangular carrier
frequency waveform. The main reason in using this type of logic circuit is to have ‘near
zero crossing’ pulses. These pulses can generate early steps at the output voltage. The
pervious control signals (in Chapter 3) of BBLFI do not have such pulses. This could be
one of the reasons of why the 3™ and 5" harmonic value are higher in these two
controllers (PWM and RSPWM) of BBFLI.
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Fig. 4-1 Logic circuit of DSPWM

Fig.4-2 shows the process of generating the control signal of DSPWM for BBLFI. Also
the ‘near zero crossing’ pulses in each half cycle is shown in this figure. These pulses
can reduce the 3 and 5™ harmonics at the output voltage, which causes a reduction in
the THD.

The BBLFI circuit can operate with larger values of inductance if the DSPWM control
main switch of BBLFI. This controller causes the current in inductor to be in the
continues mode. This continues current mode reduces the switching losses at the main
switch of BBLFI. The higher power application can be used in this BBLFI circuit that
has higher efficiency.

The control signal in Fig.4-2 shows the logic pulses (0 and 5 volt). The duty cycle of
each pulse decreases until 5ms (¥4 of the mains cycle). As a result of that the output
voltage increases until 5ms. The duty cycle of the pulses increases from 5ms to 10ms
(half cycle). The main switch on BBLFI circuit is operated by DSPWM control signal.
The output voltage increases when the main switch is ‘OFF’ and the output voltage

decrease when the main switch of BBLFI is ‘ON’.
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Fig. 4-2 Control signal of BBLFI

The frequency modulation ratio of the controller in this topology is assigned as M. Mg
can be calculated from equation 4-1 where fs and fo,; are the carrier frequency and the
fundamental frequency of the H-bridge inverter. The reason to use two carrier
frequencies in this equation is because of using XOR gate. So the switching frequency of

the main switch in BBLFI circuit is two times the carrier frequency.
2 fs
M, ==L -

f fout (4 1)
The main idea is to create a sinusoidaly modulated waveform through controlling the
charging and discharging times of the inductor current and the capacitor voltage in the
current source converter. The output voltage can also be selected by controlling the
amplitude modulation ratio (M,) Where M, is the ratio between the amplitudes of the
sinusoidal and triangular controller waveforms and can be expressed by the following

equation:

2 _ Vicaa 4-2
\/EMa N Vbc + 1 ( )

Where Vpc and Veqq are the input voltage and output voltage of BBLFI circuit.

In basic buck-boost converter the relation between the input and output voltages can be

expressed as:
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Your _ D (4-3)

Vin D-1

Where ‘D’ is the switch duty-cycle. In the case of the BBLFI the output voltage of the
buck-boost converter is sinusoidaly modulated. In this case a ‘V2’ factor is used to
express the maximum value of the sinusoidaly modulated waveform. The factor of ‘2’ is
mainly to express the full wave rectification of also the sinusoidaly modulated waveform
(double the output frequency). Fig. 4-1 illustrates the logic generation of equation (4-2).
The proposed BBLFI (fig. 4-3) circuit consists of 5 semiconductor switches (one of the
buck-boost and four for the H-bridge inverter). The main losses associated with these
switches are conduction losses and switching losses. The switching losses are in direct
proportion to the operating switching frequency. Since only one switch is operating at
‘relatively’ high frequency (S), the switching losses are limited in this proposed
configuration. The inverter switches (S;1-S,) operate at the mains switching frequency

(50/60 Hz) and therefore the switching losses are also limited.

4& > 1 1

2KHz 500r60Hz
S1 S2
¥ \_} \_}
VDC L <1 |

Fig. 4-3 the proposed BBLFI circuit
Conduction losses are very similar in other inverter topologies as the average ‘ON’ time

in the inverter configurations is directly proportion to the desired output voltage. The
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switching and conduction losses for the proposed BBLFI circuit are analysed in the

section 4.1.1.

4.1.1 Switching losses:

The switching losses in the semiconductor switch (S) can be expressed by the following

equation:

P, = % Ton X Vo X (ton + togr ) X fo (4-4)
Peonductor toss in switch whenison = (on)? X Ron (4-5)
Peonductor 1oss in switch whenis off = (Vopf)? X Gofy (4-6)
Where:

ton: Time for switching ON of MOSFET

tofr: Time for switching OFF of MOSFET

I,,,: Average current in a switch when is on

Voss- The average voltage across the switch when is off
R,,: Resistance of the switch when is on

Gor - The conductance of switch when is off

Lswitch when is of £ L€aKage current in switch when is off
Fig4-4 shows an example of MOSFET 44N50P, which details are from the data sheet.
MOSFET 44N50P:

Turn on delay time =Td (on) =28ns

Rise time=Tr =29ns

Turn off delay time = Td (off)=85ns

Fall time =Tf =27ns

VGs =20v, VDs=0.5 VDss RG =3 ohm’s (external) ID =1D25
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Fig. 4-4 the switching voltage gain and voltage drain of MOSFET 44N50P

4.1.2 Diode losses

The switching losses in a diode depend on the switching frequency and the reverse
recovery times of the diode. Such losses are too small in comparison with the conduction
losses and are neglected in this topology. The conduction losses depend on the forward

slope resistance at maximum diode current and can be expressed as:

Pconductor loss in diode = (Ion)2 X Ron (4'7)

The DSPWM can also control the Boost-based Low Frequency Inverter (BLFI) in
section.4.3 and Flyback-based Low Frequency Inverter (FLFI) in section.4.4. The
DSPWM is designed to control the main switch of the buck/boost-based low frequency

inverter.
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4.2Buck/Boost-based Low Frequency Inverter controlled by

DSPWM
The BBLFI circuit (Fig. 4-3) with DSPWM controller operates same as BBLFI with

PWM and RSPWM controller. The differences of the DSPWM controller with other two
controllers are output voltage with improved THD and higher efficiency.

The operation of the BBLFI circuit, shown in Fig.4-3, can be described as follows:

1. The BBLFI behaves as an integrated current source with full H-bridge inverter.

2. Varying the frequency and amplitude modulation ratios in S can control the
output voltage of the BBLFI.

3. The output frequency of BBLFI can be controlled in the same way as
conventional DC/AC inverters. This is achieved by selecting the appropriate the
fundamental frequency.

4. Vyc used in the BBLFI can be increased if the output voltage is required to be
stepped up or down in large steps. The buck/boost converter operates as a current source
in the proposed configuration.

The circuit includes a DC voltage, a resistance (load) an inductor, a capacitor, a diode, a
microcontroller (DSPWM pulse generator) and five MOSFETSs. This circuit is simulated
on MATLAB (for system modelling) and PSPICE (for component modelling). The
PSpice simulation and the practical results are both presented in chapter 5 and chapter 6.
The value of the inductor and capacitor in this proposed circuit can be calculated by
selecting an appropriate the frequency and amplitude modulation ratio (Ms & M,) and
acceptable rate of change of the inductor current (which is directly linked to the THD).
M, can also be expressed as the ratio between the load current and the DC current:

2Vace (4_8)

2XAIL(peyXMaX fs
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2 _ lino 4-9
\/EMa - ILoad + 1 ( )
Al pey = % of linpe) (4-10)

Substituting (4-9 and 4-10) into (4-8):

_ VZVpe (4-11)

%X (2110aa—V2 Malioad) XM X fout

\/ElloadXMa (4'12)

AVoutX(A—Mg) XM X fout

C

The derivation of Egs.4-8, 4-11 and 4-12 are given in Appendix A.

14 oa -
Lioaa = lZ 4 (4-13)
Z: load impedance.

AV,.+: Ripple voltage across ‘C’

Alin(pcy: Ripple current in main switch BBLFI circuit (S)

four: Output Frequency of H-bridge

The THD of V can be calculated from the following equation 3-1. There is an example
of a BBLFI circuit with DSPWM controller. This circuit is simulated in Pspice software
with different value of inductance, different amplitude modulation ratio (M,). There are
3 graphs, which show the voltage ratio, efficiency and THD of proposed circuit. The
inductor assumes as ideal in the proposed circuit of this simulation example. The input
voltage is 60 volts and the load is 20Q in this simulation. Fig 4-5 shows the output
voltage ratio function of M, of BBLFI circuit with DSPWM controller with different
inductors. The voltage ratio is about 19 where the inductance value is 80mH and M; is
0.1. The voltage ratio decreases to 0.6 where the M, is one. The BBLFI circuit operates
as boost where the M, is less than 0.85. The voltage ratio of these circuits is similar to

the theoretical voltage ratio. The higher value of inductance causes the higher voltage
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ratio in the BBLFI circuit. Charge and discharge energy is higher in bigger inductor so
that is reason the higher value of inductance has a higher voltage ratio in BBLFI. The
discharge energy in inductor has a higher level in the output voltage. However the higher
voltage ratio in BBLFI circuit reduces efficiency in the circuit. The reason is more
switching losses in the main switch on BBLFI circuit. The conduction losses and

switching losses in this circuit are about 10% when the voltage ratio is about 19.
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Fig. 4-5 Voltage ratio of different inductor of BBLFI in different M,

Fig 4-6 shows the efficiency function of the amplitude modulation ratio of BBLFI with
different value of inductance with 20Q load. The input voltage in this circuit is 60 volts.

The switching losses in this main switch on BBLFI circuit are less than 1% where the
amplitude modulation ratio (M,) is more than 0.3 in inductance 10mH, 20mH and
40mH. The switching losses in these circuits can be neglected where the M, is higher

than 0.3 in the BBLFI circuit.

74



Chapter Four: Double Sinusoidal Pulse Width Modulation controller

efficiency

100
& 96
< o4 ——10 mH
g 92 20mH
2 90 40mH

88 e 80mMH

0 0.2 0.4 0.6 0.8 1 1.2
Ma

Fig. 4-6 Efficiency of different inductor of BBLFI in different Ma

Fig.4-7 shows the THD function of the amplitude modulation ratio at the output
proposed circuit with different value of inductance. The current mode in inductor would
be discontinuous if the THD is more than 30%. The current mode is discontinuous in
10mH inductor when the M, is more than 0.55. Also the current mode in inductors
20mH and 40mH are discontinuous when the M, is more than 0.7 and 0.9. The current
mode is continuous in 80mH inductor when the M, is 1. So If the current is a
discontinuous mode in inductor the shape of output voltage is not close to sinusoidal
waveform. The lowest THD is 10% of circuit with 40mH when the M, is 0.6. However,
the voltage ratio of the proposed circuit with 40mH is 1.5 when the M, is 0.6 in fig. 4-5.

So the voltage ratio or THD can be objective for this proposed circuit.
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Fig. 4-7 THD of different inductor of BBLFI in different M,
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The proposed circuit can be designed with equations (4-8 to 4-12) to determine value of
R, L and C in BBLFI circuit. The control signal can vary the output voltage by changing
M, and M; in main switch of BBLFI circuit where no need to change passive
components (R, L and C). THD can be reduced by an optimising switching pattern of
control signal. There is a code of MATLAB which is written to minimise the lower order
harmonics in BBLFI. This code analyses the output voltage to Discrete Fourier
Transform (DFT), where the harmonics are determined as the number of samples. The
next code reduces the lower order harmonics to minimum 20%, which causes to reduce
THD to 6%. This code generates a new control signal to have less THD in output
voltage. The programmed MATLAB code is explained in appendix B.

The switching losses for this topology are very small which is less than 1% for 2.5 kW
power applications. These semiconductor-switching losses can be neglected at this stage.
But the conductive losses can be less than 2%. These losses depend on the power
application, which could be more or less. There is a simulation example (in chapter 5) of
this topology in 2.5 kW power applications, which is designed for a photovoltaic to
house consumer (residential application).

The photovoltaic voltage needs to step up with transformer or DC-to-DC boost
converter. Then it needs to use a DC to AC inverter component. There are some
limitations to this type of connection between photovoltaic to residential application,
which are low efficiency, and poor THD. However, the proposed circuit can easily step
up and invert DC to AC output voltage with high efficiency and lower THD. Also, this
proposed topology can track the maximum power point by varying M, and Mg in control
signal when the sun radiation is changed. Also, there is an example of simulation of
2.5kW applications with 60-volt input DC source instead of photovoltaic cell in

chapterb.
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4.2.1 Design Example & Parameter calculation of BBLFI circuit
It is required to design a BBLFI with following specifications.

Pioaqa =2500 W, V=60V,  Vjpaq= 250 V (rms)

In order to achieve the above specifications, the voltage AVout, the current Al (pcy and
the switching frequency of the buck/boost converter need to be set. These values are
selected at:

AVyue= 25% of load voltage (the smaller the Vo, the larger capacitor value is used).
Alinpey= 50% of inductor current (the smaller the Ali, (pc), the larger inductor value is
used). The selection of the switching frequency is a trade-off between the switching
losses and the inductor & capacitor sizes. For a fair comparison between the proposed
topology and other inverter topologies, the sizes of L and C are chosen to be the same.
Therefore the switching frequency of the buck/boost converter is selected at 2 kHz,
taking into consideration that the inductor current is continuous. The parameters R, L
and C in this design example are: 25Q, 5.23mH and 55.7 pF. These values are

calculated from equations 1, 2 and 3.

