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Abstract

Differential PV inverters haa the benefits of secoratder ripple elimination and leakage
current suppression. Therefore, the need for additional components such as switch, inductor,
capacitor, and transformer to achieve the power decoupling function and galvanic isolation
can be aviled. In recent years, GaN devices used to improve the performaditential

PV inverters, which have the advantages of high switching frequency, high operating
temperature, and high operating voltage. However, using GaN devices cpramahtee

better performancef invertersbecause th&aN deviceperformance depends on the design
parameters, such as switching frequency and operating temperature. To fully utilise the
benefits ofthe GaN device, the design challenges and tbenplex trade-offs between
components associated with inverters need to be addressed. Therefore, this thesis investigates
impacts of GaN devieebased singlphase differential PV invertewith theaim to optimise
inverterefficiency, power density, and cost usirygtematic design and control approaches.

In singlephasedifferential inverters, activgpower decoupling methods are oftaimed to
reduce the total capacitance as much as possihieh sacrifices the overall efficiency and
volume of theinverter To address thag tradeoff analysis of all the active and passive
components of th&GaN-based differential bucknvertes is developed through detailed
mathematical modelling. Then, a hitobjective optimsation method based on geometric
programming igresentedo optimise the efficiency and power density. The desiggthodis
based on power loss and volunoé the inverterby considering the dominant design
parameters. As a result, theaximum limit of design trends can be obtained, which gives

morefreedom to choose the best design.

The aforementionedmulti-objective optimisation method require extensive mathematical
models and more systemformationto find an optimal designt increaseshe computational
complexity, neesl multiple conditions to eliminate unwanted solutions, and reguinere

time to choose the optimal desigrherefae, an ANN-based multobjective design method



is developedo improve accuracy and reduce computational burdebsick-type differential

inverter is used to verify the ANNased design method in both simulation and experiment.

The previous two studies afgased onbucktype dfferential invertes, which needan
additional front-end DCGDC converter for solar PV application to meet the wide voltage
requirementsThis inverterrequires an additional hardware controller, reduces efficiency and
power density, and increases coSinglestage inverters are widely popular in industrial and
commercial applications because of their higher efficiency and simple control. A novel
single-stage buclboost inverter topologpased on GaN devicés proposed, simulated, and
experimentally verified theerformancesit has been observed that the maximum efficiency
of the prototype is 97.89%he power density iBnprovedto 3.5kW/dnt andthe components
cost of the prototype is £136.16.
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Chapter 1 Introduction

1.1 Background

Renewable energy is fastgrowing source of energy. It contributes significgntb
generation capacity and/hen integrated with other sources of energy, renewatdahelp

to meet global energy needs. In tHaited Kingdom UK), the contribution of renewable
energysources to electricity generation increased by 13% between 2019 and RG=2GUrde

1.1 shows the contribution of renewable energy sources to electricity generated. Among the
renewable energy sources, solar energy is one ahtstreliableand itplays an important

role in the UK generation mix. Ifrigure 1.1, it can be seen thaeneration from solar
photovoltaic PV) increased by 4.6% this period In the first quarter of 2021, the installed
capacity of solar PV was 17®megawatt KIW) and the total UKsolar capacity will be
expected to increase 2,711MW by 202B48d[3]. Furthermoresolar PV can be installed in

a widevariety of locationssuch as roofs top, commercial and industrial properties and on the

ground.

Smallscale solar PV systems have drawn attention because they enable domestic customers
and businesses to independently generate electegyre 1.2 shows theannual ingllation

capacity of micregeneration in the UK. From 2016 to 2020, almost all of the newly installed
micro-generation capacity was solar PV].[According to the Solar Trade Association
(trading as Solar Energy UK since April 2021), around 900,000 British sitiaesinstalled

solar PV panels [3 Despite the end of thieedin-tariff in April 2019 and the increase in
valueadded tax (VAT) for solar installations, the market continues to grow. According to
GreenMatch [B 2,375 new suld kilowatt (kW) solar panleinstallations were approved in

June 2021.
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Figurel.2 Annual installatiorof micro-generation capacity.

Power electronic inverters are a key component of solasy®temsand they are used to
interface the PV to the grid, extract the maximum power from PV panels, and maintain high
quality output. Solar panel efficiency is very low, they can only convert tb522% of solar

energy into actual electricity J[ATherefore, the solar PV inverter should be high efficiency to
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reduces ¢$powerlssyges. Merender, power density, cost and reliability are the other
key factors to improve the overall system pearfance. Therefore, power electronics research
has focused on developing a PV inverter with high efficiency, power density, reliability, and

reduced cost.

The performance of PV inverters has improved in three ways: 1) new inverter topologies
have been del@ped, 2) control methods have advanced, and 3) wide bandgap (W]
semiconductor devices have been used. Furthermore, innovative topologies that provide
higher efficiency and reduce the number of componerthde been developed. Different

control methods have been investigated to extthetmaximum power from the PV panels

[6]. WBG semiconductor devicesate superior properties than Silicon (Bgsed
semiconductors devices][@nd B]. However, the design challenges of inverter topologies

and thempacts of integration of WBG devices hded to tradeoffs being made between the

system components. Therefore, there is a clear need to address the design challenges and the

impacts of WBG devices in PV inverter topologies.

1.2 Research Objectives

This thesis investigates a Galliumitride (GaN}based singlphase differential inverter for

PV applicationsCompared to many oth&YV invertertopologies the differential invertecan
reducesecondorder ripple poweand leakage curremtithout addingextra active or passive
componentsOptimal design and control methods were employed to fully utilise the benefits
of GaN devices and solve the challenges associated with -pingée inverters. The main

objectives of this research are to:

E Investigae the singlephase buckype differential GaN inverteto understand the
tradeoff between thepower decouplingcapacitance power loss, and power
density. In addition, a detailed modelling approanked to be developed to
realisethe tendency gberformance parameters.

E Design a control scheme to eliminate the seeamu@r ripple using thective
power decouplingnethod.Besides, a systematic approdotberequiredto select

the optimal control parameters.
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E Investigatea simple ancfficient design method to select the optimal components
for the inverterThe optimal desigmeedso be identifiedwvith more accurate and
less computationomplexity.

E Identify a singlephasedifferential GaN inverter withoutincreasingthe power
loss, volume, and costTransfer the knowledge oéfficient design methato
design thedentifiedfinal inverter topology.

E Performanceof the design control methods and the inverter topologiegd to be

ensuredy conductng simulation and experimentstudes.

1.3 Thesis Outline

Chapter 2: Literature Review

This chapter review/the existing invertetopologies anddentifies their limitations and
research gaps. The singlbase inverter topology and the inherent challenges are
overviewed. Different types gfower decouplingnethods are reviewed, and their benefits in
solving the secondrder ripple problem are discussed. tiddion, the WBGbased single

phase inverters are reviewed, and the design challenges are discussed. Then, different design

methods are reviewed, and the need for the optimal design method is discussed.

Chapter 3: Design and Control of Singdase Diffeential Buck Inverters foPower

decoupling

This chapter presemthe design and control methods of a Gad$ed singlghase inverter.

The differential buckype inverter is used as an example to explore the benefdstiob

power decouplingfunctions. A mathematical model is developed fall the active and
passive components of the inverter. The Geometric Programming (GP) method is presented
to identify the opti mal design parameters.
The design method is implemented in MATLAB, and the traifle between efficiency and
power density are analysed. The performance of the design method is verified using a 1kW

prototype.
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Chapter 4: Artificial Intelligencebased Fast and Accurate Design Method for Shpilase

Differential Buck Inverters

An Artificial Neural Network ANN)-based design method is presented to reduce the
computational burdens and improve accuracy. The performance and computational time of
the ANN-based design method are compared with the numerical model ahdsé& design
method. he outcome of the design method is experimentally verified by designing a buck
type of differential inverter. Using the experimental setup, the performance of the inverter is

evaluated both without and with using@wer decouplingontroller.

