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Abstract

The demand for low carbon economy and limited fossil resources for energy generation
drives the research on renewable energy sources and the key technology for utilisation
of renewable energy sources: power electronics. Innovative inverter topologies and
emerging WBG semiconductor based devices at 600 V blocking class are the enabling
technologies for more efficient, reliable and accessible photovoltaic based electricity

generation.

This thesis is concerned with the impact of WBG semiconductor based power devices
on residential scale PV inverter topologies in terms of efficiency, volume reduction and
reliability. The static and dynamic characterisation of the Si and WBG based devices
are carried out, gate drive requirements are assessed and experimental performance
comparison in a single phase inverter is discussed under wide range of operating
conditions. The optimisation of GaN HEMT based single phase inverter is conducted
in terms of converter efficiency, switching frequency and converter volume. The long
term mission-profile based analysis of GaN and Si based devices is conducted and
impact of WBG devices under low and high switching frequency conditions in terms
of power loss and thermal loading are presented. Finally, a novel five-level hybrid
inverter topology based on WBG devices is proposed, simulated and experimentally

verified for higher power applications.
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Scientific Contribution

Emerging wide-bandgap (WBG) power semiconductor devices at 600 V blocking class
have been gaining attention from power electronic converter developers with special
focus on the application for renewable energy systems. The focus of this thesis is
the state-of-the-art inverter topologies and impact of WBG devices at 600 V blocking

class on residential scale PV systems.

The first contribution of this thesis is benchmarking of emerging WBG power semi-
conductor devices at 600 V blocking class, SiC MOSFET and GaN HEMT, and com-
parison to Si based devices including static and dynamic characterisation, gate drive
requirements and performance evaluation in a single phase inverter. The benchmark-
ing of devices has shown that GaN HEMT has excellent switching and conduction
properties at low current conditions with negligible temperature dependency, but a
relatively higher complex gate driver design is required for safe operation and the
design has a strong impact on switching losses. The performance results of WBG
devices in single phase inverter shows that SiC and GaN devices provide performance
enhancement over Si under wide load, temperature and switching frequency condi-
tions. In terms of switching performance, GaN HEMT has the best performance
among three technologies and allows high efficiency at high-frequency applications.
The robust performance provides optimisation of system volume and weight by chang-
ing switching frequency and heat sink temperature, without compromising system

efficiency.

The second contribution is the investigation of impact of the GaN HEMT devices
to a PV inverter in terms of power loss, converter efficiency, heat sink and output
filter volume, and thermal stress reliability analysis based on a real-field mission
profile. The excellent switching and conduction performance of GaN HEMT under
different load and heat sink temperature conditions results in very high efficiency and
low power cell loss. It is shown that combined heat sink and output filter volume
can be reduced by increasing the heat sink temperature from 50 °C to 80 °C, and

increasing the switching frequency from 16 kHz to 64 kHz, without compromising the
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efficiency of the system. The mission-profile based analysis of the GaN HEMT based
inverter shows that GaN HEMT based system has significantly lower thermal stress
in comparison to Si IGBT based system at both low and high switching frequency
conditions. The reduced thermal stress brought lower junction temperature variation

and reduced mean temperature across most stress device throughout the year.

The final contribution of this work is introduction of a novel five-level hybrid in-
verter topology based on SiC MOSFETSs dedicated for renewable energy systems and
high power applications, such as variable speed drives or propulsion systems. The
results showed that proposed topology provides higher efficiency in comparison to
state-of-the-art hybrid topology 5L-ANPC, especially at lighter load conditions. The
functionality of the topology was verified experimentally with 650 V SiC MOSFETs
in a 12 kW single phase prototype under different load and heat sink temperature

conditions.
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Chapter 1

Introduction

The ever-increasing demand for energy, limited fossil resources and the need for car-
bon footprint reduction have raised the awareness for change of the energy production,
consumption and management strategies. The aim of creating a low carbon economy
with sustainable energy generation and consumption while maintaining energy secu-
rity has been one of the top priorities for developed and developing countries. The
United Kingdom (UK) government, European Union (EU) and United States (US)
government have published reports where the importance of low carbon economy and
reduction of greenhouses gases have been emphasised, and the increased share of re-
newable energy sources in electricity generation in the short and long terms has been

promised [1], [2].

The renewable energy sources such as wind and photovoltaic (PV) have been at the
centre for renewable energy generation. The amount of installed wind power has been
increasing rapidly since 1999 and wind power is the major renewable energy source in
the world due to increase of wind turbine size and efficiency. In some countries such
as Denmark, the aim is to achieve 100 % non fossil-based power generation system
by 2050, thanks to large potential of wind along with other renewable sources [3].
In addition to wind power, photovoltaic power has seen strong interest since 2004

and the cumulative installed capacity has increased by factor of 107, from 2000 to
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2013 [4]. There are several PV farms in Spain, Germany and Portugal with installed
power higher than 40 MW. One of the reasons for increase of PV power penetration
to electricity production is the reduction of PV panel price (40 % reduction in 2008)
and the other one is advancements in power electronic system, which is the enabling
technology for renewable energy systems. Along with high power installations of
PV farms, residential scale PV systems have been adopted by the grid users by the
subsidies from governments and local authorities in order to reduce the residential

electrical energy usage from grid, and potentially feed energy to other users [5].

The share of residential energy generation is increasing rapidly and as mentioned
in the previous paragraph, power electronic systems are the enabling technologies
for renewable power systems. The power electronic converters provide efficient and
flexible connection of residential PV systems to the grid by providing grid synchro-
nisation, maximum power point tracking, anti-islanding and input voltage boosting.
As the power generated from a PV panel has to be processed with a power elec-
tronic converter, the efficiency and reliability of the converter plays a key role in the
overall performance of the system [6]. Therefore, the power electronics research has
been focussed on development of systems with higher efficiency and reliability to im-
prove overall performance of the system, reduce cost, increase energy generation and

therefore enhance the adoption of PV systems in electrical energy generation.

Two topics have received special attention for residential PV converter development:
1) Converter topologies and 2) Wide-bandgap (WBG) based power semiconductor
devices. Innovative converter topologies have been proposed, tailored for PV systems,
which provide higher efficiency and lower component count [6]. Moreover, emerging
WBG based power semiconductor devices have superior properties in comparison to
state-of-the-art Silicon (Si) based power semiconductor devices, and the development
of WBG based power devices and penetration to power conversion systems have been
announced by US government and European research platforms as one of the priorities
in energy research [7], [8]. Hence there is a clear need to assess the impact of emerging
WBG power devices in state-of-the-art PV converter topologies to understand the

impact of emerging technologies in PV systems.
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1.1 Research Objectives

The objective of this work is to investigate the impact of emerging WBG power
devices on the design, volume, performance and reliability of highly efficient single

phase PV inverters.

In this process the following aspects are considered:

e Comparison of state-of-the-art half-bridge and full-bridge based inverter topolo-

gies for residential scale transformerless PV systems.

e Benchmarking of Si and WBG based power devices at 600 V blocking class
which are suitable for high efficient single-phase inverters. The benchmarking
includes the discussion of devices structures, gate drive requirements, static and

dynamic characterisation, and application in PV inverter topologies.

e Experimental performance evaluation of residential scale single phase invert-
ers with Si and WBG devices under wide range of operation conditions (e.g.

switching frequency, output power and heat sink temperature).

e Optimisation of WBG device based residential scale single phase inverter in

terms of inverter volume, switching frequency and efficiency.

e Mission-profile based reliability-driven assessment of WBG and Si devices in a

residential scale PV inverter under long term operating conditions.

e Transfer of knowledge gained about WBG devices to higher power applications,

such as multilevel inverters.
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1.2 Thesis Outline

The thesis is structured as follows.