Proad — 2500 —

10

I =
Load(rms) VLoad(rms) 250

v 2500
R = tLead _ 2277 _ 950
ILoad 10

_ Vioad N -
B Vo +1 = My=0.275

L= V2Vpe = VZx60  _posmy

%X (210ad—V2 Malload) XM gXfout  0.5%(20—3.88)x2000

C = V2I10qaxMg _ 14x0.33

= = = 55.7uF
AVoutX(1—Mg)XM X foye  0.25X0.67x250x2000

These parameters will put on a simulation circuit in PSpice and Matlab software in the

simulation part (section 5-1).
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Additionally, the DSPWM controller can be applied for other type of current source such
as boost-based and flyback-based low frequency inverter. The section 4.3 has more

explanation about this proposed control signal for boost-based inverter.

4.3 Boost-based low frequency inverter controlled by DSPWM.
The proposed Boost-based Low Frequency Inverter (BLFI) is shown in Fig.4.8. It

consists of a boost converter and an H-bridge inverter. The boost switch S; is controlled
by a sinusoidal modulated DSPWM signal as shown in Fig.4.2. This control signal can
be applied to BLFI circuit as well. The input DC voltage is formed too much close to AC
output voltage by controlling main switch of boost inverter (S;). The frequency of switch
in this case is 2 kHz. User can choose the switching frequency of boost, which could be
from 1 kHz to 5 kHz. The high switching frequency is not recommended because more
switching losses. The switching frequency of H-bridge is same as fundamental
frequency that is 50 Hz square wave with 48.5% duty cycle. The zero level in output

voltage can reduce the amplitude of 3" and 5™ harmonics

D

L < '

© B e

Fig. 4-8 proposed circuit of BLFI.

The value of the inductor and capacitor can be optimised by selecting an appropriate

switching frequency (f;) and acceptable rate of change of the inductor current (which is
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directly linked to the THD). The amplitude modulation ratio can control the output

voltage and the value of inductor and capacitor in proposed circuit.

2 _ Vioad
\/EMa - Vbe (4-14)

The M, is controlling the output voltage that can be chosen by the voltage amplitude of
the fundamental frequency over carrier frequency in controller system. Fig 4-9 shows
the comparison output voltage ratio of the BLFI circuit with different value of inductor
and theoretical in PSpice software results. The voltage ratio is decrease where the value
of M, increases. The maximum voltage ratio in this simulation circuit is about 12 and the
minimum voltage ratio is 1.4, which shows the proposed circuit operates as boost DC to

AC inverter.
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Fig. 4-9 Output voltage ratio function of amplitude of modulation ratio

The value of the inductor can be calculated from equation 4-15 that depends of Ma,
switching frequency, input voltage and Al_ (Aly,). This proposed circuit is working as
continuous mode in the inductor. So the minimum inductor in this equation is the highest

value of AIL_in inductor (100%) of BLFI circuit. The minimum value of the capacitor is
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applied where the maximum value of voltage ripple (AVouput) in output of H-bridge. The

capacitor value can be calculated from equation 4-19.

_ 2V4c
Alin(pcyXMaX fs

(4-15)

M, can also be expressed as the ratio between the load current and the DC current:

M, = Y2loadoms) (4-16)
Iindc)
Alinpey = % of line) (4-17)

Substituting (equation 4-16, equation4-17) into (equation 4-15):

2Vac

= WV 2loaax s N
— V2xljpaaMa (4_19)
fsAVout

The derivation of Egs.14-14, 14-15 and 14-18 are given in Appendix A.

I;,qq: Current of the load

AV, ripple voltage across ‘C’

Alin(pey: ripple current in Sy (current in inductance)

fs: Frequency of switch (S;)

The values of inductor and capacitor have a direct effect on total harmonic distortion,
voltage ratio and efficiency BLFI circuit. Fig 4-10 shows the THD of BLFI circuit
function of M,, which is simulated in PSpice software. The current mode in inductor
becomes discontinues where the THD is more than 30%. So this graph shows the current
mode is discontinuous in 8.5mH, 17mH and 25.5mH. However, the THD of BLFI circuit
has a direct relationship with load, capacitor, switching frequency, inductor and M.

There will be more discussion about THD in the simulation section (chapter5).
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THD
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Fig. 4-10 Total harmonic distortion of BLFI circuit with different value of inductor.

There is a design example of the proposed circuit for 2500W for connecting to

photovoltaic cell in section 4.3.1.

4.3.1.1 Design Example and Parameter calculation for BLFI circuit

It is required to design a BLFI with following specifications.

Pjpaq =2500 W, Vpe=60V, Vieaa= 250 V (rms)

In order to achieve the above specifications, the voltage4Vy,,;, the current Al;;, ;) And
the switching frequency of the boost converter needs to be set. These values are selected
at:

AV,...= 25% of load voltage (the smaller the V,,; , the larger capacitor value is used).
Alinpey= 50% of inductor current (the smaller thedl;, (p.y, the larger inductor value is
used).

The selection of the switching frequency is a trade-off between the switching losses and
the inductor & capacitor sizes. Therefore the switching frequency of the boost converter
Is selected at 2 kHz, taking into consideration that the inductor current is continuous.
The parameters R, L and C in this design example are: 25 Q, 8.5mH and 27.2uF. These

values are calculated from equations 1, 2 and 3.
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Plogd _ 2500 _

I = 10
Load(rms) VLoad(rms) 250
v 2500
R = -ted =22 — 250
ILoad 10
2 Vp 2X60
M, = <= = 0.34
V2Vipad V2X250
2V 2X60
= dc = = 8.5mH
0.5XV2I19gaXfs  0.5XyV2x10X2000
VZXIjpqdXMg _ 14.14%0.34
C= = = 38.5uF
AVoyueX fs 0.25%X250%2000

The power losses of switches and passive components depend on the load current and
voltage across of each component. The switching losses and diode switching losses is
not more than 1% in this design example that could be neglected at this stage. The power
losses of the capacitor and inductor is not too much in this case which can be assumed
ideal for simulation part, but the total power losses in practical is about 2% to 15%
which depends on the current in the component.

THD can be optimised by DFT the code that was explained in section 4.2. This code can
reduce the amplitude of lower order harmonic by controlling width of control signal. So
this programmed code can be applied to other topology to minimised lower order
harmonic by varying the width of switching pattern. There are more details of the DFT
method in section 4.5. Also, there is program code how to reduce THD of this design
example in appendix B.

This proposed BLFI circuit has potential to use as DC to AC inverter for high power
application, especially renewable energy, which is not reliable output voltage in
comparison to other energy sources. This proposed circuit needs to have more future
work for 3 phase power applications. There is a limitation of this proposed BLFI circuit
for high power application, which is the size of the inductor. Inductor in BLFI circuit to
have higher power applications can replace a transformer. So a boost converter becomes

flyback converter.
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4.4 Flyback-based low frequency inverter controlled by DSPWM
The inductor of the BLFI replaces to a transformer in the circuit, and then the DSPWM

control signal is applied to the main switch. The BLFI circuit becomes a Flyback-based
Low Frequency Inverter (FLFI), which is controlled by DSPWM. This proposed circuit
could be applied for high power application with higher efficiency in comparison to
previous topologies. This topology inverts the DC voltage to AC output voltage by
controlling switch, which is connected in series with primary winding of the transformer
and DC voltage source. The DSPWM control signal is applied only on one switch in
FLFI and DC voltage is formed DC input in order to closed-sinusoidal waveform in
output voltage by connecting to the H-bridge inverter. The H-bridge inverter frequency
is 50 or 60 Hz. Fig4-11 shows the proposed circuit with 5 switches. The main switch on
FLFI circuit operates at 2 kHz frequency and other 4 switches operate 50 Hz and 48.5%
duty cycle to reduce the amplitude of lower order harmonics. The THD of this proposed
circuit could be optimised by programmed code to eliminate amplitude of lower order
harmonics. This programmed code operates same as previous programme code, which is

explained in appendix B.
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Fig. 4-11 Proposed flyback-based low frequency inverter circuit
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The DSPWM control signal is applied to main switch (S;) of proposed circuit. This
control signal can control rms output voltage and THD by varying M, and Ms in switch
Si1. The THD can reduce to less than 8 %, but the output voltage ratio will be more or
less. So the THD and voltage ratio can be chosen by the user and to choose these values,
which are more important for the application. The value of the inductor and capacitor
can be optimised by selecting an appropriate amplitude and frequency modulation ratio
of DSPWM control signal in main switch S;. Also, it is an acceptable rate to change the
inductor current (which is directly linked to the THD) before the discontinuous current
mode. The voltage ratio of this proposed circuit depends on M, and the transformer ratio

(Trr). The equation 4-20 determines the voltage ratio of FLFI that is can be controlled by

varying M.
2 _ _ Vioad
Tt (T = 1) =22 (4-20)

The passive component (inductor) size is smaller at the BLFI circuit in comparison with
FLFI by replacing transformer to inductor in BLFI. So the size of transformer in FLFI is
smaller than the inductor in comparison in previous topologies at same output voltage.
The reason is that the inductor becomes saturated in BBLFI and BLFI circuit. Then it
requires having a bigger size of inductor’s core in BBLFI and BLFI circuit. So bigger
size of the inductor’s core does not have saturation. The bigger size of inductor makes
some limitation for the size of these two topologies. However, the transformer can be a
good solution for this limitation. Also the transformer ratio can help proposed circuit to
have higher voltage ratio and lower THD with higher value of M,. The value of primary
winding (L;) and secondary winding (L,) can be determined from equation 4-21 and 4-

22.

— 2Vaex(Trr—1)

L,
Al XMgX f

(4-21)
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1
Ly =L x5 (4-22)

Trr

M, and transformer ratio (T,;) can also be expressed as the ratio between the load voltage
and the DC voltage source.

The capacitor value of proposed circuit can be determined from equation 4-19.

T,-: Transformer ratio

I1pqq: Current of the load

AV, ripple voltage across ‘C’

Al ,: Ripple current in L, (current in inductance of secondary winding)

fs: Frequency of switch (S;)

The section 4.4.1 is design example of flyback-based low frequency inverter, which the

application is the same as previous design examples in section 4.2.1 and section 4.3.1.

4.4.1 Design Example and Parameter calculation for FLFI circuit

It is required to design a FLFI with following specifications.

Pjpaa =2500 W, Vp=60V, Vioaa= 250 V (rms)

The transformer ratio is 2 in this case.

In order to achieve the above specifications, the voltage ripple 4V,,;, the current ripple
Al , and the switching frequency of the flyback converter need to be set. These values
are selected at:

AV,.,..= 25% of load voltage (the smaller the V,,; , the larger capacitor value is used).
Al ,= 50% of inductor current (the smaller the A1, ,, the larger inductor value is used).
The transformer ratio is 2 then the A, = 2 X 50% = 100%. So the size of premier
inductor is smaller than the size of the inductor in comparison to BLFI circuit.

The selection of the switching frequency is a trade-off between the switching losses and

the inductor & capacitor sizes. For a fair comparison between the proposed topology
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and other inverter topologies, the sizes of L and C are chosen to be the same. Therefore
the switching frequency of the flyback converter is selected at 2 kHz, taking into
consideration that the primary and secondary inductor current is continuous.

The parameters R, L;, L, and C in this design example are: 25Q, 4.75mH, 19mH and

3.923 uF. These values are calculated from equations 4-19, 4-21 and 4-22.

Progd _ 2500 _

I = =10
Load(rms) Vioad(rms) 250

Vioad __ 2500

R= =250
ILoad 10
— 2 Vpe _ 2X60 _
Ma - \/E(Vload_vin(TTT_l)) - ‘/EX(250—60) - 04‘4‘65
L2 — 2Vdc><(Trr_1) _ 2%60 — 1omp

Al XMgXfs  0.5XVZx10X0.4465X2000

L =1L, lez = 19><2i2=4.75mH

rr

_ V2IigqaxMg _ V2x10X0.4465
AVoyueXfs  0.25%X250%2000

= 50.5uF

The switching losses of main switch S; in FLFI circuit can be neglected in this power
application, which the switching losses is not more than 1% of total input power. The
transformer is assumed as an ideal transformer in this design example. However, the
transformer loss in simulation and practical is about 3%. The conductivity losses of
switches and diodes in FLFI circuit for this power application are about 2% of total input
power. The capacitor is assumed as the ideal component for this design example and
simulation part. However the power losses in transformer and switches in practical
implement is about 9% of total input power. THD can be optimised by DFT the code
that was explained in section 4.3. This code can reduce the amplitude of lower order

harmonic by controlling width of control pulse.
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There are simulation results for these 3 different proposed circuits in chapter 5 and also
there is a comparison between these topologies. Also, there is practical to implement in

chapter 6, which shows the different between these topologies.