Chapter 5:High-efficiency and Higipower Density Design of a Single Stage Bobwést

Differential Inverter

In this chapter, a singlgtage buckboost differential inverter is presented. The operating
principle and mathematical modelling of the inverter are explaihneadANN-based optimal

design method is used to select the active and passive components. The structure of the
controller is presented, and the detailed operation is explained. The inverter design method
and the controller are implemented in MATLAB/SimWirThe efficiency, power density and

specific cost are examined to verify the performance.

Chapter 6: Experimental Verifications of Bub&ost Differential Inverters

A laboratory prototype is built to verify the experimental performance of the-lbomt
inverter. The experiments are conducted in both standalone ancbgndcted systems. The
results are verified both with and without using thewer decouplingfunction. The
efficiency and Total Harmonic Distortion (THD) responses are obtained to ‘ealilat
effectiveness of the inverter. The benefits of the proposed topology are compared with the

existing inverter topologies.
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Chapter 7: Conclusions and Future Work

This chapter presents the conclusion and summary of the thesis. Some recommendations for

future work are also listed.

1.4 Contributions of the Research Work

The contributions of this thesis are as follows:

E Develogd a mathematical model of a singdase buckype GaN inverter to
understand the traetf between thepower decouplingiunction, power loss and
efficiency. Formulaté and implemered a multiobjective design method using GP to
select an optimal inverter design while considering the seoahet ripple. Design a
control scheme for the selected optimal inverter design. rifmpetaly validaiedthe

design method.

E Develogd an ANN-based multobjective design method to reduce the repeated use
of mathematical models and computational complexity. Cordpidne results with
existing design methods, such as numerical model andné&thod. Verified the
accuracy and computational time for different designs. Validtte results with a

laboratory prototype.

E Presentedh singlestage GaMbased buclboost inverter to achieve a wide voltage
range angower decouplindunctions. Developd a multiobjective design approach
to optimise the efficiency, power density and component costs. A detailed description
of the operatiorand component selections is presented. The performance is studied
using simulation and experimental results. Standalone anec@nitected tests are

conducted to verify the inverters performance.
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Chapter 2 Literature Review

2.1 Introduction

A literature review of singkphase inverter with power decoupling and design methods is
presented. The operating principle and the seawddr ripple challenges are discussed. The
concept of power decoupling functions and different types of active arsiv@gsower
decoupling methods are presented. The benefits of differential inverters andettend

order ripple elimination capabilities are reviewed. The advantages of WBG devices and the
application for power converter design are discusBeuhlly, the challenges associated with
power converter design and different design methods are reviewed.

2.2 Single-phaselnverter

Figure 2.1 shows the topology and control scheme of a sipigése inverter [41]. This
inverter consists of four switches. The switch deviReS andSs, & are operated in
complement to achieve a sinusoidal output voltage. The switches are connectad amth a
parallel diode to protect them from a reverse current, which the switching devic®©tfns
The positive cycle of the output voltage is generated when the swigl®sare ON, and,

S are OFF. Similarly, the negative cycle of the output gets generated when the switches
S, S are OFF, and, & are ON. The output filter inductdr and capacitoCs are used to

remove the switching harmonics and produce a pure sinusoidal output voltage

Two type control schemes can be used: a-goithected controller [J0and a standalone
controller [1]. Figure2.1 (b) shows the control structure of gdonnectecand standalone
controllers. These are voltagarrent closed loop controllers, which is oak the most
popular control schemes. These controllers are developed using tHeoweti Proportional
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Figure 2.1: Conventionalinglephase inverter: (a) Topology, and (b) Control scheme
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Integral (PI) and Proportion&esonant (PR) controllers. When compared to the PI
controller, the PR controller with a harmonic compensator can provide good performance in
terms of accurate trimg and fast dynamic response. The transfer functions of the Pl and PR

controllers [12 are represented as,
(2.1)

O i 0 et
O . ) (2.2)
whereQ is the proportional gainQ is the integral gainQ is the fundamental resonant
control gain,Q is the control gain foh-order resonant controller and is the fundamental
frequency. Adding harmonic compensators with appropriate gain can efficiently decrease the

harmonicsat the corresponding resonant points
2.2.1 Grid -connectedController

Grid-connected inverters are mainly used for renewable energy applications, such as solar PV
systems, wind energy systenasidfuel cells. A gridconnected controller is used to control

the inwerters for such applications, which consists of a Direct Current (DC) link voltage
controller, grid synchronisation and current controller. TheliDCcontroller is designed by

a PI controller to regulate the voltage from a variableddGrce. The outpudf the DCGIlink
controller is the magnitude of the grid currei@. The reference grid curreif2is generated

by multiplying the output of the D@nk controller "Q and the output of the Phakxked
loop (PLL)O E-+ . PLL is used to synchronise the phase angle of reference grid ctrent

the grid voltage . The advantages of PLinclude the better rejection of grid harmonics,
notches, and other kind of dishances. Hence, the quality of the current injected into the
grid can be improved [13The current controller is designédsed orPR controlles, which

has responsibilities for the power quality issues and current protection of the inverter. The

harmonis orden is selected based on the need for grid current quality.
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2.2.2 Stand-aloneController

Standalone inverters are mainly used for applications, such as uninterruptible power supply
(UPS), and storage systemslhe standalone controller is used to control the inverters for
these applications. The standalone controller consists of the outpagevabntroller and
current controller. The voltage and current controllers are designed using a PR controller. The
voltage controller controls the output voltage of the inverter based on the reference
voltage 0° . Normally, the reference voltage égjual tothe grid voltage, and it can be
changed in some applicatioriBhe output of the voltage controller is the reference current
flow through the inducto€. The current controller is designed the PR controller, which

has the responsibility torptect the current of the inverter. The compensator of the current

control is designed based on the need for harmonic elimination.

2.3 DC-link Secondorder Ripple

Figure2.1(a) shows the topology afsinglephase inverter. The output voltage auarent of

singlephase inverter are given as,
0 wOglo (2.3)
Q O0EFTO (2.4)

where,w and"O are the peak valseof the grid voltage andnjected gridcurrent] is the

angular frequency and is the phase difference between the voltage and current. Generally,
the instantaneous power of DC aAliernating CurrentAC) sides must be equal. However,
the inhererly unbalanced nature of singidase systems causes the ripple power which
creates thenismatch between the DC and AC power. To underdfaisdoointmore clearly,

the instantaneous power at the DC side can be written as,

AR 0Q (2.3)

n wOEBToO0O0ETO -
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where, 0 is the constant power angl is theripple power. From equation (2.4), the

instantaneous DC power consists of constant powver and ripple powerry. The

frequency of the ripple is twiag the line frequency.
2.3.1 Effects of Secondorder Ripple

In solar PV applications, treecondorder ripple shifts the operating point from the maximum
power point during Maximum Power Point Tracking (MPPT) operation$1@4 In fuel

cells, the secondrder ripple causes fuel starvation and stress on the meenbfahe fuel

cell [17 and [18]. In battey systems, the secomtder ripple increases the battery
temperature, affecting the electrodes, increasing the voltage/current stress and reducing
efficiency [19 and R0]. The secongrder ripple can be reduced lbhoosing an adequate

DC-link capacitor. The D@ink capacitanc® can be calculate®]] as,

~
g

0
6 Yo 25)
where,0  is the output powerc is the DC-link voltage andY® is the peako-peak
ripple. From equation (2.5), a large walof the DGlink capacitance can reduce the péak
peak ripple. Electrolytic capacitors are widely used in theliBiCof singlephase inverters
because of their lower cost. However, electiolyptapacitors reduce the efficiency, power
density and reliability of the inverter [Rand R3]. Film capacitors can be used instead,
which have a much longer lifetime [R4However, film capacitors cannot directly replace

electrolyticcapacitors becaus# their large volume and high cost [2&onsequentlypower
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decouplingmethods are used to reduce the size of thdillCcapacitance and the effects of

secondorder ripple [2§and 27].