Chapter 2 introduces the present status and the background of PV system architec-
tures. PV cell characteristics, and historical background of PV system architectures
have been discussed. Grid requirements for the power converters that is used in PV
systems have been presented and the impact of these requirements on converter archi-
tectures has been discussed in terms of isolation, efficiency and user safety. Review
of full-bridge and half-bridge based state-of-the-art PV inverter topologies, which
eliminates common-mode current generation, has been presented including inverter
operation principles, and comparison in terms of component count and complexity.
This chapter ends with simulation based benchmark and analysis of the reviewed

topologies in a single phase, grid connected scenario.

In Chapter 3, material properties of Si and WBG materials, and state-of-the art power
devices are discussed. The material properties of Si and WBG are compared and the
benefits of WBG materials for power devices in terms of blocking and conduction
capability are discussed. The material comparison is followed by discussion of power

diodes and controlled devices at 600 V blocking class.

In Chapter 4, benchmark of Si and WBG devices in PV inverters is presented. The
benchmarking starts with static and dynamic characterisation of 600 V devices under
different current and heat sink temperature conditions. Furthermore, gate driver
requirements for Si and WBG devices are evaluated. This is followed by performance
evaluation of a T-type inverter with Si and WBG devices under different switching

frequency, output power and heat sink temperature conditions.

In Chapter 5, a Gallium Nitride (GaN) based PV inverter is analysed to explore the
benefits of GaN devices in PV inverters in terms of efficiency, converter volume reduc-
tion (heat sink and output filter) and mission-profile based reliability. The discussion

starts with the description of the inverter and test setup, followed by experimental
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results including efficiency and power loss under different switching frequency, heat
sink temperature and load conditions. This is followed by loss breakdown under dif-
ferent temperature and switching frequency conditions to evaluate performance of
devices and influence of static and dynamic losses to power cell efficiency. Further-
more, the impact of GaN devices on converter volume is assessed in terms of heat
sink and output filter volume. Finally, evaluation of GaN HEMTs and Si IGBTs is
presented considering real-field long-term PV mission profiles (e.g., ambient temper-
ature and solar irradiance) to assess the thermal loading and performance of devices

in a three-phase grid-connected configuration.

In Chapter 6, potential benefits of WBG devices at higher power applications is ex-
plored. The chapter starts with the review of five-level multilevel topologies, with
special focus on hybrid topologies. The review is followed by introduction of a new
five-level hybrid inverter, which is suitable for WBG based applications with high ef-
ficiency. The details of the proposed topology including switching states and commu-
tation scheme are presented and followed by the simulation results including efficiency
comparison with respect to state-of-the-art hybrid topology 5L-ANPC. Finally, the

experimental results based on 12 kW prototype are presented discussed.

In Chapter 7, conclusions and future works are discussed.



Chapter 2

Review of PV Inverter Topologies

The industrialised economies have been demanding cheap and reliable energy re-
sources in order to produce levels of energy that cannot be achieved by human or
animal muscle power since the beginning of industrial revolution. Fossil based natu-
ral resources such as coal and petroleum have been widely exploited for this purpose,
despite the undesirable side effects such as air pollution and climate change. In 20"
century, nuclear based energy production was introduced as an alternative to fossil
based resources, but has been recently considered as an unsustainable solution due to
safety and political problems. As a result of environmental concerns about fossil fuels,
and safety and political concerns about nuclear resources, renewable sources such as
photovoltaic, wind and hydro-electric have gained popularity in late 20" century [9].
As 2012, 19% of world’s total energy consumption has been provided by renewable

sources [10].

Photovoltaic (PV) energy is a key renewable energy resource along with hydro and
wind, and as of 2013, the global installed PV capacity has been over 138 GW with
a potential of 160 TWh energy generation every year. In addition to the current-
installed capacity, the worst case scenario for annual PV installation until 2018 is
expected to be around 35 GW [4]. Even with the worst case scenario, there is a

strong demand for energy generation with PV systems, where power electronic con-
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verters are vital components for realisation of this demand. The intermittent nature
of photovoltaic and wind resources require an interface system (e.g. power electronic
converter) between the power grid and the source for two reasons: 1) maximum uti-
lization of the source and 2) satisfying the requirements of the power grid. Therefore,
renewable power generation is one of the main focus areas of highly efficient and

reliable power electronic systems.

In this chapter, first, single stage and double stage PV converter systems are pre-
sented. The main advantages and drawbacks of each configuration are discussed.
Then some specific aspects of modern inverter systems such as common-mode (CM)
current requirements and transformerless topologies are discussed. The review of sin-
gle phase transformerless topologies that are designed to eliminate CM current and
deliver high efficiency are presented. Finally, efficiency and overall comparison of

topologies based on simulation results is presented.

2.1 PV System Architectures

Photovoltaic panels are used in PV based energy generation systems and are formed
by series and /or parallel connected PV cells, which are silicon based pn junctions with
large surface area, depending on output power, voltage and current requirements at
specified solar irrandiance and ambient temperature. The output of a PV panel
is direct current (DC) and variable in terms of output current, voltage and power.
Therefore the output of PV panel has to be controlled for operating at maximum
available power and converted to alternating current (AC) for grid connected appli-
cations. Within this context,the power electronic converters must cater for two main
functionalities: 1) maximisation of energy utilisation by means of Maximum Power
Point Tracking (MPPT) control; 2) integration with the AC grid by converting the
generated electricity from DC to AC (i.e., using DC-AC inverters) in a grid-friendly
manner. That is to say, a certain amount of demands to PV systems should be

taken into account in the planning, design, and operation phases such as PV panel
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characteristics, ambient operating conditions and grid regulations.

The model and characteristics of most common PV cell technologies are presented in
Fig. 2.1a and 2.1b respectively [11]. The model and characteristics show that a PV
cell operates as a constant DC current source up to maximum power point (MPP)
and the cell has to be operated at MPP in order to maximise the energy generation
at any ambient temperature and solar irradiance. The output dependence of a PV
cell to solar irradiance and ambient temperature is presented in Fig. 2.2a and 2.2b
respectively. During steady state operation, the ripple voltage at the output of the
PV cell should be minimised in order to minimise power variation and maximise
energy generation. The studies show that ripple voltage at the output of PV cell
(Vpy ) should be below 8.5% for achieving 98% utilization ratio [11].

A ;
; ; I Impp, VMPP
lpy Isc =¥ ( MP%’
P o
. . Vv, Pmpep o \
lsc ) PV p —
= )\ o Py <\ Vpy
Voc

(a) (b)
Figure 2.1: (a) PV cell model and (b) PV cell characteristics.

According to [12], the relation between output voltage and current of a PV cell

presented in Fig. 2.1a can be expressed as:

. . . q-Vpy ) ]
1PV = lpy.cell — 0.cell |€ —1 2.1
PV pv,cell 0, ”[Xp<a~k~T (2.1)
where 7p, .oy is the current generated by the incident light, ¢ .y is the leakage cur-
rent of the diode, ¢ is the electron charge, k is the Boltzmann constant, T' is the

temperature of pn junction and a is the diode ideality constant.
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Figure 2.2: PV cell characteristics with respect to (a) solar irradiance and (b) ambient
temperature.