4.4.2 Summarised DSPWM control methodology

The DSPWM control signal can be applied for different type of current source such as
BBLFI, BLFI and FLFI circuit. Each circuit has some advantages and limitation, which
depends on power application, power supply and switching frequency. In general, these
proposed circuits have high efficiency and low THD in comparison to other topologies.
The BBLFI and BLFI circuit has limitation on size of inductor’s core, which can be
solved by replacing the inductor with transformer at FLFI circuit. The THD of these
proposed circuits can be about 5% of the optimising width pulse of DSPWM control
signal. The filter can reduce THD to less than 2% if the filter is connected to a load. The
amplitude of lower order harmonics can be eliminated by optimising switching pattern
by DFT method. The chapter 5 is simulated design examples of these proposed circuits
in Simulink and PSpice softwares. Also, there are more comparison results of these

proposed circuits in chapter 5.

4.5 DFT method

The Discrete Fourier Transform (DFT) method is applied to the output voltage or
current of BBLFI, BLFI or FLFY circuits. So DFT methods find the amplitude of each

harmonic order from the equation;

N—1 _Jj2mkn
Hy = n=0 Yn (e N )

j2mkn
Value of the signal at time y, = %zg;g H, (e N )

Where:

Hx = Harmonic order amplitude frequency k in the signal
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Yn = Value of the signal at time n

N= number of time samples

n = current sample (from 0...N-1)

k = current frequency (from 0... N-1 Hertz)

The amplitude of Hy can be zero for all lower harmonic orders from both sides of DFT.
For example 3 and 5™ harmonics can be cancelled from Hys, His, Hin-s and Hin-s. This
DFT method can be programmed in MATLAB or other programmed softwares. The
appendix B shows the programmed DFT method in MATLAB for this thesis. This DFT

programmed is applied for different topologies in chapter 5.
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Chapter 5 Simulation

5.1Simulation of current source

The circuit is simulated by using the evaluated R, L, C and f; in PSpice software. The
circuit of a current source-based low frequency inverter is simulated in PSpice and
MATLAB software which includes two main parts. The first part is the power circuit
and the second part is the control circuit of the main current source switch S;. That
produces DSPWM signals to control S;. The output rms voltage of this circuit is 250V
and the output frequency is 50Hz.

The frequency of S; is controlled and as a result of that the voltage level at the input of
the H-Bridge (Voltage at point A) is also controlled. The amplitude of V, is controlled
through the control of M, (Amplitude modulation ratio of the control circuit). They are
inversely proportion to each other due to the final inverting stage of the control circuit in
design examples of chapter 4. The value of M,, My, L, C and R in the simulation are
chosen from design examples in chapter 4 for BBLFI, BLFI and FLFI circuits.

The magnitude of the voltage ripple of V can also be controlled through the selections
M, (Frequency modulation ratio of S;). The larger My causes to have the smaller ripple
voltage at V,. Hence the smaller the THD, which imply is a compromise between M
and THD. In this part emphasis on low M, is the main task. Also a larger My Results in
asmaller L and C in the circuit. The number of up and down steps of V, depends on M.
However, the M, of DSPWM controls the output voltage ratio and THD in load. The
pulse width of control signal for each step can have direct effects on output voltage and
THD. So the pulse width can be chosen by programmed code, which optimises
switching pattern to minimise the amplitude of low order harmonics.

The simulation circuits are built in two different softwares with the same parameters of
design examples and compare the results of these two softwares. Also the optimised

switching pattern of DSPWM control signal is applied in PsPice and MATLAB
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simulation circuits. The discussion of the results of different circuit can help to

understand the advantages and limitation of these proposed circuits in this chapter.

5.2Simulation of Buck/Boost-based Low Frequency Inverter
controlled by DSPWM

The BBLFI circuit is simulated in two different softwares PSpice and Simulink
(MATLAB). The output results of these two softwares are 98% the same. The value of
components is chosen from design example of section 4.2.1. Also the frequency and
amplitude modulation ratio (M and M,) of the main switch of the circuit is chosen from
that design example.

This circuit is first simulated in Simulink software with the same value of inductance,
capacitor, resitance, same input voltage, same amplitude and frequency modulation ratio

(M, & M) in section 4.2.1.

5.2.1 Simulation of BBLFI circuit

The proposed circuit is simulated at both PsPice software and MATLAB software to
compare simulation results in the next sections. The first simulation circuit is in
Simulink and the second simulation circuit is in PsPice software. The last part is to

optimise output voltage to optimise low order harmonic in output voltage.

5.2.1.1Simulink MATLAB Simulation circuit

Fig.5-1 shows the simulation of BBLFI circuit in Simulink which includes two main
parts control signal circuit and power circuit. The control signal includes two AC voltage
generators; these two AC generators operate in the 180 phase shift. The amplitude of
these two AC generator is 1.375V. This amplitude voltage is chosen by multiplying M,
to the amplitude of carrier frequency, which is 5 volts for this example. The M, is
chosen from design example which is 0.275 in section 4.2.1. Also, this control signal
includes two comparators to compare between amplitude of fundemental frequency and

amplitude of carrier frequency and add two outputs of comparators together to make
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control signal. The control signal needs to inverse at this point and to gain control signal
to 12volt for driving main switch on BBLFI circuit. This control circuit connects to S;
(MOSFET) in the power circuit. The power circuit includes DC voltage source where
the voltage is 60volt. The inductance value of BBLFI circuit is 5.23mH and capacitance
value for this circuit is 55.7uF. The load is resistance which the value is 25Q and
250volt. This load connects to H-bridge as an inverter and a capacitor to reduce voltage
ripple at output voltage. The switching frequency of H-bridge switches (MOSFET) is

50Hz and 49% duty cycle. The 49% duty cycle can reduce the amplitude of low order

Chapter Five Simulation of DSPWM controller

harmonics at the output voltage.
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Fig. 5-1 simulation of BBLFI circuit in Simulink MATLAB
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5.2.1.2 Simulation results of BBLFI in Simulink

Fig 5-2.a shows voltage across H-bridge (V,). The voltage across of H-bridge is the
output DC volt of BBLFI circuit. This voltage has zero, stepping up and down levels,
which are caused by operation of DSPWM control signal in S;. The peak value is 400
volts with 25% voltage ripple. Fig5-2.b shows the output voltage across of load which is
caused from inverting of V, in H-bridge inverter. The rms output voltage is 242 volts as
load requested. Fig5-3.c shows the current of the load which rms value of current is
9.68A. So the total power load for this design example is 2342.5 W. This power can be

increased 2500W by reducing 3% of the M, in DSPWM control signal.

a0 afi DRk Bas

“ors 076 [T a7 078 [ [E] (I3 [13] 04 0g

Fig. 5-2 Simulink results of BBLFI circuit a)VVoltage across of H-bridge, b) Output voltage,
c)current of load

Fig.5-3 shows the FFT output voltage of BBLFI circuit. The THD for this case is

11.61%. The highest amplitude harmonic orders are 39™ and 3™ harmonics which are
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about 6% of fundamental value voltage. The amplitude fundamental value of the output

voltage is 340.3 volts.
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Fig. 5-3 Fast Fourier transform analysis of BBLFI output voltage

The section 5.2.1.3 explains the PSpice simulation of same circuits in this section. The

section 5.2.2 is a comparison between results of these two simulation results.

5.2.1.3 PSpice simulation circuit of BBLFI

The parameter values of PSpice simulation circuit are chosen same value of Simulink
simulation section 5.2.1.1. This simulation circuit includes 2 main parts control signal
circuit and power circuit. The circuit of Simulink and PSpice simulations are exactly the
same. The reason for the same simulation circuit is to compare theoretical results with
two different simulation circuit. Fig 5-4 shows the PSpice simulation circuit on the

BBLFI circuit with 60 volt DC input and 250Volt output with 2500W load.
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Fig. 5-4 PSpice simulation of proposed BBLFI circuit with DSPWM

5.2.1.4 PSpice results of BBLFI circuit

Fig.5-5 shows the control signal, the voltage across of H-bridge, output voltage and
current in the load. These results are similar to the results of the Simulink simulation in
section 5.2.1.2. The rms output voltage for this case is 246 volts and rms current is 9.8A.
So the output power is 2410.8W which is a 3.5 % difference from the calculation. This
deference is from voltage drop in switches and diode of proposed circuit. The resistance
of each MOSFET is 0.14Q and current at each switch at H-bridge is 10A. Also the

average current in main switch on BBLFI circuit is about 40A. The switching losses of

these MOSFETSs are too low which is less than 1% of total input power.
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Fig. 5-5 PSpice results of BBLFI circuit a) Control signal, b) Voltage across of H-bridge, c)
Output voltage, d) Current of the load

The average input power for this circuit is about 2650W, which the efficiency of the
BBLFI simulation circuit is 91%. The most loss is from conductive losses of the
switches which is about 280W. This loss can be reduced by adding parallel switch in
main switch of BBLFI circuit. The THD of the output voltage is 11.83% for this case.
Fig5-6 shows the FFT of output voltage of proposed circuit. The amplitudes of 3™ and
5" harmonics are 19 volts and 17volts which are about 5.5% and 5% of the output
fundamental amplitude. The switching frequency of proposed circuit is 2 kHz so the 39"
and 41% harmonics order are about 6% of fundamental value in this circuit. The lower
order harmonic can be minimised by optimising switching pattern which section 5.2.3 is

explained optimised output voltage of the same circuit with different control signal.
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Fig. 5-6 Fast Fourier transform analysis of BBLFI output voltage in PSpice

5.2.2 Discussion of comparison results of two softwares in BBLFI circuit.

The results of Simulink and PSpice almost are the same which can be compared with
theoretical results in table 5-1. This table shows the comparison results from these two
softwares. The comparisons are between voltage ratio, efficiency, THD and amplitude of
lower order harmonics.

Table 5.1 the comparison between results of Simulink and PSpice softwares with theoretical
results from design example.

Input Output Input Output Voltage Efficiency | THD
Software
voltage | voltage power power ratio % %
Simulink 60 241.98 2603W 2342.7TW 4.033 90% 11.61
PSpice 60 246 2650W | 2411.5W 4.1 91% 11.83
Theoretical 60 250 2500W | 2500w 4.166 100% 12.2%

This table shows the simulation results and theoretical results almost the same. The
PSpice software results are good for circuit analysis and Simulink software is good for

systemic circuit especially for connecting to different loads. The control system of
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proposed circuit is open loop so it is better to use PSpice software for analysis of each
component which is more reality for finalise proposed circuit. The THD is quite high for
this application so the section 5.2.3 has some explanation to reduce THD in this

proposed circuit.

5.2.3 Reducing THD by optimising switching pattern in BBLFI circuit

The first method to reduce THD is to increase M, in proposed circuit which can reduce
lower order harmonics, but the voltage ratio decreases with increasing M,. Also, there is
limitation to increase M, which cause discontinuous mode in the current of the inductor.
The discontinuous current mode in the inductor can change the shape of output voltage
to nonlinear. Another way to increase the value of the inductor in the proposed circuit
which has some advantages and limitations. The advantages are more stable output
voltage when the load size is changed and another advantage is to reduce THD. The
limitations of increasing value of the inductor are size and cost. So the best way to
reduce THD and keep the voltage ratio in the same is to optimise switching pattern of
DSPWM. The switching pattern can be optimised by using DFT (section 4.5) to
minimise amplitude of lower order harmonics. This method needs first to simulate
circuit in software and import data in MATLAB. Then the written programmed code
runs in MATLAB to minimise amplitude of low order harmonics of output voltage for
optimising results. Then it needs to compare optimised results with original results from
PSpice software. It needs to find the time difference between original output and
optimised results. The time difference makes a new switching pattern of control signal
which calls optimised control signal. The optimised control signal applied to main
switch of the BBLFI circuit to reduce THD. Fig.5-7 shows the difference output voltage
from the original DSPWM control signal and the optimised control signal which are
applied to main switch of BBLFI.
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Fig. 5-7 Comparison results of original output and Optimised output voltage of BBLFI

The rms output voltage for both circuits is the same, but the difference in optimised
output voltage and original output is shifted to the left and change switching patterns of
original output. Fig 5-8 shows the comparison of FFT between two different output
voltages. The amplitude of low order harmonic of optimised output is reduced 80%,
which is programmed code required. The amplitude of lower order harmonics can
reduce 100%, but the rms output voltage would be change. However, some harmonic
orders are increased in comparison to original output voltage such as 15", 17" 21% and
37". The THD in optimised output is reduced 3% in comparison to the original output
voltage which are 8.9%. The THD can reduce to 6%, but the optimised rms output
voltage is not the same as the original rms output voltage. The THD can be reduced by
adding a series inductance to resistance and capacitor in BBLFI circuit. The THD can

reduce less than 2% by adding inductance at the output of H-bridge.
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Fig. 5-8 The comparison of FFT between original and optimised output voltage of BBLFI circuit

There is an example of induction motor simulation in section 5.2.4 with 2.3kW and

0.9% power factor.