2.4 PowerDecouplingMethods

Figure2.2 shows the concepts of thewer decouplingThe inverter requires constant power
0 and eliminates the ripple powgr from the DGlink powerny . The main objective of
the decoupling method is to divert the ripple powerfrom the DGIink capacitor into an
auxiliary circuit. The auxiliary circuit is developed using active or passive components.
Hence, smalkized,and long lifetime film capacitors can be usd&the power decoupling
method can be categorised into an active decoupling methp@nja& passive decoupling
method [29. In active power decouplingmethods, the auxiliary circuit is made using
switches, inductors, and capacitors, which needs an additional control metwdrtd the
active devices. The passipewer decouplingnethods use an inductor and capacitors. Based
on the configurations of the auxiliary circuit, thewer decouplingnethods are categorised
into series and paralleFigure 2.3 gives an overview of ¢hseries and parallgdower
decouplingmethods. The details of series gomolwer decouplingnethods are reviewed in

more detail in the following sections.

Figure 2.2: Concepts of power decoupling
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Figure 2.3: Overview of different powdecoupling methods.

2.4.1 SeriesPower DecouplingM ethods

Figure2.4 shows a singlphase inverter with seriggower decouplingnethods. The series
power decouplingnethod is developed by adding active and passive components between the
DC-source and inverteWhen the D@ink current flows through thg@ower decoupling
circuit, the secondrder ripple power is diverted into the storage components of the
decoupling circuit. To extract the seceodler ripple components, the decoupling circuit can

be controlled usg appropriate control methods. Hence, the current that flows through the

inverter will only have the D@omponents.
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Figure 2.4: Singlghase inverter with series power degling.

In [30] and [31], a serieppower decouplingnethod has been presented to reduce thdinkC
capacitance. The voltage ripple in the dkik capacitor was compensated by connecting a
two-phase series voltage source converter in thebD<line. The need for a sizeable DC
link capacitor was reducediog this decoupling method, which allows a long lifetime film
capacitor to be used. In [B2he samegower decouplingnethod was used for a g#ik solar

PV inverter to reduce a low voltage ripple. The {@mse method was effective in terms of
reducingthe seconarder ripple. However, the series voltage source converter requires a
slightly highervalue capacitor to reduce the ripple completely. Therefore, a 4{binase
power decouplingnethod was introduced in [Rland [33 to reduce the need for extra
capacitors without compensating performance of low ripple elimination. This method can

achieve an 89% reduction of the Bi6k capacitance.
2.4.2 Parallel Power DecouplingM ethods

Figure 2.5 shows a singlphase inverter with parallgbower decouplingmethods. The
parallelpower decouplingnethod is developed by connecting active and passive components
across the positive and negative terminal of the-lD€ line. Using appropriate control
methods, the secoratder ripple power is diverted into the storage components of the
decoupling circuit. The current that flows through the inverter will only have the DC
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components, which reduces the losses that are caused by the ripple power. Te¢igpeve
coupling methods are configured in different types, such as buck, boodiridgé and fuH

bridge converters.
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Figure 2.5: Singlghase inverter with parallel power decupling.

Buck TypePowerDecoupling

In [34], a bidirectional buckype DGDC convertetbased activgpower decouplingnethod
was introduced to reduce the effect of ripple power. The bidirectional aptveer
decouplingcircuit was integrated into the BDRus line of the inverter. In [35a bucktype
active power decouphg method was used in a boost inverter to reduce the effects of low
frequency ripples for fuetell applications. In [3pand [37], the samepower decoupling
method was used in a bubbkost inverter to improve the performance of fuel cells. Using
these mdtods, the neefbr large DClink capacitos was prevented, and the performance was
verified using simulation and experimental results. The performance of thaypéckctive
power decouplingmethod was investigated without using any additional magnetic
components for PV applications in [B8The decoupling method was reduced the second
order ripple on the DAIink current by 90.2% and achieved the maximum efficiency of 96%.
In addition, in [39 and [40], the lowfrequency oscillation of modular multilevebrverter
was eliminated using the butpe power decouplingnethod. This substantially reduced the

submodule voltage ripple and the total capacitance.
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BoostTypePowerDecoupling

The boosttype activepower decouplingnethod is commonly used to reduce the second
order ripple by injecting continuous compensation current into théinkCThe decoupling
capacitor voltage of this method is relatively high, and hence this decoupling function is
suitable for application wit lower DGlink voltage. In [4] and[42], a boositype parallel
power decouplingapproach was used to enhance the power generation of the PV systems.
The elimination of the lowrequency ripple helped to operate the PV module close to the
maximum power ah enhance the efficiency of these systems. In],[2d4e control
performance ofthe boostype decoupling method was investigated using a virtual
capacitance controller and Blldk voltage controller. The performance of the controller was

evaluated in modelintegrated PV inverters and ldvequency oscillation was eliminated.

Continuous operation of the bodgpe activepower decouplindunction increases the power

loss of PV power conversion systems. To address this problem,]ithft8uthors presented

a partialpower decouplindechnique to improve thievertersefficiency over a wide power
output range. A detailed power loss model was developed to identify the factors that reduce
the system efficiency. The traddf between thgpower decouplindunctions and the overall
efficiency was then studied. This approach was verified through experimental results and the

improvement of conversion efficiency was validated.

In [44], a virtual capacitebased boostype active lowfrequency ripple control methodas
introduced to build integrated PV applications. Using an integrator compensator, the virtual
capacitor concept was added into the control loop. The virtual capbaged control
method achieved better ripple control over the low frequencies. The cemipselection of
boosttype active powerdecoupling is more important to achieve hmbwer density.
Therefore, the procedure to select the passive components was investigatécand [45]

for a switched boost inverter. Using this method, the-fimguency ripple on the inductor

current and the capacitor voltage of the switched boost inverter were reduced.

Buck-boostTypePowerDecoupling
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The buck and boostype active powerdecoupling methods are only beneficial for
applications where the dagoling capacitor voltage is lower or higher than the-lb&
voltage. To overcome this limitation, a bue&ost convertebased active poweatecoupling
method was investigated in [ TUsing this method, the average decoupling capacitor voltage
was contrded based on the variation of the Bi6k voltage.In addition, the lowfrequency

ripple on the Ddink eliminated the need for total capacitance.
Half-bridge Type Power Decoupling

The haltbridgebased active powatecoupling method is used teduce lowfrequency and
high-frequency ripples. In []7 the haltbridgebased decoupling method was used to
improve the stackfficiency and durability of fuel cells. A symmetrical kblidge with split
capacitor was introduced in [#8nd [49 to eliminate the lowfrequency oscillation and the

need for large passive components. Using this method, a ten times reduction in the total
capacitance was achieved and the converter output was regulated using shtiak DC

capacitors [5D

These active powatemupling methods required additional active and passive components.
However, adding more active devices increases the control complexity and the component
costs. Therefore, independent actpmver decouplingnethods are widely used to reduce the
number ofcontrol devices. In [91 a symmetrical halbridgebased dependent actipewer
decouplingtopology was presented that had only used two switches and one small filtering
inductor, while DClink capacitors were used to absorb the ripple power. |hgb@[53], an
improved activepower decouplingvas introduced that used two split capacitors to store the
low-frequency ripple. Consequently, the need for active devices is avoided and the current

stress of the switches is reduced.
Full -bridge Type Power Decaling

In [54] and [59, the full-bridge convertebased parallel active powdecoupling circuit was
introduced to buffer the ripple current and minimise theliDi& capacitance. The fulbridge
converter was connected across the-l@ line. In [5¢ and B7], a smaller capacitor was
connectedn series with the fulbridge compensator to reduce the effects of thelibiC
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voltage ripple. The fulbridge parallel ripple compensator reduced the volume of the protype
by 16% compared to the conventional ripplenination method, while the efficiency of the
inverter was reduced by around 1%. A comparison study of the santidigie decoupling

compensator was presented in [58] and the results were verified using an experimental study.
Dependent Power Decoupling