On the other hand, integration of the PV system to AC grids is regulated and con-
trolled by grid operators based on national grid legislations. The national grid leg-
islations are based on the international standards set by international bodies such
as IEEE (Institute of Electrical and Electronic Engineers) and IEC (International
Electrotechnical Commission). Most relevant IEC standards for grid-connected PV
systems are IEC 61727 ”Photovoltaic (PV) Systems - Characteristics of the Utility
Interface”, IEC 61000 Electromagnetic Compatibility (EMC) and IEC 62116 ” Utility-
interconnected photovoltaic inverters - Test procedure of islanding prevention mea-
sures”. TEC 61727 lays down the requirements for interconnection of PV systems
to the utility distribution system including power quality, response to abnormal grid
conditions such as voltage deviations and frequency deviations [13]. IEC 62116 de-
fines the test procedure for evaluation of the performance of anti-islanding measures
for grid-connected PV systems [14]. Finally, IEC 61000 deals with the limitations of
harmonic currents injected to the systems where IEC 61000-3-2 covers for devices up
to 16 A per phase [15] and IEC 61000-3-3 covers limitations of voltage fluctuations
and flickers impressed on the grid [5], [16]. A summary of some standards regarding
interconnections of PV systems to the grid is presented in Tables 2.1. In addition to
Table 2.1, current harmonic limits for class A devices, such as solar inverters, with
less than 16 A output current are presented in Table 2.2. It is clear that the grid has
strict harmonic regulations in order to minimise the impact of the inverter to other

equipment connected to the grid. It should be noted that the parameters presented
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Issue | IEC 61727 [13]
Nominal power 10 kW
Harmonic Currents (3-9) 4%

(Order -h) Limits (11-15) 2%

(17-21) 1.5%
(23-33) 0.6%

Maximum THD 5%
Power factor at 50% rated power 0.90
DC current injection Less than 1.0% of rated output current

Voltage range for nominal operation 85% - 110%
(196 V - 253 V)
Frequency range for nominal operation | 50 £ 1 Hz

Table 2.1: Grid requirements for interconnections of PV systems to the grid [11].

IEC 61000-3-2 [15]

Odd Harmonics Even Harmonics
Order h Current [A] Order h Current [A]
3 2.30 2 1.08
5 1.14 4 0.43
7 0.77 6 0.30
9 0.40 8<h<40 023 x8/h
11 0.33
13 0.21
13<h<39 015x15/h

Table 2.2: Current harmonic limits for Class A devices.

in Table 2.1 and 2.2 apply to regions where IEC regulations are set as standard.
Therefore, performance and design of the PV systems must be compatible with the
requirements of installed PV array and also requirements from grid operator in the

installed region.

Based on the requirements of PV panels and AC grids, various PV systems have been
developed throughout the years. Here four main concepts are considered: centralised,

string, multi-string and ac-module technologies shown in Fig. 2.3.
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Centralised Technology

String diodes
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Figure 2.3: Historical overview of PV systems [11].

2.1.1 Centralised Technology

Development of the electricity generation from PV cells started with centralised in-
verter technology. In centralised technology, large number of PV modules are con-
nected in series and parallel in order to achieve required DC link voltage and power
rating. According to required DC link voltage, PV cells are connected in series to
form the string with required voltage capacity, and in order to achieve required power
level, the strings are connected in parallel with string diodes in series to avoid cur-
rent flow between strings. The centralised converter has severe limitations such as
high voltage cables between strings, maximum power point mismatch between PV
modules and losses in string diodes. The centralised converter was generally based
on line commutated converter topologies that suffer from high current harmonics and

low power quality.
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2.1.2 String Technology

With the advancement in Insulated-Gate Bipolar Transistor (IGBT) and Metal-
Oxide-Semiconductor Field-Effect Transistor (MOSFET) technologies up to 1000 V
blocking class, self-commutated (fully controlled) topologies gained interest in PV
systems as string inverters in order to overcome relatively high harmonics generated
by line-commutated converters (i.e. thyristor based converters), high voltage cabling
between strings, maximum power point mismatch and string diode losses. The num-
ber of series connected PV modules can also be reduced with string technology by
using a DC-DC converter between PV string and an inverter, or a line-frequency
transformer at the output of the inverter. The string approach has higher efficiency
and reduced cost due to removal of string diodes, separate MPPT applied to each

string and modular production [5], [11].

2.1.3 Multi String and AC-Module Technologies

Multi string and AC-module technologies in Fig. 2.3 are considered the next-generation
concepts for PV inverter systems that will overcome the challenges of the centralised
and the string technologies such as operating point mismatch between PV cells, sin-
gle point of failure that can disable an entire PV string, and can provide flexible
PV voltage and power ratings. In multi string configuration, a DC-DC converter is
used for each string for maximum power point control and stepping up the PV string
voltage to the main DC bus voltage where as the inverter is responsible for feeding
the generated power to the AC grid. This configuration allows further expansion of
the system by adding new PV string with a DC-DC converter to the existing PV
structure. Therefore it provides a flexible design with high efficiency. On the other
hand, AC-module technology is proposed as a plug and play concept where one large
PV module is connected to a DC-DC converter and an inverter. This configuration
removes the mismatch losses between PV modules since each module is controlled by

a single converter and therefore each module can be connected directly to grid. The
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system provides simplicity and ease of use for the users that do not have knowledge
of electrical installations. The main challenges for AC-module are achieving high
voltage amplification ratio with high efficiency in the DC-DC converter due to low
output voltage of single PV module (5 V ~ 20 V), and high power density with high
efficiency. Therefore, novel converter topologies, power device and passive technolo-
gies are required along with mass production of the inverters in order to make the
technology viable. In addition to this, the stability of the grid and harmonic content
in the grid caused by multiple inverters working in parallel are the challenges with

AC module technology [17].

2.1.4 Current Status of String Technology

Although the system structures presented in Fig. 2.3 are different, the architecture
is eventually the same, with different power ratings based on PV module configura-
tion. Due to the limitations of multi string and AC-module technologies, and high
efficiency and simplicity against centralised technology, string is the most popular
technology for PV systems. Different power electronics based systems and converter
topologies based on single-staged, double-staged, and with or without galvanic isola-
tion have been proposed in literature for string technology based PV systems in order
to comply with grid requirements, which are mentioned earlier while maximising PV
energy generation. Different converter topologies and system structures based on
single and double-staged conversion systems are published and reviewed in literature
[11, 18, 19], whereas the aforementioned power electronics converters are widely uti-
lized. Fundamental structures of single stage and double stage conversion systems
with and without isolation transformer are presented in Fig. 2.4. The traditional
solution with multiple conversion stages and galvanic isolation as shown in Fig. 2.4a
provide flexibility in PV module design and maximum user safety with the penalty
of increased system cost and efficiency. Isolation transformer or line frequency trans-
former (LF'T) provide galvanic isolation of PV module from grid and can also provide
step-up of generated output voltage at lower PV output voltage. In double-staged

conversion, a DC-DC converter is responsible for stepping up the PV output voltage
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and maximum power point tracking, where the LFT can be used to provide galvanic
isolation and elimination of ground leakage current. The ground leakage current is
caused by the voltage variation across the parasitic capacitance between the PV panel
and the earth connection, and the source of voltage variation is the common-mode
voltage variation at the output of the inverter, which will be explained in detail in
Section 2.1.5. Single stage inverter in Fig. 2.4c is the first designs of grid-connected
inverters featured a line-frequency transformer for the coupling to the mains. In re-
cent converters, high-frequency transformer coupling or transformerless inverters are
preferred, as shown in Fig. 2.4d, due to higher system efficiency and lower system

cost.

| | LFT _Grid o o Grid
DC DC ‘ ‘ DC DC
PV B DC | | AC PV B DC | | AC
(a) Double Stage (b) Double Stage without LFT
LFT Grid Grid
DC ‘ ‘ DC
PV AC PV AC
(c) Single Stage (d) Single Stage without LF'T

Figure 2.4: Conversion stages for grid-connected PV systems.

2.1.5 Common Mode Current

Single stage transformerless inverters for string technology have gained interest due
to mentioned advantages such as high efficiency and simplicity. The main problem
that arises with transformerless topologies is due to the photovoltaic panels’ para-
sitic capacitance between the panel and the earth connection , that causes ground
leakage current to flow into the grid [20, 21, 22]. This effect is extremely detrimen-
tal for the power quality and can cause the disconnection of the inverter due to the

residual current device; Figs. 2.5 and 2.6 show the path of the ground leakage cur-
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Figure 2.5: Common-mode current path for full-bridge inverter.