5.2.4 Induction motor drive
The BBLFI circuit can be applied as an induction motor drive in this chapter. The

voltage and frequency can be increased at the same time on motor drive to speed up
induction motor. The simulation of BBLFI motor drive circuit in PSpice software is
shown in fig5-9. The simulation circuit is applied for constant speed in induction motor
in this case. The voltage and frequency of this induction motor are 250 volts and 50Hz.
The control signal for this proposed circuit is the same control signal of optimised in
section 5.2.3. The value of inductance and capacitance is the same as previous proposed
BBLFI circuit. The value of resistance in inductive load is 25 and an inductor is 40mH

which is assumed as induction motor 2.3kW with 0.9 power factor.
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Fig. 5-9 The BBLFI circuit with induction motor
Fig.5-10 shows the voltage (red) across of the induction motor and current (blue) of
induction motor. The phase shift between voltage and current is about 26%, which the

power factor of this induction motor is 0.9.
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Fig. 5-10 Output voltage and output current of BBLFI circuit for induction motor driver.

The efficiency of this simulation proposed circuit is about 91%. The most power losses
are conductive losses in devices. The THD of output voltage is 4%, which means the
induction motor operates as a passive filter in this proposed circuit. However, the
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proposed circuit steps up DC voltage and invert to AC output voltage. The speed of
induction motor can easily control by varying M, and Ms in switches of the proposed
circuit with no change devices in proposed circuit. The DSPWM signal can control the
output voltage and frequency of BBLFI circuit, which can be designed as application
required. Also the DSWPM signal can control the output voltage and frequency

boost-based low frequency in section 5.3.

5.3 Simulation of Boost-based Low Frequency Inverter controlled

by DSPWM
The DSPWM is applied to the BLFI circuit to simulate at PSpice and Simulink

softwares. The parameters of the component in the simulation circuit of these two
softwares are chosen from design example of section 4.3.1. The M, and M for this
proposed simulation circuit are 0.34 and 40. This simulation section has 3 different
simulations, first simulate BLFI circuit in Simulink with 2.5kW resistive load, and
second simulate BLFI in PSpice with 2.5kW resistive load and finally simulate BLFI

circuit as an induction motor drive in constant power 2.5kW and 0.9 power factor.

5.3.1 Circuit Simulation of Boost-based Low Frequency Inverter

BLFI circuit is simulated in two different softwares with same case studies. Also, this
simulation case study is optimised to reduce low order harmonic. The BLFI circuit is

simulated as an induction motor driver in this section

5.3.1.1 Circuit Simulation of BLFI topology in Simulink

Fig.5-11 shows the simulated circuit of the BLFI in Simulink which includes 2 main
parts. The first part is a control signal generator (DSPWM signal) to control switches,
and the second part is a power circuit to invert DC voltage from 60 volts to 250 AC

output voltages. The power circuit of the BLFI includes 5 MOSFETS as switches, an
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inductor, a capacitor, a diode, a resistance, a scope, a volt meter, a current meter and DC
power supply. The control circuit is the same as control circuit as section 5.2.1.1. But the
difference between this control circuit and control circuit in section 5.2.1.1 is the M,
which is 0.34 for BLFI circuit. However the value of L and C for BLFI circuit is same as

design example in section 4.3.1 which is 8.5mH and 38.5uF.
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Fig. 5-11 Simulink simulation of proposed BLFI circuit with DSPWM

5.3.1.2 Simulink results of BLFI circuit

Fig.5-12 shows the simulation results of BLFI circuit in Simulink software. The fig5-12a
shows the control signal of the main switch BLFI circuit that is 0 and 5V signal. The
fig.5-12b shows the voltage across of H-bridge, which is stepping DC voltage. Fig.5-12¢
shows the output voltage of proposed circuit which rms value is 241V output. The

current of resistive load in this proposed circuit is 9.64A, which is shown in fig.5-12d.
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Fig. 5-12 Simulink simulation results of proposed BLFI circuit

The Fast Fourier transform of BLFI output voltage is shown in fig.5-13. The highest
amplitude of harmonic orders is 39" and 41* which are about 7.3% and 7% of the output
fundamental voltage. The amplitude of low order harmonics is less than 5% of output

fundamental voltage. The THD of the output voltage for proposed circuit is 12.07%.
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Fig. 5-13 The FFT of BLFI simulation circuit
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This proposed circuit is simulated in PSpice software which is in section 5.3.1.3. The all

parameters of BLFI circuit are repeated at PSpice simulation circuit.

5.3.1.3 PSpice simulation circuit of BLFI topology

The proposed circuit is simulated at PSpice which is shown in fig.5-14. This simulation
circuit includes 2 main parts control circuit and power circuit. The control circuit of this
simulation is the same of the control circuit of simulation at section 5.3.1.1. The power
circuit of this simulation includes current source (boost converter) and H-bridge circuit.
The switching frequency of the main switch of the boost converter is 2 kHz and
amplitude modulation ratio is 0.34. All parameters of component are chosen from design

example from section 4.3.1.
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Fig. 5-14 The simulation circuit of the BLFI topology
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5.3.1.4 PSpice simulation result of BLFI circuit

Fig.5-15 shows the DSPWM control pulses, the voltage across H-bridge (Va), the output
voltage and the output current of BLFI circuit. The rms output voltage is 250 volts and
the rms output current is 10A. The output power of BLFI circuit is 2.5kW and efficiency

of proposed circuit is 92%. The most power losses are from the resistance of

components and switching losses can be neglected, which is less than 1%.

Fig. 5-15 PSpice results of BLFI simulation circuit; a) control signal, b) voltage across H-
bridge, ¢) output voltage, d) output current
The harmonic distortions of the output voltage are shown in fig.5-16. The highest
amplitude of harmonic orders is 39™ and 41* which is swinging frequency of the circuit.
The amplitude of these harmonic orders is 7% and 8% of fundamental value. The
amplitude of 3" and 5™ harmonic orders is 6% and 5% of fundamental value. The THD
of output voltage for BLFI circuit is 12.34%. This THD can reduce to 8.7% by the

optimising switching pattern of DSPWM control signal in section 5.3.3.
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Fig. 5-16 FFT of output voltage from proposed circuit (BLFI)

5.3.2 Discussion of comparison results of BLFI circuit in two softwares
simulation.

These two softwares simulation results are almost the same. Table5.2 shows the
comparisons between BLFI voltage ratio, efficiency and THD in these softwares
simulation and theoretical results.

Table 5.2 The comparison between results of BLFI circuit in Simulink and PSpice softwares with
theoretical results from design example.

Input Output Input Output Voltage Efficiency
Software THD %
voltage | voltage power power ratio %
Simulink 60 241 2553W | 2323.24W 4.016 91% 12.07
PSpice 60 250 2717.4W 2500W 4.166 92% 12.84%
Theoretical 60 250 2500W 2500W 4.166 100% 12.24%

Table5.2 shows that the comparison results of BLFI circuit in two softwares and
theoretical almost are the same, especially the result of PSpice and theoretical. The
output voltage of Simulink can be increase to 250 volt by decreasing M, from 0.34 to

0.327 in simulation circuit. The comparison between results from PSpice and Simulink
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softwares in section 5.2.2 and section 5.3.2 shows that the result of PSpice software is
more close result to theoretical. So the PSpice software is used for the next simulation
for FLFI circuits. The THD of BLFI simulation circuit can reduce 8.7% of optimising

control signal to minimise lower order harmonics in section 5.3.3.

5.3.3 Reducing THD of BLFI circuit by optimising switching pattern.
The optimised switching pattern can reduce THD of BLFI output voltage. Fig.5-17

shows the differences between original output voltage and optimised output voltage

across of load in BLFI circuit.
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Fig. 5-17 The original and optimised output voltage of BLFI circuit

Fig 5-18 shows the differences between harmonic orders of original and optimised

output voltage. The amplitude of low order harmonics is less than 2% of fundamental

value. The THD of optimised output voltage is 8.7%, which can reduce less than 2% by

adding filter at the output of H-bridge to eliminate amplitude of switching frequency

harmonics.
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Fig. 5-18 The FFT of BLFI original and optimised output voltage

The optimised switching pattern is done by programming code in MATLAB. This
program code runs DFT method to reduce amplitude of low order harmonics which is
the same program code in section 5.2.3. The optimised control signal is applied to
control main switch of the BLFI circuit to minimise lower order harmonics. This
optimised DSWPM signal is applied for induction motor drive for constant load in

section 5.3.4.

5.3.4 Induction Motor drive

This section is simulation of the BLFI circuit to be induction motor drive in PSpice
software. The induction motor is chosen same as the induction motor in section 5.2.4.
The output power of inductive load is 2.5kW and 0.9 power factor. The power of this
load assumes constant in this simulation. Fig.5-19 shows the motor drive of BLFI power
circuit and control signal circuit. The control signal is chosen the same control signal

from optimised output voltage to minimise lower order harmonics.

108



Chapter Five Simulation of DSPWM controller

10_{ H 25 _{ y % V2=12
M | i TD = 10.1m
PW =9.8m
V1i=-1 PER =20m
v2=12 | J C  385u

TD =0.1m

f;“m -4 D - 1 Va .
m [] [ ]
i L, Vi=-1
L tff 5
1T
o=

1
"0 pw=98m
1 PER = 20m |

o)
E9 | i 5 40mH vi=-1
V- | LW V2=12
% TD = 0.1m

'_
Le—=) wvi=1 ®_“f| PW = 9.8m

= V2 =12 J PER = 20m

4

I

I "0 GaN=4 TD=101m J
0= PW=9.8m | -
\\acfs5\eepg\eepgmms1\Desktop\22.txt PER = 20m

Fig. 5-19 BLFI Simulation circuit for induction motor drive

Fig 5-20 shows the output voltage of the BLFI circuit across of induction motor also it
shows the current of induction motor. The terminal voltage (rms value) of induction
motor is 248.218 volts and the rms current value is 8.84A. The voltage across of
resistance is 220volt which can be increase to 250volt by decreasing M, value to 0.297
in DSPWM control signal. The THD of output current is increased from 1.5% to 13% by
decreasing value of M, in DSPWM control signal. This limitation can be solved by
optimising again switching pattern of DSPWM control signal. However, the electrical
output power of this induction machine is 1.944kW and power factor of this induction
machine is 0.9 lagging. The phase shift between current and voltage is 25.84 degree
(1.43ms). The efficiency of this proposed circuit is 92% where the average input power
is 2.11kW. The most power losses of this proposed circuit are from conductive losses of
switches, especially main switch on BLFI circuit which is about 2% of average input

power.
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Fig. 5-20 Voltage across of induction motor and resistance current of induction motor

The simulation results of BLFI circuit show proposed circuit can be applied as motor
drive which can easily to control speed of induction machine. The speed of the motor is
varied by controlling M, and M; in main switch of BLFI circuit. Also the H-bridge
switching frequency should change to control speed of the motor, which depends on

speed required of induction motor.

5.4 Simulation of Flyback-base Low Frequency Inverter.

The FLFI circuit can simulate at different softwares, which is simulated in PSpice in this
section. The all parameters of component are chosen from design example in section
4.4.1. The output voltage and the input voltage of this circuit are chosen the same
previous simulations. The main difference between this simulation circuit with previous
simulation circuits is to replace transformer to inductor in power BLFI circuit. The
control circuit of BLFI and FLFI circuit is the same, but only the M, with this simulation

circuit increase to 0.448 in comparison to M, in simulation BLFI control signal. Fig.5-21
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shows the simulation of FLFI circuit with an input DC source (60 volt), a transformer

(ratio 2), 5 switches, a resistive (load 25Q), a capacitor and control circuit.
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Fig. 5-21 simulation of FLFI circuit

5.4.1 PSpice Simulation results

There are 2 different modes of operation during the first 10 ms of this circuit. Mode 1
(Fig.5-22.b): the voltage rises from zero to 405 volt at the first 5ms with maximum 25%
ripple volt at peak value. S; operates at 2 kHz; in this mode the capacitor (50.5uF) and
transformer operates in the boost converter mode during the first 5ms. In mode 2 the
voltage decreases to zero for the next 5ms during the first half cycle of V..

The two switches S, and S, direct the current into the load from 0 to 10 ms during the
positive half cycle. In the negative half cycle the operation of the circuit is similar but
switches Sz and Ss replace the operation of S; and S, (Fig.5-21).
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The DSPWM pulses shown in Fig.5-22.a) are for M;=40 and M,=0.4465. Fig.5-22.c

shows the impact of the DSPWM on the inverting output voltage and fig.5-22.d shows

the current of resistive load of H-bridge.