The dependent powelecoupling method has been formulated using either active or passive
components. In [59], an actiy®wer decouplingvas formed using the one arm of ebkidge

circuit with one additional switch, diode, and an energy storage indudterneed for a
storage inductor of the habiridge circuit was eliminated by adding two diodes in-R(S

line. The voltage stress of the decoupling circuit was reduced to half that of tiekDC
voltage in [60]. A thregohase leg decoupling method wasgamted in [6i163], which used

two additional switches and an auxiliary capacitor to store the ripple energy.ilG6]64
another topology was introduced that used only one auxiliary capacitor and no additional
switches. The auxiliary capacitor stored tlosv-frequency ripples, and an independent
control scheme was presented to achieveptiwer decouplindgunctions. The performance

of the decoupling methods was verified using simulation and experimental results.
2.4.3 Differential Inverters with Power Decoupling Function

Differential inverters can achieve an active powecoupling function without adding extra
active or passive components, which avoids the need for additional control. This has been
classified into the buck, boost, or budgokost invertes, which are developed using two
identical DGDC converters [67]. The output capacitor of the-DC converters is used for
thepower decouplindgunction. The inductor and capacitor filter the switching frequency, and
no dedicated output filter is requiréa produce a pure sinusoidal outpkigure 2.6 shows

the concepts of theower decouplingnethod in differential inverters, and EIQC converters

are used to develop the differential inverters.

In [29], a bucktype inverter was used to reduce the ripplem the DCIlink using a
decoupling control method. Consequently, the amplitude of sema@led ripple in the DE

link current was reduced by more than seven times. The same inverter was used for grid
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connected PV applications by applying a commurde condcting loop to reduce the
leakage current caused by parasitic capacitance and to minimise the-setempulsating
power. It was confirmed that ground leakage current and the pulsating power problems are
solved without adding extra active components .[6Bje mismatch of the decoupling
capacitors of differential buck inverters was resolved using a comprehensive caonuden
control [69].

In [70], a waveform contrebased ripple mitigation method was introduced for a btyqst

inverter to eliminate the stability in the fuelcell system. In [71] and [72], the waveform
control method was improved using ridased and feeback current controllers for boost
inverterbased griecconnected battery storage systems. In [73], an ermggd power
decoupling combl method was introduced for a bubkost inverter to mitigate the secend

order ripple in the input DC current. Consequently, thefimguency ripple was eliminated.

This enables film capacitors to be used instead of electrolytic capacitors. Although the
efficiency and power density of the differentialertersare not considered while reducing

the size of the decoupling capacitors, in practice they are the essential parameters that need to

be considered.
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Figure 2.6: (a) Concepts pbwer decoupling method in differential inverters, and (b) $y
of DC-DC convertes.

Table 2.1 summarises tip@wer decouplingnethods. This summary is given based on the

types ofpower decouplingpower rating, number of components used to developdher

decoupling efficiency, power d e ns i tpgweradecduplingh e me t
can be achieved in two ways: typbase and threghase methods. Many additional
components are required to develop sgi@ser decouplingMeanwhile, parallel ecoupling

methods have many different configurations. Among them, buck anéridde type

decoupling methods are more efficient when compared to the other methods. In addition, the

dependent decoupling methods minimised the number of active componewesvet, this
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method also requires passive components. The use of additional components reduces the
efficiency and power density of the overall system. In contrast, differential inverters do not
require any additional components to achieve acpesver decapling. Therefore, a

differential inverter is a good option for a singlease inverter withpower decoupling

functions.
Table 2.1:Summary of thgpower decouplingnethods
Decoupling | Reference| Power Additional components | Efficiency | Volume Features
ratin
method ng Active Passive
Two-phase [30] 600W - - -Independent operation
power . [31] 3kW 4 Switches 2 Inductors - - -Additional control
decoupling required
[32] 2kW 2 Capacitors _ _ q
-No impact on the D€
Threephase [33] 2kw 2 Inductors 95% - link voltage
power . [21] 2kW 6 Switches 2 Capacitors 95% 0.6 dn?
decoupling
2% 4Adm®  -Independent operation
34 15kwW 93.2% 11.4 dm3 Ind d i
[35] 1kw 82% - -Additional control
Buck type [36] 1.2kW 1 Inductor o o e
power ) [37] 1.2kW 2 Switches 1 Capacitor 88% - ‘e OpF'O” gy
decoupling power rating
[38] 1kW 96% 0.42 dnd
[39] 1kw 97.13% 196 dn®
[40] 5kW - -
Boost type [41] 110w - - -Independent operation
power [42] 110 W 90.5% - -Additional control
decoupling required
[24] 4kwW 1 Inductor 97.4% -
[43] 1KW 2 Switches 1 93.95% i -Good optﬂon for high
Capacitor power rating
[44] 2 ) ) -Higher voltage stress on
[45] - - - power decoupling
[46] 250W 91.8% -
Buck-boost 1 Inductor -Flexible control of
eSO [47] 1kW 2 Switches 1 Capacitor - - HEETLEITTE E2pEEEn
decoupling voltage
[17] 5kwW 92.4% - -Independent operation

[48] 1kW 2 Switches 1 Inductor - - -Additional control
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[49] 1kw 2 Capacitors - - e
Half-bridge [50] 1.5kW i ) -Two energy storage
type power capacitors are usddr
decoupling [51] 1kW 2 Switches 1 Inductor 95.8% - active power decoupling
2 Capacitors -Good option for high
[52] 1kW - 1inductor  95% - FELYEF EHNG
[53] 1kwW 2 Capacitors  96% =
Full-bridge [55] 600 W 4 Switches 1 Inductor - - -Independent operation
;y:czsg:/i\;egr 1 Capacitor -Additional control
[56] - 4 Switches 2 Inductors - - TECITER
[57] 2kw 2 Capacitors  94% 0.5gme  ~&00d option for high
power rating
[58] 2 kW 4 Switches 1 Inductor 98.9% -
2 Capacitors
[59] 200W 1 Switch 1 Inductor - -
1 Diode
[60] 1kw 2 Switches 2 Capacitors - - -Dependent operation
Dependent 2 Diodes -Additional control not
decoupling [61] 4kW 2 Switches 1 Capacitor - - required
-Good option for high
[63] - 2 Switches 1 Inductor 92.7% - p.l '9
power rating
1 Capacitor
[64] - - -
[65] 1kw - 1 Capacitor 91.5% -
[66] 540W 94% -
[29] 1kW 92.5% - -Dependent operation
Differential [68] 500W S S 96% - -Additional control not
inverter [69] 800W : : required
;ype po:{ver 70 170W 84% - Additional components
ecoupiing [70] 0 : are not required
[71] 2045 : : -Good option for high
[72] 20W - - power rating
[73] 400W 88% -

2.5 WBG Devices inPower Electronics

The power decoupling methoaf a singlephase inverter always has a trame between
efficiency and power densitylhe benefitsof WBG devices areenablingto improve the

efficiency and power densityy redudng the power loss and volume of the inverter. WBG
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devices, such as Silicon Carbide (SiC) and GaN, have superior electrical properties for power
electronicghanconventional Si (as shown kigure2.7). The electrical properties have been
characterised by ¢h electric field, energy gap, electron velocity, electron mobility, and
thermal conductivity [74]. These electric properties enable the WBG devices to operate at

high voltage, high temperature, and high switching frequency.