Figure 2.6: Common-mode current path for half-bridge inverter.
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rent for well-known full-bridge and half-bridge topologies. The main reason of the
ground leakage current is the voltage variation across stray capacitance of PV panel
with respect to ground, Cieqr1_2. Voltage variation across Cieqri_2 is determined by
common-mode voltage at the output of the converter and high frequency variation of
common-mode voltage can cause large amount of current flowing through the earth
connection. The ground current in distribution systems is limited by the grid oper-
ators and international standards in order to provide safe operation for end users.
As the leakage current circuit is completed via the earth connection of the system,
generated leakage current can flow through the users’ body in residential systems and
can be fatal for users or the people living nearby the PV system. German safety
standard VDE 0126-1-1 ” Automatic Disconnection Device between a Generator and
the Public Low-Voltage Grid” limits maximum permissible leakage RMS current to
300 mA, including active monitoring of fault current with sensitivity down to 30 mA
[5, 23]. Leakage current performance of PV inverters has been analysed in detail
in the literature and an analytical calculation of leakage current for PV inverters is
presented in [21]. The differential voltage Vpy and common mode voltage Ve, at
the output of the full-bridge in Fig. 2.5 and half-bridge in Fig. 2.6 topologies can be

calculated as follow:

VDM = VAN - VBN = VAB (22>
Vory = LAn T Vw ; Vo (2.3)

and according to [21], total common mode voltage (Viay,) after the line inductors Ly

and Ly, can be calculated as:

VCMt - VCM1 + VCM2 (24)

where
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Ly —Lp
Ve, =V, 2.5
C M, DM (Lys + Ly1) (2.5)
Therefore, the total common-mode voltage is:
L — L
VCMt = VCM1 + Voum /2 /1 (26)

2-(Lga+ L)

Equation 2.6 can be used to calculate common mode voltage at the output of the
inverter for each switching state (e.g. +Vpc, —Vpe, 0). By using the variation of
common mode voltage between switching states and value of parasitic capacitance
Clear in Fig. 2.5 and 2.6, common mode current flowing through the earth can be
calculated. Total output inductance is distributed equally among filter inductors
L and Ly, in full-bridge based topologies in order to cancel out the Vg, in Eq.
2.6. On the other hand, in half-bridge based topologies, the inductance of L, is
minimised and the total inductance is reflected on Ly in order to minimise the
common mode voltage variation at neutral point B. In the literature, it is stated
that the parasitic capacitance between PV panel and earth can vary between nano
farads and micro farads, depending on installation, weather conditions and panel
characteristics [24]. Therefore, large common mode currents can flow to earth with
transformerless topologies where the common-mode voltage varies with respect to the

switching state.

2.2 Review of Single Phase PV Inverter Topolo-

gies

In this section, the most popular single phase PV inverter topologies based on full-
bridge and half-bridge architectures are presented. Various topologies have been
introduced, specifically for transformerless string inverters for minimising ground

leakage current and maximising efficiency. The review begins with introduction of
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full-bridge inverter with three different modulation schemes: bipolar, unipolar and
hybrid modulations, and continues with full-bridge derived topologies with 3-level
voltage output. Furthermore, 3-level half-bridge based topologies are discussed and
finally, the efficiency performance of the inverters are compared according to Euro-

pean and American efficiency standards with standard Si IGBTs and Si diodes.

2.2.1 Full-Bridge Derived Topologies
2.2.1.1 Full-Bridge Inverter with Bipolar and Unipolar Modulation

The full-bridge inverter is one of the most popular single phase topologies and has been
widely used in various applications where single phase DC-AC or AC-DC conversion
is required. The schematic of full-bridge is presented in Fig. 2.7. Devices 51-S4 are
rated at full DC-link voltage Vpeo and can be modulated in order to achieve two-level
or three-level output voltage by using bipolar, unipolar or hybrid modulation. For
full-bridge based topologies, the DC-link voltage Vpe can be in the range of 350-
400 V for regions such as Europe where RMS grid voltage Vg is 230 V. Output
differential and common mode voltages with respect to each switching state for these
three modulation schemes are presented in Table. 2.3. The common-mode voltage
at the output of the inverter is calculated with respect to Eq. 2.6 with the equal

inductance of Ly and L.

R

— Cpc J Varid

Figure 2.7: Full-bridge inverter.

PV
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PWM waveforms for bipolar and unipolar modulation schemes are presented in Fig.
2.8. During bipolar modulation, S;-S; and S5-S3 device pairs are switched simul-
taneously and output voltage is varied between +Vpeo and —Vpe. Due to bipolar
variation of output voltage across filter inductor and hard switching of two devices at
each switching instant, low efficiency with high filtering requirement is expected with
this modulation scheme. On the other hand, in unipolar modulation, during positive
half of the output voltage, the voltage is varied between +Vpe and 0, and during neg-
ative half, the output voltage is varied between —Vpe and 0. For 0 voltage instants,
Op or Oy in Table 2.3 can be used during positive and negative halves of output volt-
age respectively. In comparison to bipolar modulation, the output voltage has three
level rather than two and only one switch is subject to hard switching during change
of output voltage. In addition to this, the effective switching frequency at the output
of the inverter is twice the switching frequency. In comparison to bipolar modulation,
for same switching frequency and output current ripple, the required filter inductance
will be four times smaller. Due to these reasons, the expected efficiency with unipolar
modulation is higher than bipolar modulation. In hybrid modulation, one of the legs
is switched at switching frequency while the other leg is switched at grid frequency
in order to achieve three level output voltage. The effective switching frequency at
the output of the inverter is equal to switching frequency and provides high efficiency

due to lower switching frequency in one leg.

However, from Table 2.3, with unipolar and hybrid modulation, it can be seen that the
common mode voltage varies during transition from +Vpe and —Vpe to Op and/or
On states, therefore high frequency ground leakage current will low through the PV
system. In conclusion, low efficiency, large filter requirement of bipolar modulation
and high ground leakage current of unipolar and hybrid modulation make full-bridge
inverter unattractive for transformerless single phase systems and full-bridge based
topologies have been derived that combines low filtering requirements, high efficiency

along with minimised ground leakage current.
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Bipolar Modulation
Output State | S1 So S3 Si  Vpum Ve,
+Vbe 1 0 0 1 +Vpe +Vpe/2
Unipolar Modulation
Output State Sl 52 Sg 54 VDM VCMt

+Vbe 1 0 0 1 +Vpe +VD0/2
Op 1 0 1 0 0 +Vbe
On 0 1 0 1 0 0

_VDC 0 1 1 0 _VDC +VDC/2

Hybrid Modulation
Output State | S Sy S35 Si Vou Vo,

+Vpe 1 0 0 1 +Vpe —I-Vpc/Q
Op 1 0 1 0 0 +Vbe
On 0 1 0 1 0 0

—Vbe 0 1 1 0 —Vpe +Vpe/2

Table 2.3: Switching states for full-bridge inverter with bipolar and unipolar modu-
lation scheme.