Fig. 5-22 FLFI simulation results a) control signal, b) voltage across H-bridge, ¢) output voltage,
d)output current
The rms output voltage of this simulation circuit is 252volt and the output current is

10.08A. The output power for this simulation circuit is 2.54kW and efficiency is 92% of
PSpice software simulation.

Fig.5-23 illustrates the FFT of the waveform of Fig.5-22.c. The value of M, controls the
amplitude of harmonic generated. The T.H.D of FLFI circuit is 10.8% in this example.
The harmonic factor of the lowest order harmonic is reduced by selecting high value of
Ms. This is achieved through a single DC source and a single capacitor. The amplitude
value of fundamental voltage is 354.33 Volt. In this figure the 39" and 41% harmonics

are the highest value which are about 8% of the fundamental voltage. The 3", 5™ and 7"
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harmonics are less than 5% of the fundamental voltage. The total harmonic distortion
can be reduced to less than 1% by using filter.
The r.m.s of the output voltage is:

Vims =252V, Vys (1=250.55 V

Vzrms_Vzrms(l) _
THD=Y % 1000 = Y2522-250552 144 — 10.8%
Virms(1) 250.55

100 -
90 -
80 -
70 -
60 -

50 -
40 - M Original output voltage

Percentage

30 +
20 +
10 +

0 - -
1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51

Harmonic orders

Fig. 5-23 The FFT of original output voltage of FLFI circuit
The THD of this simulation circuit can reduce less than 10% by optimising switching

pattern in section 5.4.2

5.4.2 Reducing low order harmonics
The DSPWM control signal is being optimised to reduce THD where the amplitude of

low order harmonics is reduced by DFT programmed code. There is limitation to
eliminate all amplitudes of lower order harmonics. This limitation is to change rms value
of output voltage, which changes output power. So the user can choose which object is
important for application voltage ratio or THD. Fig 5-24 illustrates the differences
between original and optimised output voltage of FLFI circuit which the rms output

voltage for both them is 252volt.
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Output Comparison
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Fig. 5-24 comparison original and optimised output voltage of FLFI circuit
The FFT of optimised output voltage is shown in fig 5-25. The amplitude of lower order
harmonics is less than 2% of fundamental value. In this figure the 39" and 41%
harmonics of optimised output are not changing too much which is reduced to 7% of the
fundamental voltage. So the THD of optimised output reduces to 7.5% in this proposed

circuit.

100 ~
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70
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50 -
40 -
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20
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B Optimised output

Percentage
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Fig. 5-25 The FFT of original and optimised output voltage of FLFI circuit.
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5.4.3 Discussion of simulation FLFI result
The rms output voltage of FLFI circuit can easily control by changing M, in main switch

of the proposed circuit with no change the transformer. Also the THD of FLFI circuit
can reduce to 5% with no filter required by the optimising switching pattern. The FLFI
circuit has a couple of advantages in comparison to BBLFI and BLFI circuit. The first
advantage of FLFI circuit is smaller size component in comparison to both proposed
circuit. The THD of FLFI circuit is lower than THD of BBLFI and BLFI circuits in same
voltage ratio. However the THD of BBLFI, BLFI and FLFI circuits can reduce with
increasing switching frequency of the main switch of proposed circuits. Also the
inductor or transformer size of these proposed circuits can decrease with increasing
switching frequency. But the switching losses are increased by increasing switching
frequency. The section 5.4.4 shows an example of switching losses from simulation of

FLFI circuit.

5.4.4 Switching losses in the proposed circuit
The MOSFET and diode used in the simulation are 44N50P and 30EPF.
For the MOSFET to operate at 2 kHz at average input voltage of 60V and 42A current,
the switching power loss can be evaluated from equations (4-4 to 4-7):
For the ‘on’ and ‘off” states of the 44N50P MOSFET, R,,=140 mQ, and G,rr = 1 X
107Cs.
Where the rising and falling times of the current and voltage waveforms are:
t,i = 200ns, taon) = 32ns,
tyy, = 90ns, taorf) = 37ns
ton = tri — ta(omy= 200-32=168ns

toff = trv — td(off): 85-27=58ns
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The losses in the S; power MOSFET (44N50P) can be evaluated from the following
equations:

From equation (4-4)
1
Pow(s1) = 5 X 42A X 60V x (226ns) x 2000 = 570mW

From equation (4-5)

Peonducting toss (s1) = 422 x 0.14 = 247W

From equation (4-6)

Pswitch when is off(s1) — 60 x 1 x 107° = 0.060mW

The total losses in the inverter, four switches (S,-Ss) can be calculated from equations

(4-4 to 4-6). The rms output voltage and current are 250V and 10A.

Pow(sztoss) = 4 X5 X 104 X 250V X (226ns) X 50 = 57mW

Peonducting 1oss in switch(sz toss) = 4 X 10?2 X 0.14 = 56W

Pswitch when is of f(s2 to s5) = 4 X 250 X 1 X 107 = 1mW

It should be noted that the frequency used in (S,-Ss) is 50Hz compared to 2 kHz used in
S1.

The total power loss in the diode (30EPF) of the boost converter at 2 kHz on this
simulation is 1.25W in this case study from equations 4-4 and 4-5. The averaging
voltage and current in this diode are 233 volts and 10A. The resistance of the diode is
12.5 mQ when the diode is on. All this information is obtained from data in PSpice
software of fast soft recovery rectifier diode (30EPF).

From equation (4-7).

Peonductor loss in diode = 107 X 0.0125 = 1.25W
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The simulated total power losses in semiconductor switches and the diode is about
304.878W, which includes all loss in switches and diode. So the efficiency of this
topology in simulation is about 88%.

The total power loss in semiconductor (Py).

P=0.570+247+0.00006+0.057+56+0.001+1.25 =304.878W

The switching loss of main switch (S1) of FLFI circuit is 570mW which is very small
compare to output power (2500W). So if the switching frequency in main switch is
increased two times the switching loss of S; is two times (1.14W) which is still very
small in comparison with output power. The switching frequency of H-bridge still 50 Hz
and switching losses is no change in H-bridge switches. However, the most loss is
conductive losses in main switch (S;) that is 247W. This power loss is very high for this
proposed circuit which is nearly 10% of output power. So the main switching losses
does not depend on switching frequency, then the power losses can reduce by adding
one more MOSFET in parallel with S; in FLFI circuit. The conductive resistance of
MOSFET in proposed circuit assumed 70 mQ which half times of conductive resistance
of MOSFET (44N50P). The conductive power loss in S; is 123.5W for the FLFI
simulation circuit in section 5.4.  So the total power losses of the FLFI simulation
circuit are about 8% of input power. Furthermore, the switching frequency can increase
two times in FLFI, BLFI and BBLFI circuit to reduce THD. Also the switching losses
increase two times which are still very small in comparison to power conductive losses
of switch which is 123.5W. So proposed circuits can operate at 3 kHz or 4 kHz with a
same power circuit which causes to reduce THD. There is a simulated example of FLFI
circuit to the same circuit of section 5.4 with 3 kHz switching frequency. The control

signal is optimised by DFT code.
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The DFT code can reduce THD for this case to 6% with no changing the passive
components. The changes are only switching pattern of the main switch of the flyback
converter circuit. Figh-26 shows the FFT graph of output voltage after optimised the
switching pattern for 2 kHz and 3 kHz switching frequency. The amplitude of the 3", 5"

and 7™ harmonic of 3 kHz switching frequency example is reduced less than 1%.

100
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B Optimised output voltage 2Khz
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60

B Optimised output voltage 3kHz
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Percentage

40
30
20
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135 7 9111315171921232527293133353739414345474951535557596163
Harmonic orders

Fig. 5-26 The comparison between FFT of optimised output voltage (2kHz) and FFT of optimised
output voltage (3kHz).
The THD of optimised output voltage with 3 kHz switching frequency on S; of FLFI

circuit is 6% that is reduced 1.5% in comparison to optimised output voltage with 2 kHz
switching frequency on S;. The switching loss has increased 50% where frequency
increases 50%. So the switching loss is less than 1W in the FLFI circuit with 3 kHz
switching frequency. These proposed circuits are tested in practical implement in

different loads and conditions in chapter 6.
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Chapter 6 Practical setup

6.1 Introduction practical experiment
The DSPWM control signal is applied to BBLFI, BLFI and FLFI practical implement

circuits. The circuit of these proposed topologies is almost the same and controller
circuit of them is the same as well. The main difference in these proposed power circuits
is the connection between components of these circuits. The M, of DSPWM control
signal depends on voltage ratio, which is chosen by power application situation. The
practical result of these proposed circuit is compared to other topologies practical results

such as PWM, NPC and cascading H-bridge.

6.2 Practical setup of proposed circuit

The circuit is built with 10 time’s smaller loads which is used in the simulation section
(chapter 5). The reason to use smaller load is power limitation on an implement of the
laboratory. The DC power supply detail is 0-340V and maximum current is 4A. The
maximum resistive load is 320W with 240volt. A Microcontroller UNO 32 is used in
proposed circuit as controller. The Microcontroller is programmed in the Arduino
software with original and optimised switching pattern for proposed circuits (BBLFI,
BLFI and FLFI circuits). An example programmed code is described in appendix B.
This programmed code can control the output voltage and the output frequency by
varying potential meter from the input of the Microcontroller. The pulse width
modulation of the Microcontroller output can control by changing the input voltage of
the Microcontroller. The programmed code of each proposed circuit is different to
eachother. The load is 177 Q and the frequency in inverter is 50 Hz and the values of C

and L in the current source converter are 2.35 uF and 58 mH. There is lab limitation to
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use the exact values of R, C and L, which are used in simulation part. A 2.35 uF is used
instead of 2.7 uF. A 58 mH is used in the practical instead of the calculated 40 mH. A
fixed value of 177 ohm resistance is used instead of the calculated 250 ohm. The
switching frequency of main switch (S;) at proposed circuits is 4 kHz, which the
frequency is twice of switching frequency of simulation section (chapter 5).

The implement of proposed circuits (BBLFI and BLFI circuit) are the same and only
differences between these two proposed circuits is switching pattern (Difference Ma). A
transformer is replaced to inductor in FLFI circuit. The transformer primary winding
inductance is 7.9mH and secondary winding inductance is 24.5mH. The H-bridge of
proposed circuits is built of 4 MOSFETs and drivers. The capacitor is a series of two
capacitors of 4.7 pF. This chapter includes 5 parts which are different case study for

proposed circuits.

6.3 Buck/Boost-based Low Frequency Inverter practical implement

This proposed circuit is designed for two different loads in different the rms output
voltage 100V as buck converter and 252V as boost converter. The input DC voltage is
150 volts for these two case studies. This section describes practical built circuit,

practical results and finalising results.

6.3.1 Practical implemented circuit of BBLFI topology
Fig 6-1 shows the built practical proposed circuit for two different case studies with the

same components. The output voltage is changed in these two case studies by changing
the pulse width in programming code from Arduino software. Table 6-1 shows the

component's value for this proposed circuit.
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Table 6.1 components parameter of proposed circuit

Component Value
1 Resistance (parallel 3 different resistances with 532Q per each) | 177Q
2 Voltage probe 100X
3 DC voltage source 150V
4 Current probe 100mV/1
5 Capacitor (series two capacitors of 4.7uF) 2.35uF
6 H-bridge (4 MOSFTEs and 4 drivers) 44N50P
7 Microcontroller Arduino UNO 32
8 Single MOSFET (Main switch of BBLFI circuit) IXFH

44N50P

9 Diode 30EPF
10 Inductor 58mH
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Fig. 6-1 The practical BBLFI circuit
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6.3.2 Practical results
There are two different case studies for BBLFI circuit which are explained in this

section. Also, there is finalising these two case studies in this section.

6.3.2.1 Case study 1 for BBLFI

Fig.6-2. Shows that the output voltage across the load is 300 volt peak to peak in case
studyl from oscilloscope and single phase power analyser. The rms value of output
voltage is 99.5 volts. The ripple voltage at peak value of the output is about 25 volts. The
current in the output load is 2A peak to peak, the rms value is 528mA. The output power

load is 50.9 W. The input power is about 55W, and then the efficiency of the circuit is

92.5%.

a b
Fig. 6-2 Output voltage across the load, load power and load current waveforms from BBLFI
circuit. a) Oscilloscope results, b) power analyser results
Fig. 6-3 shows the FFT of the generated BBLFI waveform. The total harmonic distortion
of the waveform is about 14.7%, the highest value of harmonic is 79" and 81% of FFT,
which is the switching frequency of the boost converter. The value of fundamental
voltage is 99.52V. The 5™, 7" 9™ 11" and 15" Harmonics are less than 5% volt. The

total harmonic distortion can be reduced to less than 1% if only the right value of

inductance is applied to load side.
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Fig. 6-3 The Fast Fourierr Transform of output voltage of BBLFI in case studyl

6.3.2.2 Case study 2 for BBLFI

The case study 2 is to increase the voltage ratio of the proposed circuit from 0.66 (in
case studyl) to 1.66. The rms output voltage is 252 and the load current is 1.41A as
shown in fig. 6-4. The voltage across of load is 800 peak to peak and current of the load
is 4A peak to peak in this case. The voltage ripple for this case is 63 volts at maximum

voltage. The output frequency is 50Hz which is same as H-bridge switching frequency.