Power switches based on WBG seamductors have better switching and conduction
performance over a wide range of temperatures thdrastid devices. For instance, they
have faster switching speed, lower switching losses, higher breakdown voltages and higher
operating temperatures. Theyef, WBG devices are considered to be promising solutions for
high-efficient power electronic converter designs. In sifgil@se inverters, the WBG devices

SiC and GaN provide a performance improvement over Si under wide load, temperature and
switching frequency conditions. When comparing the switching performance of the three
technologies, the GaN device has the best performance and provides high efficiency at high

frequency applications [75].

Electric Breakdown field

(MV/cm)
3. .
/,/' ™ a—— S|
4: . L] SiC
,/’/ ’ — GaN
Energy Gap -~
(3{/) p 2 . . Thermal
| > conductivity
(Wicm-K)
Saturated'  Electron Mobility
Electron Velocity (x10° cm?/V-s)

(x10" cm/s)

Figure 2.7: Comparison of Si, SiC and Gs#niconductors properties.
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2.5.1 SiC-basedSingle-phasel nverters

The advantages of SiC devices were explored@h yising a doubly grounded singdhase
inverter topology with active power decoupling method. The inverter and power decoupling
circuit weredeveloped using the C2M0080120D and C2D05120A SiC devices. The inverter
was operated at a 100kHz switching frequency, which improved the efficiency 95.8%. In
[21], a series and parallel combination of power decoupling method was presented for a 2kW
SiC inverter.The efficiency and power density were achieved as 96% and 55W{77], a

T-type commorgroundedransformetless 1kVA single phase inverter was developed using
C2M0040120D SiC MOSFETs. The peak efficiency of 98.2% was achieved at switching
frequency 50kHz. In 78], a 100W singlephase inverter was designed using C2M0080120D
SiC MOSFETSs with an efficiency of 94.4%. A 1kW singlease grieconnected inverter was
presented in79] using SiC MOSFETs with an efficiency of 95.4%. BOJ, an industri&
design approach was presented for al$a€ed singlghase inverter. The design was focused

on the objectives of Google Little Box Challenge. The experiment was performed for 2kVA
inverter design, which enhanced the efficiency and power density of $Rd%00 W/iA. In

[81], a practical design approach was presented for a 2kVAS8Ed singlgphase inverter,
which enhanced the efficiency and power density of 98.3% and 58.Whe SiGbased
inverters provided performance enhancement under diffeesnpdrature and switching
frequency conditions. In terms of switching performance, the inverter design can be improved

using GaN devices, which allows high efficiency in higdquency applicationsp).
2.5.2 GaN-based Singlephase Inverters

This section will review GaMbased singlphase inverters, and the improvement in
efficiency and power density by employing the GaN deviceB2hand[83], the benefits of

GaN devices were investigated using a shpylase inverter with the -Hridge adlve power
decouplingmethod. The inverter angower decouplingircuit were developed using the
EPC2033 and EPC2016C GaN devices. The inverter was operated at a 120kHz switching
frequency, which improved the efficiency and power density to 97.6% and 2£6Wie

same parallel Fbridge activepower decouplingvas validated using a 5kW EPC9203 GaN

inverter[84]. In [85], a doubly grounded Gablased singlghase inverter was introduced to
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eliminate the commaemode leakage current and the secordkr ripple pwer. This inverter
was developed using the GS66516T GaN device and operated at 100kHz switching
frequency. The inverter was tested at 1kW power rating, and an efficiency of 95.1% was

achieved.

The buckboost type activgpower decouplingnethod was deveped using EPC2034 GaN
devices for residential PV microinvertg6]. The doubldine frequency ripple power of a
guastZ-source PV inverter was eliminated using a ripple suppression control method. The
inverter was developed using TPH3006PS GaN devicdsitawas operated at 100kHz
switching frequency to improve the efficiengy7]. In [88] and [89], the performance of
threephase dependent actiywer decouplingnethods was studied using a GS66508P
GaNbased 2kW singkphase inverter. The efficiency apdwer density were improved to
98% and 55.8W/ih A GS66508T Gabbased 2kW singkphase inverter design was
developed for the Google Little Box Challenge and operated at 100kHz switching frequency.
The efficiency and power density were improved to 96.9% H2W/ir? [90]. The power

loss model of the Gallased singlphase inverter was developed to improve the design
efficiency. The model was validated by developing a 4.5kW inverter design using the
IGOT60R070D1 GaN devid®1]. However, the tradeff betwee the components limits the
performance of the GaN device. [B2], a tradeoff study was performed between the output
filter and heatsink to reduce the volume of the inverter. The study was validated using a

1.6kW design, and the inverter volume was redut.16 times of the actual design.

The switching losses limited the advantage of operating the GaN devices at high switching
frequency. Therefore, the triangular current mode control method was introde&gl end

the performance waslidated using GS66516T GaN device. Using this method, the inverter
was operated at 300kHz switching frequency, achieved 98.1% efficiency and it improved the
power density to 151W/ifor a 2.4kW design. 1fi94] and[95], a hybrid triangular current

mode control method was introduced to increase the switching frequency without affecting
the efficiency and power density. The hybrid control method was evaluated in a 1kwW
GS66502B GaN deviebased buchype differential inverter. The efficiency and power
densty were improved to 98% and 135WAirFor a gridconnected GaNvased PV inverter,

the harmonics of the injected grid current is one of the main concerns when it operates at a
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high switching frequency. A feeldrward discontinuous current mode control schenas
introduced in96], which reduced the THD from 7.3% to 4.5%.

In [97], a high stepup singlephase inverter with activeower decouplingvas introduced for

PV applications. The PV output voltage is stggped using a high gain boost converter to
match the DCIlink voltage. Two DGlink capacitors were used to share the dolible
frequency, and therefore the need for sizeableliBiCcapacitance was avoided. A 300W
hardware prototype was developed using GS66508T GaN devices and operated at a switching
frequency of 10kHz. A 97.45% peak efficiency was achieved, and the overall system's
efficiency achieved 94.43%. I[®8], a singlestage cascade butloost PV inverter was
introduced to improve the overall system efficiency and power density. A 2kW gretaiys
developed using a GS66508P GaN device, which improved the efficiency and power density
to 97.8% and 5.8 W/

2.6 DesignMethods ofPower Electronic I nverters

The power decoupling methods discussed in Section 2.4 mainly focused on the reduction of
total capacitance, which becomes a tratfebetween the efficiency and power density of the
inverter. In addition, most of theower decoupling methods only aim to jmove the
efficiency (Table 2.1). Gafdbased design can achieve high efficiency and power density
(Section 2.5.1). However, using GaN devices cannot directly give higher efficiency or power
density because the performance of the device depends on sesteral, feuch as switching

frequencyandoperating temperature.
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Figure 2.8: Trad®ff between the performance parameters.

A well-designed power electronic inverter should have high efficiency, small volume and
light weight, low cost, and low failure rate. However, the challenge is to balance these
performance measures. Typical technical performance measures are efficidunmog, \aost,

and reliability (as depicted ifrigure 2.8). For example, a design that only focuses on
achieving higher efficiency impacts the power density, reliability, and cost. These measures
are mainly determined by the design of converiacluding seéctions of topology,
modulation scheme, components, and layout. By carefully designing the converter, it can
have highpower density, reduced volume, weight, and cost. Therefore, the design method
needs to select the optimal design parameters to improfe@mpance. Figure2.9 shows the
design methods of power electronic converters. The design methods are broadly classified

into conventional methods, optimisation methods antdaded methods.
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Figure 2.9: Design method of power electroronverters.