2.2.1.2 H5 Inverter

H5 inverter is one of the first derived topologies from full-bridge inverter for trans-
formerless PV systems and schematic of the inverter is presented in Fig. 2.9. In
H5, S5 switch has been introduced at the high side of DC-link in order to decouple
the output of the inverter from PV module when the output state of the inverter is
zero. The additional decoupling switch S5 is rated at full DC-link voltage Vpe. It
was mentioned that the common mode voltage in a full-bridge inverter with unipolar
modulation varies when the output state goes to zero; therefore, by decoupling the
output of the inverter from during zero state, the common-mode voltage can be kept
constant and ground leakage current can be minimised. S5 switch also prevents reac-
tive power exchange between Cpc and Ly (o). The switching states for H5 inverter are
presented in Table 2.4. Hybrid modulation scheme is implemented for this converter
where S; (S3) are switched at grid frequency, and S; and Sy (S2) are switched at
inverter switching frequency as shown in Fig. 2.10. Three level voltage is achieved

without doubling effective switching frequency at the output, as for unipolar modu-
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Figure 2.8: PWM signals for (a) bipolar modulation and (b) unipolar modulation.
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Figure 2.9: H5 inverter.

lation. The major drawbacks of this converter are the addition of S5 to the system
and the fact that three switches are conducting during active states of the inverter,
resulting in increase in conduction losses [5]. The topology has been patented and

used in commercial PV inverters [25].
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Output State Sl SQ 83 54 S5 VDM VC’Mt
+Vpe 1 0 0 1 1 +Vpe +VD0/2
0p 1 0 0 0 O 0  +Vpo/2
Oy 0 0 1 0 0 0  +Vpo/2
—Vpe 0 1 1 0 1 —Vpe +VD0/2

Table 2.4: Switching states for H5 inverter.
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Figure 2.10: PWM Signals for H5 inverter.

2.2.1.3 HERIC Inverter

Highly Efficient and Reliable Inverter Concept (HERIC) in Fig. 2.11 is another full-
bridge derived transformerless PV topology. The topology has been patented and
also commercialised for string PV systems [26]. In HERIC inverter, elimination of
ground leakage current is achieved by decoupling of PV module from the grid with
by AC bypass switch, formed by S5 and Sg rated at full DC-link voltage Vpe. The
function of AC bypass switch in HERIC is same as DC bypass switch in H5 inverter.
The switching states for HERIC are presented in Table 2.5 and represented in Fig.
2.12. In HERIC, full-bridge switches S-S5, are switched at switching frequency where
AC bypass switches S)5 and Sg are switched at grid frequency. Three level output
voltage waveform is achieved by two switches switching at switching frequency and
one at grid frequency, like in H5 inverter. The effective output switching frequency

is equal to switching frequency and two devices are in conduction at any switching



2.2. REVIEW OF SINGLE PHASE PV INVERTER TOPOLOGIES 24

state.

NERVE

. . Lp

0 N
"/

PV p— CDC Q\/ VGrid

[ [ Lf2

Figure 2.11: HERIC inverter.

Output State Sl SQ Sg 54 S5 SG VDM VCMt
+Vbe 1 0 0 1 0 1 +Vpe +VD0/2
Op 0 0 0 0 0 1 0  +Vpe/2
On 0O 0 0 0 1 0 0  +Vpe/2
—Vbe 0 1 1 0 1 0 +Vpe +Vpe/2

Table 2.5: Switching states for HERIC inverter.

2.2.1.4 H6 Inverter

The H6 architecture, shown in Fig. 2.13, was first proposed in [27]. In comparison to
the H5 topology, an additional switch Sg in the lower rail of the DC Link is present.
Dy and D, diodes in H6 are optional devices that do not conduct current but ensure
fixing common-mode voltage to Vpeo/2 in case of an asymmetric switching behaviour
in the full-bridge. In [28], it is mentioned that in topologies such as H5 and HERIC,
the Van and Vpy voltages presented in Fig. 2.5 cannot be clamped to Vpe /2 during
freewheeling period and therefore their levels depend on the parasitic parameters of
the freewheeling path. If the asymmetrical commutation occurs, the common-mode
voltage will not be equal to Vpe/2 and therefore high common-mode voltage variation

will occur at the output. D; and Dy also limit the blocking voltage of S7 and Sg to
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Figure 2.12: PWM Signals for HERIC inverter.

half of DC-link voltage Vpe/2. The switching states of H6 inverter is presented in

Table 2.6 and PWM signals are presented in Fig. 2.14. During the positive half cycle

of the output voltage, S; and Sy are on, and S5-Sg are switched complementary with

So-S3 at switching frequency. During the negative half cycle of the output voltage,

S, and S3 are on, and S5-Sg are switched complementary with S-S, at switching

frequency. During zero state, the output current is divided into S;-S3 and S»-Sy.

With unity power factor operation, only S; and Sg are subject to hard switching at

switching frequency and four devices are in conduction during active output states.

PV
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Figure 2.13: H6 inverter.

In [24], an alternative modulation strategy named UniTL was proposed for driving
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Standard Modulation [27]
Output State Sl SQ Sg 54 S5 56 VDM VCMt

+Vbe 1 0 0 1 1 1 +Vbe +VD0/2
0 I 1 1 1 0 0 0 +Vpe/2
—Vbe 0 1 1 0 1 1 +Vpe +VDC/2

UniTL Modulation [24]
Output State Sl SQ 53 S4 55 Sﬁ VDM VCMt

+Vbe 1 0 0 1 1 1 +Vpe +Vpe/2
0p 1 0 0 1 0 1 0  +Vpo/2
Oy 0 1 0 1 1 0 0  +Vpo/2
—Vbe 0 1 1 0 1 1 +Vpe —|—VD0/2

Table 2.6: Switching states for H6 inverter.
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Figure 2.14: PWM signals for (a) standard and (b) UniTL modulation.
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this topology. The main advantage of this strategy respect to the one proposed in
[27] is that the effective output current ripple is at twice the switching frequency.
The H-bridge legs are driven by different duty cycles (S; and S3): this means that
the free-wheeling will happen in both the upper and lower parts of the H-bridge,
thus effectively doubling the output voltage frequency. A dead time exists between
the commutations of the complementary pairs (S1-Ss and S3-54). The DC decoupling
transistors are switched off at the beginning of each free-wheeling phase. In particular
S5 is switched off when the output current free-wheels in the upper part of the H-
bridge, when the current free-wheels in the lower part, Sg device is to be switched off.
As a matter of fact, a lead-lag time between the commutations of the DC decoupling
and H-bridge transistors can be adopted to reduce the common mode voltage [28].
Although four devices are conducting in active states, the H6 topology with UniTL
PWM scheme promises higher efficiency in comparison to full-bridge with unipolar
and bipolar modulations due to lower switching losses. A theoretical loss analysis of

these inverter is presented in [24].

2.2.2 Half-Bridge Derived Topologies

2.2.2.1 Neutral Point Clamped (NPC) Inverter

Neutral point clamped (NPC) inverter has been introduced in [29] showing lower
dV/dt, switch stress and reduced filter requirements by providing three level out-
put voltage waveform and commutation at half of DC link voltage in comparison to
conventional two-level half-bridge inverter, presented in Fig. 2.6. The DC link of
the inverter is formed by two series capacitors that equally share DC link voltage.
The neutral wire of the grid is connected to the mid-point of the DC voltage source,
whereas phase wire is connected to filter inductor L;. The NPC inverter schematic

for single-phase system is presented in Fig. 2.15.