J CH1
||||i||| ;||||i|||!||| F[Eq

43.95Hz

1 III!IIIIEIII;IIIIEIII

+

CHA
Mone
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- AN
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Fig. 6-4 The output voltage across of load and load current in BBLFI circuit
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Fig.6-5 shows the FFT of H-bridge output voltage for case study 2. THD for this case is
7.26% of fundamental amplitude. All amplitude of low order harmonic are less than

1.5%.

Harmonics
THO-F
THO-R

%Fund 00.0% Setup
¢

Shiow

0dd
Harrnonics

3 1 13 15 17 13

Fig. 6-5 FFT of output voltage of BBLFI circuit in case study 2.

6.3.2.3Finalising practical results of both case studies in BBLFI circuit
The switching frequency of main switch on BBLFI circuit 4 kHz for both cases. The first
case BBLFI circuit operates as buck converter and voltage ripple is 25 volt at peak
value. Also the switching pattern of this case is not optimised to reduce the amplitude of
low order harmonics. However, the switching pattern of case 2 is optimised to reduce the
amplitude of low order harmonic, which can reduce THD to 7.26%. The circuit of these
two case studies is the same, the only differences between circuits of these cases is the
value of capacitor which is increased two times in case 2 in comparison to case 1. The
reason is to have voltage ripple 62.5 volts, which is 25% of the rms output voltage. The
switching pattern of case study 2 is optimised to reduce 3, 5™ and 7™ harmonic orders
by DFT method. This method has three processes; first step is to increase output voltage
by controlling M, in Microcontroller by changing voltage in potential meter. Second step
is to put output voltage in MATLAB and use DFT programmed code to optimise
switching pattern of the controller. Last step is to apply a new optimised control signal to

Micro controller. This method takes time to optimise which is a limitation of this case.
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6.4Practical implemented of Boost-based Low Frequnecy Inverter

The practical components of BLFI circuit are the same with components of BBLFI
circuit. The differences are switching pattern of DSPWM controller and connection of
an inductor and diode in the current source power circuit. The H-bridge, capacitor and

DC power supply are the same connection for both BBLFI and BLFI circuits.

6.4.1 Practical BLFI circuit
Fig 6-6 shows the built BLFI circuit, all parameters of this circuit is the same parameters

which is shown in table 6-1. The DC voltage source connects to the inductor and
inductor connects to diode and main switch (S;) of the BLFI power circuit. The direction
of the diode is changed in comparison to BBLFI circuit also the input direction of
H-bridge is changed as well in BLFI circuit. The control signal of BLFI circuit is
programmed in Arduino software and upload programmed code to Microcontroller

UNO32.

Fig. 6-6 Built BLFI circuit

126



Chapter six: Practical experiment

6.4.2 Practical results of BLFI circuit
There are two case studies for BLFI circuit which are original output voltage and

optimised output voltage.

6.4.2.1 Case study 1 for BLFI

Fig.6-7 shows the 50Hz output voltage of BLFI circuit which rms value is 254 volts. The
voltage ratio for this case study is 1.7 which current source operates as boost converter.
The voltage ripple for this case study is 130 volt and output voltage across of load is 780

volts peak to peak.

CHT 250V H L LO0ms
Push an option button to changs its measurement

Fig. 6-7 Output voltage and current of BLFI circuit

Fig.6-8 shows FFT of original output current of BLFI circuit. The THD of output current
is 14.7% of amplitude fundamental. The highest amplitude of harmonic orders is 79"
and 81st, which are switching frequency (4 kHz) of main switch in BLFI circuit. The
amplitude of low order harmonics is quite high in this case. The amplitudes of 5%, 7
and 13" harmonic order are 6.5%, 8% and 4% of fundamental value. These amplitudes
of low order harmonics can be reduced to less than 1% by the optimising switching

pattern of DSPWM control signal by the DFT method in MATLAB software.
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Save
Harmonics
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Fig. 6-8 FFT of load current of BLFI circuit

6.4.2.2 Prctical result of BLFI circuit in case study 2

Fig.6-9 shows the optimised output voltage and current of proposed circuit. The rms
value of output voltage and current is 267volt and 1.5A in this case. The frequency of

output is 50 Hz and voltage ripple is 70 volts at the peak value of the out voltage.

o0, 00Hz
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CH1
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A 10,0ms CH1 ./~ —B28my

CH1 'II:II.:I'-.-' . I:ZH:-';'. 'I.I:II:II;.

-

Fig. 6-9 Optimised output voltage and current of BLFI circuit

The FFT of optimised the output current in BLFI circuit is shown in fig. 6-10. This
figure shows that amplitude of all low order harmonics is less than 1.5% of fundamental

value. THD for this case study is 5.5%.
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Fig. 6-10 FFT of optimised output current of proposed circuit

6.4.2.3Finalising practical results of BLFI circuit

The result of these two case studies shows the output voltage of BLFI circuit can easily
control by DSPWM control signal. The output voltage ratio can be controlled by varying
M, in DSPWM control signal. There is implement limitation to increase the output
voltage to more than 300 volts also safety limitation is another issue for not increasing
voltage more than 300 Volt. However, this proposed circuit has the capability to increase
voltage to 500 volts, which is a limitation voltage break of the MOSFET. The result of
the second case study shows that this control signal has the capability to optimise
switching pattern to reduce low order harmonics amplitude. This amplitude of low order
harmonics becomes less than 1.5% by optimising switching pattern in comparison with
case study 1. THD of this case study reduces to 5.5%, which is reduced 9% in
comparison with the first case study. There are more practical results of BLFI circuit
which is attached in Appendix C. These results show the capability of the BLFI circuit in
different situation. The output frequency of these example result is from 30 Hz to 120Hz

which depends on frequency of H-bridge switches frequency.
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6.5 Practical test of Flyback-based Low Frequency Inverter

The FLFI circuit can build in the same way as two previous circuits (BBLFI and BLFI).
This proposed circuit uses the same component parameter in table 6-1. The main
difference from this circuit to the previous circuit (BLFI) is to replace the transformer to

inductor of BLFI circuit.

6.5.1 Practical FLFI circuit
Fig 6-11 shows practical implement of FLFI circuit which transformer (T,) is replaced to

inductor in BLFI circuit. The transformer parameters for this proposed circuit is 7.9mH
for primary winding inductance and secondary winding inductance is 24.5mH. The ratio
of this transformer is 1.76. The transformer operates at least 4 kHz because this
transformer is handmade and accuracy is not very high for lower frequency than 4 kHz.
The primary winding connects to DC voltage source and single switch which is
connected to negative of DC source. The secondary winding of this transformer

connects to diode and H-bridge. The control signal of this proposed circuit is

programmed and uploaded in Arduino UNO 32 Microcontroller.

Fig. 6-11 Practical circuit of FLFI topology
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6.5.2Practical results of FLFI circuit

The output frequency of proposed circuit is 60 Hz, which is the same switch frequency
of H-bridge. The switching frequency of main switch in FLFI circuit is 4.8 kHz, which
the M for this circuit is 80. There are two case studies for this proposed circuit which

are original output voltage and optimised output voltage.

6.5.2.1 Practical Case studyl for FLFI circuit

The input DC voltage is 56volt which is shown by the pink colour in CH3 of
Oscilloscope in fig6-13. The rms output voltage for this case study is 243 volts at 60 Hz
which is shown in fig.6-12. This figure shows the output current of H-bridge which rms

value is 1.35A. The voltage ratio of this proposed circuit is 4.34.

Fig. 6-12 original output voltage and current and DC input voltage

THD of the output current in FLFI is 13.5%, which is shown in fig. 6-13. The highest
amplitude harmonic orders are switching frequency harmonic orders. The amplitudes of

low order harmonic are 6%, 5% and 3% of fundamental value for 7%, 51" and 13"".
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Fig. 6-13 FFT of output current of FLFI circuit

6.5.2.2 Practical Case study 2 for FLFI circuit

Fig6-14.a) shows the rms value of optimised voltage and current from the FLFI circuit
from the single phase power analyser. Fig 6-14.b) shows the FFT of optimised output
current of FLFI circuit. All amplitude value of low order harmonic is reduced to less
than 1% in FLFI circuit by optimising switching pattern. The THD of the output current

for proposed circuit is 4.52% of fundamental value in Oscilloscope (fig6-14.b).
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Fig. 6-14 a) rms of optimised output voltage and current b)FFT of optimised output current of
FLFI circuit
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6.5.3 Finalising practical results of FLFI circuit
The results of FLFI show that proposed circuit has capability to control output voltage

and frequency by varying M, and M in DSPWM control signal. The output frequency of
FLFI circuit could be 50Hz but the switching frequency should increase about 20%. The
reason for this limitation is size of transformer which is used in this proposed circuit.
The transformer needs to redesign for lower switching frequency, such as 2 kHz. This
proposed circuit can have less THD in comparison to previous circuits (BBLFI and
BLFI). The reason is use higher M, with same voltage ratio in comparison to BBLFI and
BLFI circuits. THD from power analyser in fig6-14.a is 6.312% of fundamental value
which is different with THD from oscilloscope in fig6-14.b. The reason is the number of

harmonic orders measurement in these two components.

6.6 BLFI circuit as Motor drive

The BLFI circuit tests as motor drive in this practical experiment. The BLFI circuit
connects to 230volt single phase induction motor-capacitor start/induction run. The
general specification of induction motor is shown in table 6-2.

Table 6.2 general specification of single phase induction motor

Items Description

Brand Feedback (64-110)
Power Rated 250 W continuous
Rotates Up to 2989 rpm at 50Hz
Power factor at full load 0.9

The motor drive and induction motor operate about 30 min without putting any load on
it. Then every component is Ok then it starts to increase torque in induction motor by
controlling potential meter in load controller. The power of the motor is increased by
changing the power of load from the control panel of an induction motor (fig6-15). This

figure shows the induction motor speed which is 2906 RPM at 50 Hz.
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Fig. 6-15 The control torque panel of induction motor

The value of the capacitor in proposed circuit is 4.7uf which is not enough to correct
power factor in load. The power factor of this induction motor with small load is 0.503.
Fig.6-16 shows output voltage, output current and power factor of induction motor. The
efficiency of motor drive is low which is about 50% because of low power factor in

load.

1100 sinGLE PHASE POWER

Fig. 6-16 voltage across of load, current of load, Power factor of induction motor

The torque increases in induction motor which increases rotation power in shaft and then
increase electrical power of induction motor. The output power of BLFI circuit reaches
to 255 W which is the maximum power of induction motor. The power factor of
induction motor is 0.85. This power factor can rise to 0.95 by parallel 10uF capacitor
with H-bridge. Fig 6-17 shows output voltage, current, apparent power, real power and
power factor. The capacitor is switched on from the panel in lab fig. 6-18 shows the

capacitor bank in the lab.
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a b c

Fig. 6-17 a) apparent power. b) Real power. ¢) Power factor
The 10pF capacitor is high for this induction motor to correct power factor in output,
because of limitation of lab implement. This high value capacitor is leading current in

this case study.

Fig. 6-18 Capacitorbanks

Fig 6-19 shows the current is leading of voltage is about 0.5ms. This figure shows the
input voltage which is 56 V in this case. The voltage ratio of this motor drive is 4.07 and

rms output voltage is 228V.
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Fig. 6-19 input voltage, output voltage and output current

The high value capacitor increases the amplitude of 3™ harmonic in this case. Fig6-20

shows the FFT output current of proposed circuit. The amplitude of 3™ harmonic is 9.5%

of fundamental value.
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Fig. 6-20 FFT output current of induction motor drive

136



Chapter six: Practical experiment

6.6.1Finalising induction motor driver

The result of induction motor drive shows that BLFI circuit can drive motor from DC
voltage supply. The control signal of BLFI circuit is optimised to reduce the amplitude
of low order harmonics. The capacitor bank can correct power factor in the system, but it
is limitation to have bigger capacitor, which increases the amplitude of low order
harmonic and decreases the power factor. There are more example of motor drive results

in appendix C.

6.7 Practical Switching losses

The switching loss of the main switch of proposed circuits depends on current and
voltage across of the MOSFET. Also the switching loss depends on MOSFET driver as
well, which depends time turn on and turn off switch. So the faster MOSFET driver has
less switching loss. Fig.2-21 shows the current oscillating in MOSFET which increases
switching losses. This figure shows the current ripple when the switch is turned off. The
inductance on system can cause this current ripple in MOSFET which depends on

MOSFET driver size, length and size of wire.

t Pos: 1.758ms MEASURE

CH1 & 1500

Fig. 6-21 voltage, current and power of turn off MOSFET
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This oscillating current can reduce by designing and building the small size of MOSFET
driver. Also ferrite ring toroid core can help to reduce this current ripple value in
MOSFET which reduce switching losses in semiconductor switch. Also, this ferrite ring
can suppress EMI in wire and system as well. Fig 6-22 shows the single MOSFET with
ferrite ring, switch driver and ferrite ring on the wire. EMI can suppress by turning two

times of wire on the ferrite ring as shown in fig.6-22c.