2.6.1 Conventional M ethods

Analytical Method

The analytical method is based on the analytical equation of the power converter. The power
loss model of the semiconductor was develope{#] to evaluate the efficiency of the
inverter for motor apptiations. In[100], the analytical modelling approach optimised the
power density of a singlphase dual active bridge for aircraft application. This model was
developed based on the switching frequency and leakage inductance, which was minimised to
total loss and the voluenof the design. IiL01], the analytical model of power loss and the

thermal models of the inverter was developed for electric vehicle drivetrains. Although
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analytical models are simple to develop, their accuracy is lower compared to the final

prototype.
Numerical Method

Numerical methods are based on the analytical equations and use interactive functions to
choose the solutions. I[102], sequential unconstrained minimisation and the augmented
Lagrangian penalty function methods were introduced to oimisoseffective design for

a switching regulator. The same method was extended to minimise the weight and volume of
a halfbridge DGDC power convertef103] and [104]. In [105] and[106], multiple design
parameters (e.g., switching frequency, rippled ashange of temperature) are used to
maximise the efficiency of buck and bubkost converters. From these works, the converter
design can be optimised for the desired performance as long as the design parameters are
bounded. Moreover, if the number of radons is lower, then the computation can be

completed without converging to the solutions, which reduces the efficacy of the designs.
2.6.2 Optimisation M ethods

Grid SearchMethod

In the grid search method, the combination of design parameters is mapped onto the
performance parameters of the converter. A mablfective design method was introduced to
identify the rectifier's Paretfyont of efficiency and power densifyt07]. The simulation
results of the search method were verified using a laboratory prototype, which ensured high
efficiency and power density design. [@08], an optimisation method achieved 99%
efficiency for a 5kW DEDC converter design. An optimisation tamas presented ifiL09]

to maximise the power density of an inverter. In addition, a design methodology was
presented to optimise the losses associated with the medium frequency tranffaGher
However, while these methods are relatively simple, thaben of design parameters is

exponential with the number of variables.

DeterministicAlgorithm
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The deterministic algorithm computes the mathematical functions of the design and
performance parameters of the optimisation problems. The mathematical fymcitiutes

the output for a given objectivl11]. In [112], a GRbased optimisation approach was
presented to optimise the power loss and volume of the inductors. A simplex modelling
approach was presented [hl13] to optimise the components of a Cuk camee The
efficiency and power density of a B@QC converter was optimised usitige GP method and
polynomial functiong[114] and [115]. Although these algorithms converge to the optimal

solutions, additional constraints are required, and this increasegdesim
StochasticOptimisation

The stochastic optimisation methods are based on mathematical functions with random
variables. A genetic algorithm (GA) based constrained optimisation framework was
presented to understand the tradis involved in the flypack converter desigfLl6]. A
multi-objective optimisation approach was presentgd 17] to minimise the power loss and

cost of the PV systems. [h18], particle swarm optimisation (PSO) method was presented to
minimise the power loss of a DBC converter. The complexity of the optimisation methods

is higher due to large number of constraints and iterations. In addition, the optimal solutions

can be diveged duedo the random variables.

2.6.3 Al -basedM ethods

Artificial Intelligence (Al) methods have been used to compute the optimal design of power
converter. An ANNbased design method has been introduced to develop the reliability
model for the singlphaseinverters. The reliability model is developed by considering the
switches and ac filters of the systems. This method is highly accurate, requires less
computational time, and has improved competdid®]. The potential of an ANMNbased
design was used to adel and optimise the inductor dfe DC-DC converter[120]. The

ANN-based method improved the accuracy and reduced the computation time.
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2.7 Summary

This chapter has presented a detailed review of spitdse inverters withower decoupling
function and the design methods. Conventional sipgkse inverters are popularly used for
grid-connected and standalone renewable energy applications. However, a conventional
inverter requires a large DIk capacitor to store the inherent secoimpble power.
Therefore, activepower decouplingnethods were introduced to reduce the need for sizeable
DC-link capacitance. Most of the decoupling methods were developed using additional active
and passive components, which require different control schebitfsrential inverters
eliminate the Ddink ripple power without using additional components. Nevertheless, these
methods only focus on improving efficiency, which reduces the power density.

WBG devices improve thevertersefficiency and power densitythe GaNbasedpower
decouplingmethods are designed using direct approaches, which limits the full utilisation of
the design freedom. Meanwhile, systematic design approaches can identify the optimal
design of power electronic converters. The conventianal optimisation design methods
required more information and computational time. In contrast, AEded desigmethods

find the optimal design with less computational time and with better accitawever, the

systemlevel design was not studied using WNbased methods.



Chapter 3 Design andControl of Single-phase
Differential Buck Inverters for Power

Decoupling

3.1 Introduction

The design of singtphase differential buck inverters has two important considerations,
including reducing secondrde ripple power using decoupling capacitors and increasing
inverter performancedJsing larger decoupling capacitors will improve the performance of
ripple power reduction and efficienayhile reducing power densityrthe previous literature

has often aimed to reduce the total capacitance as much as possible, which leads to reduced
volume. However, a smaller decoupling capacitor will increase the secdad ripple
circulating current, which reduces tievertersefficiency becauselecouplingcapacitance

and efficiency are mutuallyoupled. Such tradeoff has not been fully modelled and

investigated, leading to tseiboptimal design of inverter3.o address that,

x A mathematical model of power loss and volumeath component within the inverter
is developed in Section 3.2. A trad# analysis of all the active and passive
components of the inverter is studied through detailed modelling.

x  Section 3.3 will conduct an 4depth analysis of the relationship betwelea éfficiency
and power density of the decoupling capacitor. GaN -gffect transistors (FETS) are
adopted within the design approach to ensure the high efficiency andpowvgsr
density of the designed inverters.

x  Then, a multobjective optimisation mabd based on GP is proposed in Section 3.4 to

optimise the efficiency and power density. The proposed design approach is based on
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detailed modelling of power loss and volume by considering the dominant inverter
design parameters.

x  The design of voltage, aent and secondrder controllers is discussed in Section 3.5.

x Section 3.6.1 will discuss how the outcome of the design approach can be used for the
optimal selection of decoupling capacitors associated with other components, including

inductors, heatsinks&nd power switches.

x A laboratory prototype is developed in Section 3.6.2 to verify the effectiveness of the
proposed design approach.

3.2 Modelling of Power L oss andVolume of theBuck Inverter

o- >
ldc
Cascode SJ|_ SJE La
structure | L (5501 Va
Vin V|
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4 SJE SAE L Gl o

o ® &

Figure 3.1: Singlghase differential buck inverter with pewdecoupling function.

The detailed modelling of the differential buck inverter topology is presentedHigere

3.1). A mathematical model is essential to explore the efficiency and power density of the
inverters. In general, the models of power electronics components include different design
variables. For example, the switching loss of a power switch dependsiesiga variable
switching frequency. This compondevel model will only give the power loss of an

individual component. Although the total losses can be calculated by aggregating the
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individual componentevel losses, this will reduce the efficacy oétmodelling approach.
Therefore, an accurate systéenel modelling approach is required, which needs to consider
all of the design variables.