The inverter is formed by four series connected active switches S;-S; and two clamping

diodes D; and D», connected to neutral point of DC link capacitors Cpci and Cpesa.
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Figure 2.15: Neutral-point-clamped (NPC) inverter.

f

All of the active switches and diodes are rated at half of DC link voltage Vpc/2.
Consequently, it is possible to use power devices at the 600 V class for grid-connected
applications, where the DC link voltage is within a range of 650-1000 V. The switching
states of NPC inverter is presented in Table 2.7. The outer switches S; and S4 are
switched at switching frequency while inner switches Sy and Ss are switched at grid
frequency in order to achieve three level output voltage. NPC inverter requires double
input voltage in comparison to full bridge topologies and unbalanced switching losses
between outer switches 54 and inner switches Sy(3). The total common mode voltage
Ve, is expressed in Eq. 2.6 as the summation of common mode voltage at the output
of the inverter Vi), and across the filter inductors Viopy,. The value of Vg, and Vo,
at each switching state for calculation of Vy,, are also presented in Table 2.7. It can
be seen that the Vo), and Vioyy, vary with respect to the change output voltage, but
the common mode voltage Vi, is fixed to +Vpe /2. Therefore it can be concluded
that the asymmetrical placement of output filter inductor provides constant Vi,
and any inductance introduced to neutral point connection will lead to variation of

common mode voltage and increase in leakage current according to Eq. 2.6.
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Output State 51 SQ Sg S4 VDM VC’M1 VC’M2 VCMt
+Vpe 1 1 0 0 +VD0/2 +3VDC/4 —VD0/4 +VD0/2
Op 0 1 0 0 0 +VDC/2 0 +VDC/2
On 0 0 1 0 0  +Vpc/2 0 +Vpo)2
_VDC 0 0 1 1 _VDC/2 +VD0/4 —|—VD0/4 —|—VD0/2

Table 2.7: Switching states for NPC inverter.
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Figure 2.16: PWM signals for NPC inverter.

2.2.2.2 Active Neutral Point Clamped (ANPC) Inverter

Active neutral point clamped (ANPC) inverter is a member of half-bridge neutral
point clamped inverter family and it was introduced in [30], [31] as an alternative
to the neutral point clamped (NPC) inverter for improved loss balancing and bet-
ter utilization of semiconductor chip areas in the inverter. Replacing diodes in the
NPC inverters with active switches provides additional zero states, and at the same
time different modulation strategies can be applied with a flexible utilization of the

redundant switching states.

The topology has been discussed thoroughly for industrial drive applications in litera-
ture [32, 33, 34, 35]. The schematic of converter is presented in Fig. 2.17. As it can be
observed, the ANPC inverter is formed by 6 active switches S1-S¢ in order to achieve
a three-level output voltage, and the power devices are rated at a half of the DC-link

voltage Vpe/2. Same as NPC inverter, it is possible to use power devices at the 600
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Figure 2.17: Active neutral-point-clamped (ANPC) inverter.

Output State Sl SQ 53 54 55 56 VDM VCMt
+Vbe 1 0 1 1 0 0 +VDC/2 +VDC/2
0p 0 1 1 0 0 0 0 +Vbeo/2
On 0 0 0 1 1 0 0 +Vbc /2
Opn 0 1 1 1 1 0 0 —|—VD0/2
Ve 0 1 0 0 1 1 —Voo/2 +Voo/2

Table 2.8: Switching states for ANPC inverter.

V class for grid-connected applications. The switching states for ANPC inverter are
presented in Table 2.8. The redundant states in zero output voltage can be utilized
in PWM schemes in order to balance the switching losses. Same as NPC inverter,
the output has three voltage levels, common mode voltage is fixed to +Vpe/2 and
introduction of inductance to neutral point connection can lead to increased ground

leakage current.

Different modulation strategies have been discussed for the ANPC inverter in order to
achieve a balanced switching loss distribution or doubling of the effective switching
frequency at the output [36]. Solutions proposed in [32, 33, 34, 35] are limited to
the use of Si devices and were optimised for IGBTs as well as for MOSFETs. A
modulation strategy based on reverse conduction capability of SiC MOSFETSs has
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Figure 2.18: PWM signals for (a) conventional modulation and (b) optimised modu-
lation for reverse conduction capability.

been introduced in [37], [38]. The positive voltage is applied to the output by turning-
on S and S3 and the output current flows through the two devices in series. During
the positive active-state, Sy ensures an equal DC-link voltage sharing between S5 and
Sg without conducting any current. The transition from positive active-state to zero-
state is accomplished by switching S; off, and then simultaneously switching S, and
Ss on, and thus the current is divided in two parallel paths: S5-S3 and S4-S5. Same
commutation scheme is used for complementary switches during the negative active-
state and the zero-state. This modulation method ensures low conduction losses at
zero-states, with the penalty of asymmetrical switching loss distribution. At unity
power factor operation, which is required at steady state operation by standards [5],
the outer switches (57 and Sg) are subject to switching losses. In other cases where the
output voltage and the output current have different polarity, complementary inner
switches (Sa3) and Ss(y) are subject to switching losses. Therefore the distribution
of switching losses are dependent on power factor. The conventional and reverse

conduction optimised PWM signals are presented in Fig. 2.18.
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2.2.2.3 T-Type Inverter

T-Type inverter, also known as Neutral Point Piloted (NPP) or Bi-directional Switched
Neutral Point Clamped (BSNPC) inverter, is a member of neutral-point-clamped in-
verter topologies with three output voltage levels [39], [40]. It is one of the interesting
topologies for single-phase three-level inverter systems and is used in commercial
products [5]. The schematic of the converter and switching strategy signals are pre-
sented in Fig. 2.19 and Table 2.9 respectively. Switches that are forming the half
bridge S; and S; are rated at Vpe and bi-directional switch S, and S; are rated
at Vpc/2. Control and implementation of T-type converter in various applications
such as renewable converters and fault-tolerant systems are discussed in literature
[41, 42, 43, 44, 45, 46]. The switching strategy for this topology is published in [47]
and PWM signals are presented in Fig. 2.20. The commutation of output current
takes place between S; and S, in the positive half and between S; and S; in the
negative half wave. S3 is completely on during positive half and S5 is completely on
during negative half of the output current in order to utilize the reverse conduction
capability of power devices such as MOSFETs and High Electron Mobility Transistors
(HEMTS). In this setup, S; and Sy switches have to withstand full-DC link voltage
Vbo, Se and Sz switches have to withstand half of DC-link voltage Vpc/2. Like in
NPC and ANPC inverter, same common mode analysis can be carried out and can

be seen that common mode voltage at the output of the inverter is fixed to +Vpc/2.

Output State | S; So S3 Si  Vpum Ve,
—|—VD0/2 1 0 1 0 +VDC/2 +VDC’/2
0 0 1 1 0 0 +Vpe /2
—Vpe/2 0 1 0 1 —Vpe/2 +Vpe/2

Table 2.9: Switching states for T-Type inverter.
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Figure 2.19: T-Type inverter.
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Figure 2.20: PWM signals for T-Type inverter.
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2.3 Simulation-Based Benchmark and Analysis

The presented transformerless inverter topologies are simulated in a grid connected
system in order to evaluate the efficiency performance under wide load range with
state-of-the-art Si IGBT and Si diodes. Infineon 650V IGBT IKP20N60H3 and 1200V
IGBT IKW25N120H3 with antiparallel Si diodes have been used for efficiency eval-
uation [48], [49]. The considered grid connection arrangement is presented in Fig.
2.21, and converter, grid and output filter parameters for the simulation model are
presented in Table 2.10. Single stage LC filter has been used in order to keep the
Total Harmonic Distortion (THD) less than 5% and comply with grid requirements
in Table 2.1. The inductance and capacitance values have been selected in order to
set inductor ripple current to 20 % of maximum output current and cut-off frequency
of the LC filter to 10 times of output ripple frequency foyr. According to these
assumptions, Filter 2 in Table 2.10 is used for full-bridge inverter with bipolar modu-
lation and Filter 1 is used for the rest of the topologies. Finally, the grid inductance

is estimated as 40 pH, which is a reasonable value for low voltage grid systems.

Lf Lg

DC c, |
C’\/) Varid
I

voe O
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Figure 2.21: Grid connected string inverter.