A

a b c

Fig. 6-22 a) single MOSFET and driver, b) ferrite ring on MOSFET driver, c) ferrite ring on wire

Fig.6-23 shows the current of MOSFET with no current oscillate when switch turns off.
The ferrite ring reduces this current ripple which can reduce switching losses in the

MOSFET.

ME&SLIRE
CH1
Pk-Pk

Fig. 6-23 turns off switching losses of MOSFET
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Fig 2-25 shows an example of switching losses of MOSFET for 2A and 150 volts at 1
kHz switching frequency of BLFI circuit. A total energy loss for this MOSFET is
1.16mJ which is about 1.16W total switching losses. This total power loss is lower than

calculation switching losses of MOSFET.

K Pas: 00005 Switching Loss

Stop After
50
Meas,

Units

Fig. 6-24 switching losses of MOSFET
The total calculation switching losses of MOSFET is about 1.31W which is calculated

from below equations.

From equation (4-4)

Powsty =3 X 24 X 150V X (5us) X 1000 = 750mW

From equation (4-5)

Peonducting loss (s1) = 2° X 0.14 = 560mW

Total switching losses =750mW+560mwW=1.31W

This switching power loss increases 4 times by increase switching frequency to 4 kHz.
Also, this switching loss increases where voltage and current of switch increase to have
higher the output power. This switching loss is for any MOSFET or IGBT switches
which are used in any DC to AC inverter topologies. There is a case study to compare

different DC to AC inverter topologies in section 6-6.
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6.8 Practical comparison between different DC to AC topologies

Table 6-3 shows a comparison between different types of DC to AC inverter circuits.
These circuits are tested in practical implement under the same conditions without
filters. The input voltage is 150 volt DC for Pulse Width Modulation (PWM), Cascade
H-bridge (CHB), Neutral Point Clamped (NPC), BBLFI, BLFI and FLFI. The output
voltages of all circuits are 250 volts in this case. So the rms output voltages are the same
in each circuit. The load value for each circuit is 178Q. The transformer is applied for
each circuit except BBLFI and BLFI. The filter is not used in any of the circuits. It can
be seen from the table that the efficiency of FLFI is higher than efficiency of other

topologies. The THD of FLFI is less than THD in other topologies in this case-study.

Table 6.3 Comparison between different topologies

Typeofdcto | Vip | Tin | Py | Vyyms | Trms | Py T.HD
Efficiency
ac inverters Vv A w \Vi A W %
PWM
150 2.48 372 250 1.4 350 93% 76%
inverter
CHB (7 150 25 376 250 1.4 350 93% 18%
levels)
NPC (7 levels) | 150 2.53 380 250 1.4 350 92% 20%
BBLFI 150 2.53 380 250 1.4 350 92% 7.26%
BLFI 150 25 376 250 1.4 350 93% 5.5%
FLFI 150 2.48 372 250 1.4 350 94% 4.52%

6.9 Discussion

The peak output voltage of the proposed circuits can be controlled to the same or larger
value than the input voltage (DC source). The output voltage of the proposed circuits

depends on hard devices (power devices) such as capacitor, inductance, type of
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semiconductor (switches) and loads. Also the output voltages of proposed circuits
depend on switching frequency of the current source from DSPWM control signal.
Therefore the output voltage can be easily controlled through the control of the current
source switching frequency and duty cycle in DSPWM control signal. The output
frequency of BBLFI, BLFI and FLFI can be varied from 10 Hz to 2 kHz or more, which
is dependent at limitation for power components, causing variation of the output voltage
as well. The number of voltage level depends on the frequency used in the DSPWM
frequency. The larger number of voltage levels in the BBLFI, BLFI and FLFI is
proportion to the switching frequency of the current source.

Table.6-3 shows the comparison between results in this case study. The efficiency of
practical circuit of proposed circuits is about 93%, so there are some losses in inductor
and capacitor as well. There is not any power loss at inductor and capacitor in simulation
part, because these components are a reactive component in simulation. So they do not

have power loss in simulation.
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Chapter 7 CONCLUSIONS AND FUTURE WORK

7.1 Summery

In this project a new inverter configuration is presented. It is based on stepping a DC
voltage up and modulating the current source switch by a sinusoidal waveform. This
waveform is then fed to an H-bridge which operates at 50Hz in order to reconstruct an
AC waveform with low THD. The THD in the proposed topology is less than the THD
in other inverter topologies and is also controllable, however, that could be at the
expense of high switching losses. If the switching frequency is fixed in all other inverter
configurations, the proposed circuits offer the less switching loses and this is due to the
fact that only one switch (current source converter switch) operates at high frequency.
The circuit is designed and then simulated on PSpice and a laboratory prototype is built
to support the simulation results. It should be noted that there is no filter used in the
final output in order to have a fair comparison between all inverter configurations. It is

obvious that a small size of the filter will be required for a low THD.

7.2 Research contribution

There are very little in depth publications, which critically analyse inverter topology
circuits. In chapter 2 of this thesis, an in depth literature review of different types of
inverter topologies is presented. This has led into identifying a gap in thesis important
research area and throughout the rest of the thesis a new topology is introduced in order
to overcome the problem associated with present inverter circuits. The simulation and
practical results show that this topology has some advantages in comparsion to 3-level
and multilevel inverter topologies. The advantages of the proposed configuration over

another inverter topologies can be summarised as:
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- Less switching power loss in comparison to PWM inverter.
- The output voltage can be controlled through the switching frequency and the
duty cycle of the main switch in the proposed circuit.
- This topology can be used as a soft start to run induction motor.
- This topology can be used as DC to AC inverter for renewable energy to achieve
a maximum power point source.
- Lower cost, less number of power component.
- This topology does not need to use a transformer to step-up the output voltage,
except FLFI circuit
- Topology of multilevel inverter based on current source converter.
- More capability than other voltage source multilevel inverter (VS-MLI).
The number of voltage levels at the output depends not on the number of DC
sources, or the number of capacitors.
The output voltage and output frequency depend on the switching frequency. The
voltage and frequency can be controlled in terms of the frequency and amplitude.
This topology of variable speed induction motor drive, which has more capability than
other types of induction motor drives.
The voltage and frequency can be controlled using microcontroller, which can receive
signals from different sensors in a closed loop fashion. This type of control system could

be not complicated than a control system of other topologies.

7.3 Limitation

It is obvious that a current source configuration may add some complexity to the
multilevel inverter, however the thesis examines the pros and cons of the proposed

configuration. Initial results show that such new topology has many features, which can
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be used in high power applications. In this thesis the switching frequency of the current
source converter is chosen between 750 to 5 kHz and the output frequency of the
proposed circuit is 10 to 2 kHz. At high frequency (above 5 kHz) the proposed circuit
has more switching loss in comparison to the 3-level PWM inverters. Also the closed
loop control system of this topology is very complicated, which needs to have more
work on the closed loop control system. The control system of this topology for 3-phase

inverter is very complicated and needs more investigation.

7.4 Future work

The control signal of proposed circuit can be a close loop system which can make the
decision to constant output voltage in order to load’s voltage requirement. This control
close loop system needs to programme in Microcontroller by programmer engineering.
This proposed circuit need to more research about nonlinear loads also this circuit needs
more research for connecting to renewable energies. The output renewable energy power
is not constant which depends on environment conduction. Then this proposed circuit
needs to have more research to constant output voltage from the varying output voltage
of renewable energy source by power point tracking.

This proposed circuit has the capability to have a higher power application in 3phases
circuit. But 3 phase circuit is more complicated than single phase from the controller
which needs to have more research how to connect switches in H-bridge. Also, three
phase inverter needs to have more switches in current source in this topology which
needs to redesign control signal for switching the main switch of the current source.

The most useful application of this proposed circuit is active filter for high power

application to generate specific amplitude of harmonic orders.a\z
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Appendix A

Proof of equations 4-2:

2 1= Vload
\/E Ma VDC

In basic buck/ boost converter the relation between the input and output voltages can be expressed as:

Where ‘D’ is the switch duty-cycle. In the case of the BBLFI the output voltage of the
buck/boost converter is sinusoidaly modulated. In this case a ‘V2’ factor is used to express the
maximum value of the sinusoidaly modulated waveform. The factor of ‘2’ is mainly to express
the full wave rectification of also the sinusoidaly modulated waveform (double the output
frequency). The factor of ‘1’ is an invert control output signal. Fig. 4-1 illustrates the logic
generation of equation 4-2.

Proof of equations 4-11 and 4-12:

The value of the inductor and capacitor in conventional buck/boost converter can be calculated
from the following equations:

VDT _ Vout(1 B D)T
L L

The value of inductor in equation 4-11 of BBLFI uses M, instead of the duty cycle in order to
express the sinusoidaly modulated waveform. The factor ‘\V2’ is maximum value of the
sinusioidaly waveform value. The factor ‘2’ in equation 4-11 also reflects the double frequency
issue as shown with the two OpAmps in the control circuit of S; in Fig. 4-1.

We are using 2 times switching frequency also we use non inverter in SPWM controller that is
reason the M, is in denominator (Fig.4-1). The equations 4-9 and 4-10 are substituting into
equation 4-8. The final equation from this substituting is equation 4-11, which define the value
of inductor. The value of inductor depends on M, and M; value of DSPWM control signal.

L 2, (7-1)
2 X AIL(Dc) X Ma X f:g

2 lnoo 1 (7-2)
\/E Ma ILoad
Alypey = % of Iino (7-3)
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L _ \/E VDC (7'4)
% X (leoad - \/EMaIload) X Mf X fs
In equation 4-12, the duty cycle of the switch is expressed as M, the rest of the equation uses the

same parameters used in conventional buck/boost capacitor equation.

_ \/Elload X M, (7-5)
AV X (1 — Mg) X Mg X fq

C

Where:

AV, ripple voltage across ‘C’
Alin(pey'ripple currentin S
fs: Frequency of switch (S;)

Proof of equations 4-14:

y = 2 Ve
¢ ﬁVload

In basic boost converter the relation between the input and output voltages can be expressed as:

Where ‘D’ is the switch duty-cycle. In the case of the BLFI the output voltage of the boost
converter is sinusoidal modulated. In this case a “\2° factor is used to express the maximum
value of the sinusoidal modulated waveform. The factor of ‘2’ is mainly to express the full wave
rectification of also the sinusoidal modulated waveform (double the output frequency). Fig. 4-1
illustrates the logic generation of equation 4-14.

Proof of equations 4-18 and 4-19:

The value of the inductor and capacitor in conventional boost converter can be calculated from
the following equations:

_ Vye X duty cycle
AIin(Dc) X fs

_ Iipaq X duty cycle
fSAVout

The value of an inductor in equation 4-18 of the BLFI uses M, instead of the duty cycle in order
to express the sinusoidal modulated waveform. The factor ‘2’ in equation 2 also reflects the
double frequency issue as shown with the two OpAmps in the control circuit of S, in Fig. 4-1.
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We are using 2 times switching frequency also we use a non inverter in SPWM controller that is
the reason the M, is in the denominator (Fig.4-1).

B 2V
AIin(Dc) X Ma X fs

L

In equation 4-19, the duty cycle of the switch is expressed as M, the rest of the equation uses the
same parameters used in the conventional boost capacitor equation.

C = \/ElloadMa
fsAVour

Where:

AV, ripple voltage across ‘C’
Alinpey-ripple current in S (current in inductance)

fs: Frequency of switch (S;)

Proof of equation 4-18:

Equations 4-18 can be evaluated from substituting the following two equations into equations 4-
16and 4-17.

_ \/z Iload(rms)
¢ Lingac)
Alinpey = % of Iinpe)

2V4c

- % X \/ZIload st

Proof of equations 4-20:

V
+ (Trr _ 1) — load

\/E Ma VDC

This equation is same as equation 4-14 by adding extra transformer ratio ‘T, in this equation.
The function of ‘1° is the minimum output voltage ratio of proposed circuit. This equation is
only valid when the voltage ratio of the transformer is higher than 1.

Proof of equations 4-21and 4-22:

The value of the inductor in secondary of transformer winding is the same equation 4-18 by
adding a transformer ratio

_ 2Vdc X (Trr - 1)
27 AL, Xx My X f,
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The value of inductance of the transformer primary winding can be calculated from equation 4-
22.

L1=L2X

2
rr

Capacitor in FLFI circuit is can be calculated from equation 4-19.