The detailed systefievel power loss and volume model of each component are derived
based on the active power depling approach. From this, the efficiency and power density
are further determined. The design variables including switching frequi@ndiie inductor
ripple Y'Q, the switch are® , and the junction temperatub8Y are used to calculate the
powerloss and volumeThe major components are considered, includwogver GaN FETS,

inductors, capacitors, and heat sinks.
3.2.1 Power GaN FET

The power loss models of the GaN FB&E derived based on the-state resistanc® |
the output capacitande , and the thermal junctieto-case resistanc¥  of the switches.

These variables are scaled by their reference values with respect to the area of the switch. The
switching losses of the invertare the sum of the turon and turroff loss of all of the

switches[121]. The switching losses of the higher side swiichy; ( pho (seeFigure

1) are obtained dsllows,

. WRw oy 2z Q. :
U, w Y QU@ EJO QompT krR QF

QUQE‘HO QompT R QF

(3.1)

where'Q,, ,ig the secondrder current component aﬁ(‘d}a is the inductor current ripplés g

and & gare the rise and fall times for the current in the swibghhand g, are the rise and

fall times for the voltage in the switch.

The switching loss of the lower side switch&sand™Y is lower because it is based on the

diode voltage dropy p Theswitching losses of the lower side switth; , ¢t can be

derived agollows,
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QUOEIO Qo mp AR QF
From equation (3.1) and (3.2), the total switching losges of the inverter can be

calculated as the sum of ;5 ,ando |

The conduction loss depends on Reot Mean SquareRMS) current flowing through the

switch Qs . ,sthe onstate resistancdp s @pd the change in junction temperatb"r’r'q It

will vary according to the duty cycle of the switch€g °Y. After applying the

mathematical simplifications, the total condootiossl; , _Gah bg written as,

z

Gt ot , CO%S;T(SHN p "}( 'QUQE’[')O ugompﬁ 'QUQEBO
(3.3)
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The power losses of the output capacitadge, (depend on the input voltage and the
switchingfrequency, which can be expressed as,
8o P w

B ey § " G R (3.4)

z
OSW

The reverse recovery loss of the lower side switche®t negligible for cascode devices.
The total reverse recovery logs,, ,is ¢glculated as,
0 s

lT)tot,‘lf.r T
OSW

@ Rw (3.5)
The gate losses depend on the switching frequency, thesgatee voltagey; sand the gate
chargef)g. The total gate loss of four switch@s, is Galculated as,

s Disw

Ot ot & —xr— G5SQuw (3.6)
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In cascode GaN FETSs, thmdy diode of the lower side switches incw@conduction loss
during the reverse recovery time[121]. The total power los8, , ; ofghie body diodes can

be written as,

O or, 665000 (QuOEIO OEJO0 A CQomp (3.7)

The volume of theswitches can be calculated as,

0 &y TQPsw (3.8)

where'Q js the height of the switch package.
3.2.2 Output Inductors

The inductor power losses consist of the core losses, the AC and DC TdssésCand DC
losses occurred due tioe harmonicsand theripple currentThe inductor power lossesan be
expressed d422],

Oinai®y R Q30w Q @i (3.9)
where® 4 |, andr are the Steinmetz coefficients, ,andd ;are the constants which are

used to approximate the values of winding resistamaaga-are the real valugbat areused

to reduce the nehnearity.

The approximated inductor volume is calculated as,

qu nd d}_i‘)"@eak,!’@eak, fh.@ug)eak,ugeak, f;{l6'peak,'9eak, b(3-10)

Peak QUOEIO mp —Qa (3.12)

q
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where® 4 ) 5 and® gare the polynomial coefficients of the inductor which must be a
positive valueD is the inductor valueb 0, 0, . Qe 2 AN, 4 Aresthe peak current of

the inductors.
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The inductor selection is associated with the value of the inductothanaximum output

current. The required value of the inductor is calculated by the following expression,

Q) n
YQQu

wherei is the ripple coefficient of the inductomnhich can be selectetb between 20% to

0 (3.13)

35% of the maximum output current. The current flow through the inductor contains
switching ripple due to the switches ON and OFF. In equation (3.13), the ripple aament
be reducel by increasing the value of the inductétowever the peferred solution of the
inductor is the lower value and smaller size.decrease the inductance value, the switching

frequency needs to be optead accordingly.
3.2.3 Power Decoupling Capacitors

The power loss of the capacitor is calculated as,

L Bus QAT

where'Qus igthe RMS current flow through the capaciOrdylis the loss factofQ ,is the

(3.14)

frequency of secondrder ripple power and is the value of the capacitance.

In practical design, the capacitaneelume is varied by different manufacturers; for that
reason, an approximated model is used. The total box volume of the capacitogsre

calculated as,

O&ap, xd G of xda, @ sk, O (3.15)
wheredyx 3, (x5 anddy. ;are the polynomial coefficients of the capacitor which must be a
positive valueo is the output capacitod 0, 0y, . 6y, anduy, are the voltage across the

output capacitors. The capacitor voltagesanday, are represented as,



3.3 Tradeoffs Between the Decoupling Gacitance, Power Loss and Power 39

Density

G, %”p OEJ0 U omp (3.16)
G, %‘t OESO A Usomp (3.17)

The output capacitor selection is the biggest challenge, which requires-affremlbe made
between the secormtder ripple, power loss and volume. The details of the output capacitor

selection are discussed in Section 3.
3.2.4 Heat sinks
The volume of the heat sink is calculajé@3] as,

O fhear sEIYY o Yoo s (3.18)
whereys ais the volumetric resistanc8y, is the power dissipated by the GaN FES”Fég(is
the temperature difference between the junction and the ambigngis the thermal
resistance from junctioto-case of the semiconductor, ai sis the thermal resistance
from case to the mounting $ace of the semiconductor. The values¥gf cand Yy sare
provided by the manufacturefhe value of Yy cis considered to be one of the design
parameters of the heat sink because it is attached to the heat source. Several other parameters
need to be ansidered when selecting heat sinks, such as thermal resistance, volumetric
resistance, and fin spacing. The extruded radial fins type heat sink is the better choice for the

given design because it allows two switches to be mounted in one heat sink.

3.3 Trade-offs Between theDecoupling Capacitance,Power

L ossand Power Density

The tradeoff between the decoupling capacitance and the total power losses of the inverter
are analysed in detail. The impacts of capacitance on the switching and conduction loss of
GaN FETs are reflected in (3.1) to (3.3). The capacitor's power losfcidated by (3.14).
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The capacitance will also influence the power losthefinductor by affecting the value of

‘Quin (3.9). Itis then vital to derive the expression of the total capacitance, as follows.

The decoupling capacitors reduce the seaudér ripples at the D@Gnk by buffering the
secondorder power. Hence, the seceoder component is processed by the decoupling
capacitors. The power balance equation of the decoupling capacitor can be written as,

LB QuRug v A
com C Al o (3.19)

wherewy ,andQ, are the output voltage and curreltjs the angular frequency. Then, the
capacitor voltage can be written as,
G (%“tp AT S O omp (3.20)

where U; , mgs the secondrder ripple compensation voltage. Integrating (3.19) and
substitutingay: into (3.19) will give the expression of the total required capacitance as,
@ @U@ EJS 0

5
: . (3.21)
w Frp AT106  Ueomp

Simplifying this equation with respect to the peak valgelds the minimum required
capacitance,
("QJ u@u t

Omi n — (3.22)
T Wut Ucomp

From (3.22), the minimum required capacitadgg js calculated to be 2&. A sensitivity
analysis is performed to vary thaal capacitance from its minimum required vabe8cF
(Case |) to 6.6 times larger or ¥35(Case Il) to investigate its impact on the power loss of

the inverter. The results are giverFigure3.2.
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Figure 3.2: Relationship between tatabacitance vs. inverter power loss vs. power den:

It can be observed that the power loss reducedinearly with the increase of capacitance.