The maximum output power Foyr,,,, for each inverter is 2.5 kW and the input DC
link voltage for full bridge and NPC topologies is 400 V and 800 V respectively in order
to feed power to 230 V,.,.s, 50 Hz European grid system. The switching frequency is
chosen to be 16 kHz or 32 kHz depending on topology in order to provide fixed 32 kHz

output ripple current across filter inductor L;. The dead time between complementary
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Converter Parameters

Ve [V] Povuryax (W] | fsw [kHz] | four [kHz] | T}, [°C] | ta [ns]
400/800 2500 16/32 32 50 500
Grid Parameters Filter 1 Filter 2
Ly H] | Varia [V] | faria [Hz] Ly [H] Cr [F] Ly [H] | Cf [F]
400 230 50 1m 2.7u 2m 1.5u

Table 2.10: Simulation conditions for full-bridge and neutral point clamped based

inverters.

switching devices is set to 500 ns and the heat sink temperature for power devices is

fixed to 50 °C. Power losses across each semiconductor has been measured in order

to asses power cell performance for each inverter under same operating conditions.

Simulations have been carried out with PLECS® Standalone tool [50], [51]. The

acronyms for the topologies are presented in Table 2.11 and the comparison of main

parameters of each topology is presented in Table 2.12.
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Figure 2.22: Efficiency comparison of full bridge and neutral point clamped based
inverters under different load conditions.
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Topology ‘ Acronym
Full-bridge inverter with bipolar modulation FB BP
Full-bridge inverter with unipolar modulation | FB UP
Highly efficiency and reliable inverter concept | HERIC
Neutral point clamped inverter NPC
Active neutral point clamped inverter ANPC
Table 2.11: Acronyms for the simulated topologies presented in Table 2.12
H Full-Bridge Derived ‘ Half-Bridge Derived
Topology FB BP | FB UP H5 HERIC H6 NPC ANPC T-Type
DC-Link Voltage 400 V 400 V 400 V 400 V 400 V 800 V 800 V 800 V
Input Capacitor 1500 pF | 1500 pF | 1500 pF | 1500 pwF | 1500 pF | 3000 pF | 3000 puF | 3000 puF
Lyg—px = 20%in each each each
‘/pk—pk‘ = 3%‘/111
Input Capacitor Energy 120 J 120 J 120 J 120 J 120 J 480 J 480 J 480 J
Switching Frequency 32 kHz | 16 kHz 32 kHz 32 kHz 32 kHz 32 kHz 32 kHz 32 kHz
Output Inductor Ly 2 mH 1 mH 1 mH 1 mH 1 mH 1 mH 1 mH 1 mH
Output Capacitor Cy 2.7 puF 1.5 uF 1.5 uF 1.5 uF 1.5 uF 1.5 uF 1.5 uF 1.5 uF
Number of Switches 4 4 5 6 6 4 6 4
Number of Diodes 0 0 0 0 2 2 0 0
Switch Voltage Rating 600 V 600 V 600 V 600 V 600 V 600 V 600 V| 2x1200 V
2x600 V
Switch Current Rating 6.94A | 711 A |2x770 A | 2x649 A | 2x7.12 A | 2x6.4 A | 2x6.42 A | 2x6.49 A
2x6.47 A | 2x4.14 A | 2x9.15 A | 2x7.6 A | 2x6.5 A | 2x4.16 A
1x9.15 A 2x2.83 A
Diode Voltage Rating 600 V 600 V 600 V 600 V 600 V 600 V 600 V| 2x1200 V
2x600 V
Diode Current Rating 3.34 A 295 A | 2x4.17 A | 2x4.14 A | 2x29 A | 2x4.16 A | 2x2.83 A | 2x4.16 A
2x0.3 A 2x1.4 A
Power Cell Efficiency 97.94% | 98.39% | 97.99% 98.39% 97.62% 98.39% 98.46% 98.25%

at Full Load

Table 2.12: Comparison table for different inverter topologies.
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The efficiency curves of each inverter under various load conditions excluding gate
driver and auxiliary supply losses are presented in Fig. 2.22 and semiconductor loss
breakdown of each inverter at 2.5 kW output power is presented in Fig. 2.24. The
ANPC topology has the highest efficiency among 8 topologies and is followed by NPC,
full-bridge with unipolar modulation (FB UP), HERIC and T-Type topologies. As
it is mentioned before, full-bridge inverter with unipolar modulation is not suitable
for transformerless applications due to high ground leakage current, but it has been
presented in order to compare with other presented topologies. It is clear that number
of devices in conduction plays a significant role in the efficiency of the inverter at high
output power values. Apart from FB BP, all of the topologies achieve higher than 98
% efficiency under wide load range and show promising performance for string based

transformerless inverter systems.

The efficiency of the inverters under partial loads are critical as most of the PV sys-
tems operate at partial loads throughout the year due to variation of solar irradiance
and ambient temperature. In Europe, the European Union (EU) defined the standard
for inverter efficiency considering efficiencies between 5 % and 100 % with different
weight factors and is presented in Eq. 2.7 [52]. On the other hand, California Energy
Commission (CEC) defined inverter efficiency with different weight factors for loads

between 10 % and 100 %, and is presented in Eq. 2.8 [53].
NEURO = 0.03'7]5%+0.06'7710%+0.13'7]20%+0.10'7730% +0.48'7]50%+0.20-7]100% (27)

Ncec = 0.04- To% + 0.05- 20% + 0.12- M30% + 0.21- M50% + 0.53- Nrs5% + 0.05- M100% (28)

Finally, the loss breakdown in Fig. 2.24 provides valuable information about how
the semiconductor losses affect efficiency of different topologies. H6 topology suffers
from high number of conducting switching during active states and has the highest
conduction losses among 8 topologies. On the other hand, T-Type inverter suffers
from switching losses of 1200V IGBTSs as it is the only topology that uses 1200V

switches for grid connected application.

According to Eq. 2.7 and Eq. 2.8, efficiencies of the simulated inverters have been

calculated and presented in Fig. 2.23. For all of the simulated inverters, efficiency
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Figure 2.23: Efficiency comparison of full-bridge and half-bridge derived inverters
based on EU and CEC efficiency definitions.
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Figure 2.24: Semiconductor loss breakdown for each converter at 2.5 kW output
power.
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is higher with EU formula but the relative comparison does not change for both EU
and CEC cases. ANPC inverter has the highest efficiency among all topologies and
is followed by HERIC, NPC, T-Type, H5 and H6.

2.4 Conclusions

In this chapter, historical overview of PV systems, grid requirements for PV in-
verters, comparison of PV systems with different conversion stages, ground leakage
current requirements and challenges for transformerless inverter topologies have been
discussed. State-of-the-art transformerless inverters based on full-bridge and NPC
topologies for string PV systems have been presented. Presented inverters have been
simulated with conventional Si based power devices and single-phase grid connection
in order to assess the performance under different load conditions. The results show
that transformerless topologies can achieve very high efficiency (> 98 %) and can
maximise the energy generation from PV module under wide load conditions. The
loss comparison of topologies showed that ANPC topology has the highest efficiency
among eight topologies due to high switching and conduction performance under wide

load range.



Chapter 3

Wide-Bandgap Power Devices

Wide-bandgap (WBG) materials (e.g. SiC, GaN, diamond) are considered strong can-
didates to replace silicon (Si) for semiconductor development due to superior material
properties. Since the introduction of the first Si based solid-state switches, it took
almost half a century for the first wide-bandgap based power device (SiC Schottky-
barrier diode) to become commercially available. With SiC based devices, introduc-
tion of SiC Schottky-barrier diode is followed by fully-controlled power switches at
blocking voltage range above 600 V such as MOSFETSs, and normally-on and off
Junction Field-Effect Transistors (JFETs). With GaN based devices, 600 V verti-
cal diodes were produced as samples but discontinued due to commercial reasons
(expensive substrate and strong competition from SiC Schottky-barrier diode) and
the development resources were focused on HEMTs. These devices in SiC and GaN
show superior switching and conduction performance over wide temperature range
in comparison to Si based IGBTs and therefore have been considered as promising
solution for high-efficient inverters for transformerless PV systems. In this chapter,
properties of WBG materials, and state-of-the-art WBG power devices are discussed

and compared with their counterparts.