C = \/ElloadMa
fSAVOUt

Where:
T,.,-: Transformer ratio

AV, ripple voltage across ‘C’
Alinpey-ripple current in Sy (current in inductance)

fs: Frequency of switch (S;)
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Appendix B

DFT code in MATLAB for reducing the amplitude of low harmonic order;

DFT method is explained in section 4.5 which is optimised to reduce the amplitude of

low order harmonics. This method is programmed in MATLAB.

% x=input data
$y=Value of the signal at time n

nx= length(y); S%number of time samples
p=pi*2/nx;

% to difine Harmonic order amplitude freuquency
for t=1l:nx;

c(t)=0;
for n=1:nx;
c(t)=c(t)+(y(n)* exp(complex (0.0, (-1)*(t-1)*p*(n-1))));%
j2mkn
Hk = E;(}Yn (87 N )
end

end

v=length (c) ; Snumber of current sample

% Reucing amplitude of low harmonic orders
for u=1;

c(u)=0;
end

for u=2;

end
for u=3:38;

end

for u=39:44;
c(u)=c(u)*0.95;
end

for u=45:7744;
c(u)=0;
end

for u=7745:7754;
c(u)=c(u)*0.95;

end

for u=7755:7786;
c(u)=c(u)*0.2;
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end

for u=7787;
c(u)=c(u);

end

% convert Harmonic order amplitude frequency to time domin
for u= 1:v;
z (u)=complex (0,0) ;
for n=1l:v;
z(u)= z(u)+(c(n)*exp(complex (0.0, (u-1)*p*(n-1))))/v; %

1 @N-1 j2mkn
yn = T¥nco Hi(e N

end
end

reduce number of data to comarison between two different output
=1

’

o

for ii= 1 : length(b)

if y(ii) > y(ii+l) & mod(k,2)~=0
k=k+1;
b(k)=y(ii);
a(k)=x(ii);

elseif Db(ii) < b(ii+l) & mod(k,2)==0
k=k+1;
b(k)=y(ii);
a(k)=x(ii);

end
end
o=1;
for = 1 : length(z)
if z(gq) > z(g+tl) & mod(o,2)~=0
o=o+1;
f(o)=z(q);
e (o) =x(q);
elseif z(q) < z(g+l) & mod(o,2)==
o=0+1;
f(o)=z(q);
e (o0)=x(q);
end
end

d=real(f); % only real value of f function
plOt (b,d);
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Arduino example code for 2.1 kHz; variable output frequency (30-70Hz) and variable

output voltage.
The Output frequency and voltage can be controlled by changing the duty cycle
(changing time delay) and frequency in Arduino by changing the value of X1, Y1 and

Z1. These values are changed by varying potential meter as input of Arduino.

void setup(){

pinMode(1, OUTPUT); //2.1kHz

pinMode(2, OUTPUT); //50HZ 10ms on

pinMode(3, OUTPUT); //50Hz 10 ms off
pinMode(A0.INPUT);// input read from potential meter 1
pinMode(A1.INPUT);// input read from potential meter2
pinMode(A2.INPUT);// input read from potential meter 3
}

void loop(){

x1=digitalRead(AO0);// read value input value 1
yl=digitalRead (Al); // read value input value 2
z1=digitalRead (A2); // read value input value 3

if (x1<=300)

{x1=0}

else if (x1>=716)

{x1=0}

else {

x=x1/512;

y=y1/10;

z=z1/10;

digitalWrite(1, HIGH);
digitalWrite(2, HIGH);
digitalWrite(3, LOW);

delayMicroseconds((132-z+y)/x);
digitalWrite(1, LOW); //1
delayMicroseconds((10-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((470-z+y)/x);
digitalWrite(1, LOW); //2
delayMicroseconds((16-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((460-z+y)/X);
digitalWrite(1, LOW); //3
delayMicroseconds((23-z+y)/X);
digitalWrite(1, HIGH); //
delayMicroseconds((450-z+y)/x);
digitalWrite(1, LOW); //4
delayMicroseconds((33-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((440-z+y)/x);
digitalWrite(1, LOW); //5
delayMicroseconds((43-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((440-z+y)/x);
digitalWrite(1, LOW); //6
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delayMicroseconds((53-z+y)/x);
digitalWrite(1, HIGH); //13
delayMicroseconds((420-z+y)/x);
digitalWrite(1, LOW); // 7
delayMicroseconds((63-z+y)/X);
digitalWrite(1, HIGH); //
delayMicroseconds((410-z+y)/x);
digitalWrite(1, LOW); //8
delayMicroseconds((70-z+y)/X);
digitalWrite(1, HIGH); //
delayMicroseconds((400-z+y)/x);
digitalWrite(1, LOW); //9
delayMicroseconds((80-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((400-z+y)/x);
digitalWrite(1, LOW); //10
delayMicroseconds((85-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((390-z+y)/x);
digitalWrite(1, LOW); //11
delayMicroseconds((90-z+y)/x); 5ms
digitalWrite(1, HIGH); //
delayMicroseconds((390-z+y)/x);
digitalWrite(1, LOW); //12
delayMicroseconds((90-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((400-z+y)/x);
digitalWrite(1, LOW); //13
delayMicroseconds((85-z+y)/x);
digitalWrite(1, HIGH);
delayMicroseconds((410-z+y)/x);
digitalWrite(1, LOW); //14
delayMicroseconds((80-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((420-z+y)/X);
digitalWrite(1, LOW); //15
delayMicroseconds((65-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((430-z+y)/x);
digitalWrite(1, LOW); //16
delayMicroseconds((50-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((440-z+y)/x);
digitalWrite(1, LOW); //17
delayMicroseconds((40-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((450-z+y)/x);
digitalWrite(1, LOW); //18
delayMicroseconds((30-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((460-z+y)/x);
digitalWrite(1, LOW); //19
delayMicroseconds((20-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((470-z+y)/x);
digitalWrite(1, LOW); // 20
delayMicroseconds((10-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((480-z+y)/x);
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digitalWrite(1, LOW); //21
delayMicroseconds((6-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((154-z+y)/x);
digitalWrite(1, HIGH);//10ms
digitalWrite(2, LOW); // 10ms off
digitalWrite(3, HIGH);//10ms on
delayMicroseconds((132-z+y)/X);
digitalWrite(1, LOW); //1
delayMicroseconds((10-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((470-z+y)/X);
digitalWrite(1, LOW); //2
delayMicroseconds((16-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((460-z+y)/x);
digitalWrite(1, LOW); //3
delayMicroseconds((23-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((450-z+y)/X);
digitalWrite(1, LOW); //4
delayMicroseconds((33-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((440-z+y)/x);
digitalWrite(1, LOW); //5
delayMicroseconds((43-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((440-z+y)/x);
digitalWrite(1, LOW); //6
delayMicroseconds((53-z+y)/x);
digitalWrite(1, HIGH); //13
delayMicroseconds((420-z+y)/x);
digitalWrite(1, LOW); // 7
delayMicroseconds((63-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((410-z+y)/x);
digitalWrite(1, LOW); //8
delayMicroseconds((70-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((400-z+y)/x);
digitalWrite(1, LOW); //9
delayMicroseconds((80-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((400-z+y)/x);
digitalWrite(1, LOW); //10
delayMicroseconds((85-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((390-z+y)/x);
digitalWrite(1, LOW); //11
delayMicroseconds((90-z+y)/x); 5ms
digitalWrite(1, HIGH); //
delayMicroseconds((390-z+y)/x);
digitalWrite(1, LOW); //12
delayMicroseconds((90-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((400-z+y)/x);
digitalWrite(1, LOW); //13
delayMicroseconds((85-z+y)/x);
digitalWrite(1, HIGH);
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delayMicroseconds((410-z+y)/x);
digitalWrite(1, LOW); //14
delayMicroseconds((80-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((420-z+y)/X);
digitalWrite(1, LOW); //15
delayMicroseconds((65-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((430-z+y)/X);
digitalWrite(1, LOW); //16
delayMicroseconds((50-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((440-z+y)/x);
digitalWrite(1, LOW); //17
delayMicroseconds((40-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((450-z+y)/X);
digitalWrite(1, LOW); //18
delayMicroseconds((30-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((460-z+y)/x);
digitalWrite(1, LOW); //19
delayMicroseconds((20-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((470-z+y)/x);
digitalWrite(1, LOW); // 20
delayMicroseconds((10-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((480-z+y)/x);
digitalWrite(1, LOW); //21
delayMicroseconds((6-z+y)/x);
digitalWrite(1, HIGH); //
delayMicroseconds((154-z+y)/x);
3
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Appendix C

This appendix includes some of the practical results for extra information of proposed
circuits with DSPWM controller. The output voltage, the input voltage of H-bridge,
output current and FFT of output voltage are shown in this appendix. The first practical
results are about BBLFI circuit with DSPWM controller. The second practical results
show the output of the BLFI circuit with DSPWM controller. Next part shows the
practical result of FLFI circuit and the last part shows the practical result of the proposed

circuit as induction motor driver.

Buck/Boost-based Low Frequency practical example results

Tek i & Stop M Pos: 0.000s CH3 Tek i @ Stop 1 Pos: 0.000s CH3
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Output voltage of BBLFI

166



Appendixes
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Input Voltage of H-bridge, Output voltage and FFT of BBLFI circuit

Practical results of BLFI circuit with DSPWM controller are shown in the next part,
which shows the FFT of current and output voltage of proposed circuit. These results
show the FFT of current with optimising low order harmonics. Also, these practical
results are from the same circuit with different loads. However, there are some practical
example of 60Hz output frequency. The last result is 500V output voltage of BLFI

circuit also the FFT of the output current of this proposed circuit.
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Boost-based Low Frequency practical example results
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Output current, output voltage and FFT of output current of BLFI circuit in higher output
voltage (507V)
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Flyback-based Low Frequency practical example results
Practical results of FLFI circuit with DSPWM controller are shown in this part, which
shows the FFT of current and output voltage of the proposed circuit in different output

frequency. The last result shows the optimized output current to minimise low order

harmonics.

Output current and output voltage of FLFI circuit with 30Hz and 40Hz output
frequency. The input voltage of this circuit is 56V

Output current and output voltage of FLFI circuit with 50Hz and 60Hz output
frequency. The input voltage of this circuit is 56V
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Output current and output voltage of FLFI circuit with 118Hz and 117Hz output
frequency
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Optimising Output current and output voltage to minimise low order harmonics of FLFI
circuit with 50Hz output frequency. The input voltage of this circuit is 56V
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Induction motor drive example results for different loads
Lab results of induction motor drive, motor drive work about 30 min without putting any

load on it to stable motor.

The power of the motor is increased by changing the power of load handily.

Reach power of 309 W, then the efficiency of inverters is about 80% and power factor is
72%.

The power factor was raised from 25% to 73% on load side. And power factor in supply
can be reached to above 92%.

And efficiency was raised from 40% to 80%.
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MOTOR DRIVER of BLFI circuit with frequency is 2kHz

Case No V(inDc) | I(in DC) | Power on | V (Out Ac) Irms output P output Power | Efficiency | Torque | Speed
Volt (AVG) | A (AVG) (AVG) Volt (rms) A w factor (%) (N.M) (RPM)
(output)

Casel 70 2.34 163.8 191.88 1.6 127.15 41.40% 77.62

Case2 71 2.25 159.75 2004 1.7 137.5 40.30% 86.07
Case3 89 2.71 241.19 228 2.017 184 40% 76.28 0.1 2994
Cased 104 4 416 233 2.27 316 60% 75.96 0.45 2889
Case5 120 1.8 216 214 1.84 158 40% 73.14 0.074 3020
Caseb 130 2.04 265.2 220 1.94 195 45% 73.58 0.16 3014
Case? 145 2.58 374.1 230 2.17 280 56% 74.84 0.35 2950
Case8 143 2.89 413.27 213 2.25 332 69% 80.33 0.46 3040
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MOTOR DRIVER of BLFI circuit with frequency is 1kHz

Case V (in DC) I(in DC) A Power V (Out Ac) | lrmsoutput P Power Efficiency Torque Speed
No Volt (AVG) (AVG) on Volt (rms) A output | factor (%) (N.M) (RPM)
(AVG) w (output)

Casel 70 2.05 143.5 190 1.5 118 40% 82.2299652 0.076 2876
Case 2 90 2.7 243 240 2.1 173 34.50% 71.1934156 0.068 2893
Case3 93 3.15 292.95 224 1.97 241 54% 82.2665984 0.34 2800
Case4d 104 3.78 393.12 230 2.32 320 62.10% | 81.4000814 0.516 2730
Case5 92 1.43 131.56 173 1.4 110 45% 83.6120401 0.08 3020
Caseb 120 1.8 216 216 1.85 152 38% 70.3703704 0.081 3047
Case?7 136 2.66 361.76 216 2.135 295 63.80% | 81.5457762 0.44 2900
Case 8 139 2.13 296.07 225 1.91 240 55% 81.061911 0.76 3248
Case9 95 3.1 294.5 245 1.9 240 50% 81.4940577 0.276 3140
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