In Case I, the capacitance is minimised and hence results in a large amplitude cfoséeond
ripple in the decoupling capacitors of inverters. This seavddr ripple raises the total
power loss to 23W, sedeéigure 3.2. In Case Il, the capacitancenmximised,and the total
power loss is reduced to only 13.8W. This happens because the large decoupling capacitor
buffers the secondrder ripple current, which mimises the effects on the circulating
secondorder current. However, arguably, such a big capacitor is not a good option because
the power density of the inverter will be reduced to 2.07kV¥/dnoreover, the amount of
change in power loss is less when thpacitance becomes larger. For instance, power loss
reduces from 23W to 17W when the capacitance increases frafta85uF. The power
density is changed from 5.84kW/dnto 4.61kW/dni. However, the power loss is only
reduced from 17W to 13.8W when the aapance increases from |55 to 18%uF. A suitable
capacitance would be in the range ofilBOto 55uF, where the average rate of change of
power loss per capacitance is the highest, around Ol 2\ eanwhile, above %8, the
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average rate is 10 timésss, around 0.025\\F. In additionthe higher power density can be
achieved.

To further acquire precisely optimised results considering both the total power loss and
volume of the inverter, a multibjective design method needs to be developed. Thgsanal
of the tradeoff between power loss and capacitansdantegrated as part of the multi

objective design method.

3.4 Multi -objective DesignUsing GP

GP is a mathematical method that can be used to solve optimisation problems. The
advantages of this methade that the global optimum solution always be achievable, and the
mathematical operations do not exceed the dimension of the problem. GP has been applied to
optimise the topology and components of power electronics convgid&js The GP is used

to find the global minimum of power loss and volume for the set of design inputs.

An overview of the proposed mulbbjective design approach is presente#ligure3.3. The
multi-objective design approach is based on GP, which is acovex optimisation
algorithm that is formulated using the monomial and posynomial fundi]. The GP can

be expressed as follows,

minimMlaxe O @& 8

subject to,

0w Do © 8w p'miQ pf8 )

JONA) dQ @ 8 pmiQ  pfB R (3.23)



3.4 Multi-objective Design Using GP 43

wheredd @M & is the vector of the design variablé®,w is the objective function
to be minimisd, and 'Q w and "Q w are the equality and inequality constraints,

respectively which must be satisfied by the solution. Usitige logarithmic function,Q w,

"Q w and"Q w can be transformed into convex functions. The input variablesist be a
non-zero real positive numbers and, the coefficiedi$tohtd , and exponentsd i ha

must bereal numbes. The design variabled is replaced by its naturdbgarithm. Then,
equation(3.23) becomes,
mi ni mhilZQQ
subject to,
1TQQ ™Q pf8 M)
17T Q0Q ™MQ pM8 h (3.24)

To formulate the GP for the mulbjective design approach, the total power [@ss angds s

volumeu § gre formulated as,

LT)tot , Il:!tsost , g’iwot , cg’tncﬁgss lT-’t ot ,6trot Lb ot , g’idndﬁcap (3-25)
Ué{otbaw Uﬁndbaapoiﬁeat sink (3-26)

Using equatios (3.25) and (3.26), the objective function and inequality constraints can be

obtained as,

mi ni mMos,e M) §sost
subiy 'U‘Q:wt, mi w QW ma x
6sw, mi ésw 6sw, ma x
S”'Q mi ryg S”'Q ma X

)U/'}( mi Y}( S'/'}( ma X (3-27)
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From (3.27), the optimal value of the power loss and volume of the inverters can be
determined after several iterations. The optimised efficiency and power density of the design
is then calculated. The outconoé the multiobjective design is the Paréimnt, which

shows the optimised efficiency and power density of the designed inverter. In addition, the

selection of the components can achieve optimised solutions.

GP based Design

1 Inductor currentripple I
:Junction temperature : :
(]

| method |q(%)
X; Design | | Performance
A A
! ‘ :vx ! space
! !
I RESEARC
‘ Optima
map‘)ing
>
SRIISsEeRa ' T ‘.
: Input parameters :| System level models) : Output parameters:
[} 0 o | |
:ﬁ‘;vétlf:'?r? fraer(ll;ency Power loss models ' Efficiency :
| ging Volume models | Power density ;
|
|

Figure 3.3: Overview ofmulti-objective design using GPased design method.

3.5 Control of Differential Buck Inverter

The control of a differential buck converter is performed by supplying a sinusoidal voltage to
the load and diverting the seceadier ripple from the Ddink currert. Figure3.4 illustrates

the inverter control withpower decouplingscheme.”O, i , "Q i and"Q, i are the

output voltage controller, inductor current controller and seawddr ripple controller of the
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inverter, respectively. These controllers are developed using the PR controter.
equations (3.28), (3.29) and (3.30), the targeted control fneguedf the PR controller can be
realised.The control objectives and the design details will be discussed in the following

section.

QR .‘%C ( : ) L"comp

Figure 3.4: Control scheme of the inverter.

3.5.1 Output Voltage Controller

The voltage controller aims to control the fundantal frequency of the inverter. However,

the output voltage can be affected by the odd and even order harmonics when considering the
power decoupling functions. Therefore, the voltage controller includes odd and even
harmonics compensators to reduce tlilecées of unwanted harmonic components and
produce a pure sinusoidal voltage. The transfer function of the output voltage controller is

expressed as follows:

o cQ
O,,l Q,, A (3.28)
hhhh

whereba bandb . ,are the proportional angsonant/oltage controller gains; is the target

frequency; and is the resonant frequency, which allows any phase delay to be cancelled
when following a sinusoidal signal. The proportional gain determines the bandwittid of
controll er. The controll erds gains are sele
system's opefoop transfer function. The minimum stability margin is then obtained. The

bode diagram of a voltage control loop is givenFigure 3.5. Consequently, the optimal
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value of the proportional gai?_ ,is obtained as 0.13 and the integral g&in , Q ., Q

B ab

ko) . band’Q . ,are obtained as 100, 80, 50, 60, andAttinimum stability phase margin of

82.8 and gain margi of 17.7dB are obtained.
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Figure 3.5: Bode diagram of the openp linearised systei2_ to U,

3.5.2 Inductor Current Controllers

The inductor

current controller tracks the fundamental frequency ands lthet odd

harmonics. Therefore, it includes the fundamental component and odd harmonic

compensators.

These compensators act according to the outpet/oltage controllerThe

compensator oddd harmonicselectedup to 7" orders which isbased orthe harmonis of

the output currentThe transfer function of the inductor current controller is expressed as

follows:
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- Q.|
o.i q, : ; (3.29)
hhh

where TQL , and ko) _, are the proportional andesonantcurrent controller gains. The
proportional gain determines the bandwidth of the controller. The controller gains are
selected using a bode plbiat isobtained from the system's opleop transfer function, and

the stability margin is confirmed\ bode dagram ofthe inductor current control loop is
given inFigure3.6. The optimal value of the proportional gé@ﬁ .is obtained as 1.4 and the
integral gainQ , ,'Q _,"Q, ,andQ __ are obtained as 15, 12, 8, anch&minimum stability

phasanargin of 66.4andgain margin of 7.96dB are obtained.
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Figure 3.6: Bode diagram of the odenp linearised systeif), .t0"'Q,
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3.5.3 DC-link Ripple Controller

The DC-link ripple controller aims to remove the secander ripple and the ripple residuals
presented in the D@nk current. The controller consists of even harmonic compensators to
cancel the even harmonics on the-xk current. The transfer function of the sad-order

ripple controller is expressed as follows:

0. Q. [ (3.30)

Figure 3.7: Bode diagram of the open loop linearised sySieno Q.


























































































































































































































































