40
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3.1 Wide-Bandgap Material Properties

Silicon is the well established material for the fabrication of power semiconductor
devices since the introduction of thyristors and diodes in 1950s. Due to device pro-
duction process improvements and device optimisation over the years, the intrinsic
material properties of Si are becoming the limiting factor for the performance of power
devices and therefore power converters to further drive evolution according to indus-
trial expectations [54], [55]. Along with work on super junction device development
[56], a lot of effort is spent on device development with wide-bandgap materials such
as silicon carbide (SiC) and gallium nitride (GaN). In this section, properties of WBG
materials with Si is compared and the impact on device properties such as switching,

conduction and blocking performances are discussed.

An ideal power switch is desired to perform with zero conduction loss, zero switching
loss and infinite voltage blocking capability to achieve high performance in power
converters. Therefore, the material that is used to develop power devices should
have the properties to satisfy these three requirements as much as possible. In solid
materials, electrons are located around the atom at different energy bands. The
top energy band and the next lower band are called conduction band and valence
band respectively. The current conduction in a material is achieved by electrons in
conduction band moving from one atom to another. The break of an electron also
creates a hole in the valence band of the atom and leaves it positively charged. The
holes can also move in the materials in the opposite direction of of electrons and
contribute to current conduction. It should be noted that the mobility of electrons

are higher than holes.

Simplified energy bands for metal, semiconductor and insulator are illustrated in Fig.
3.1. The valance and conduction band in semiconductors and insulators are separated
by a bandgap E,. The E, represents the amount of energy to break the electrons out
of the bonds in valence band and move them to conduction band, or vice versa. For
metals, the conduction and valence bands are overlapped, thus the £, does not exist.

For semiconductors, the conduction band is almost empty and the bandgap varies de-
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Property ‘ Si ‘ 4H-SiC ‘ GaN ‘ Diamond
Bandgap, £, [eV] 1.12 3.26 3.39 5.47
Dielectric Constant, e, 11.8 9.7 9.0 5.7
Electric Breakdown Field, E,.; [MV/cm] 0.23 2.2 3.3 5.6
Electron Mobility, j,, [cm?/Vs] 1400 950 1500 1800
Saturated electron drift velocity, v [x107 cm/s] 1 2 2.5 2.7
Thermal Conductivity, A [W/cm-K] 1.5 3.8 1.3 22
Baliga’s Figure of Merit [BFoM] 1 500 2400 9000

Table 3.1: Material properties of Si and WBG materials [55], [59].

pending on the properties of semiconductor material. Semiconductor materials allow
thermal excitation of electrons into their conduction band below their melting point.
Therefore the requirements of a power switch (conduction, blocking and switching)

can be satisfied with semiconductor materials. [57], [58].

Metal Semiconductor Insulator

E
Conduction Band | Partially Filled Almost Empty \—mm

A

E E
g g
Valence Band —T—

Figure 3.1: Simplified energy diagram of solid metal, semiconductor and insulators.

Within semiconductor materials, the family of materials which require more than 1.7
eV to 2.5 eV bandgap energy to move an electron from valence band to conduction
band or vice versa are called wide-bandgap semiconductors. Some key material prop-
erties of popular WBG materials SiC (4H-SiC polytype), GaN, diamond, and Si are
presented in Table 3.1. It can be seen that the bandgaps of SiC, GaN and Diamond
are about 3 to 5 times higher than the bandgap of Si. This means that higher energy
temperature is required to break the bond of an electron and move it from one band

to another.

Wide-bandgap materials have naturally lower intrinsic carrier concentration n; in
comparison to Si, due to the higher F;. n; depends exponentially on £, and tem-
perature, and, as the leakage current of devices is proportional to n; and n?, WBG
based devices can operate at much higher temperatures with same leakage current in

Si based devices or at the same temperature with Si much lower leakage current. The
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Figure 3.2: Leakage currents in a P-i-N diode under reverse bias voltage [57].

n; has also an impact on on-state performance of power devices. The built-in poten-
tial across the forward biased pn junction caused by space charge region (depletion

region) at thermal equilibrium is defined as:

-T N, - N,
:k n (=~ d

Vbi
’ q n?

) (3.1)

where N, and Ny are acceptor and donor densities, k is Boltzmann constant, T is
temperature, ¢ is elementary charge. Although the built-in voltage does not represent
the total voltage drop, it has a strong contribution in conduction losses. Therefore the
built-in potential is important for calculation of on-state performance of power devices
[57]. As the pn junction is reverse biased in blocking mode, the depletion region is
extended to withstand the reverse bias voltage. In this case, the leakage current for a
reverse biased pn junction is formed by two components: 1) space-charge generation
current and 2) diffusion current [57]. The leakage current in a P-i-N rectifier where
1 region is low doped n layer to form the depletion region wp is illustrated in Fig.
3.2. For space-charge generation current, any electron-hole pairs generated within
depletion region are swept out as shown in Fig. 3.2. According to [57], the additional
component to the space-charge generation is the diffusion current caused by minority
carriers in p+ and n regions. Any minority carriers generated in the proximity of the
junction can diffuse to the depletion region boundary and get swept to the opposite

side of the junction by the electric field across the depletion region.

In this case, the total leakage current per unit area in a P-i-N diode is summation of

diffusion current in p+ layer Jp;s¢—p+, space charge current Jgc and diffusion current
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in n layer Jp;f¢—n, and is given by:

Jir = Jpiff-p+ + Jsc + Jpiff-n (3.2)

_Q'Dn'ni2+Q'(2d)'ni+q'Dp'ni2
Ly - Napy TsC L, - Npny

(3.3)

As it is shown with the built-in voltage drop in Eq. 3.1 and leakage current under
reverse bias in Eq. 3.3, the n; has strong impact on on-state and blocking performance
of a power device. While the leakage current is reduced in proportion to n; and n;?,

the built-in voltage is increased.

The second advantage of wider bandgap is a higher electric breakdown field E..;,
which is the maximum field that can be applied across the semiconductor before
avalanche breakdown. The one-dimensional reverse biased P-i-N diode with non
punch through (NPT') and punch through (PT') designs are presented in Fig. 3.3.
In NPT based design, the electrical field starts and terminates at the low doped n
region with a triangular field distribution. In PT based design, the electrical field is
has a trapezoidal shape across low doped i region and terminated at the junction of
p+ and n layers. The advantage of PT design is reduction of the length depletion
region wp by reducing the doping density and increasing the electrical field across
the region for same blocking voltage. With different semiconductor materials, as the

E..; increases, it is possible to make thinner devices for same blocking voltage.

The breakdown voltage Vpg for a non punch through device in Fig. 3.3 can be
calculated as [59]:
Ver = 0.5 - Warift * Eerit (3.4)

where wgyip: is drift region thickness. The E,,; of SiC and GaN is approximately 10
times and 15 times higher than Si respectively. This means the drift region can be
10 and 15 times thinner in comparison to Si. The thickness of the drift region can be
expressed as a function of doping density Ny, and E..; with the following equation

[60]:
Ecm't €0 &Er

N (3.5)

Wrift =
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Figure 3.3: Electric field and voltage across depletion region in a P-i-N diode.

where gy is permittivity of vacuum and e, is dielectric constant of semiconductor
material. It can be seen that with the change from Si to SiC and GaN, the doping
density in the drift region has to be increased by 100 and 225 times respectively for
same blocking voltage. The increased doping density has a strong impact on on-state
resistance of the drift region. By combining Eq. 3.4 and 3.5, the relation between N,

and F..;; can be expressed as:

Ecm't2 *E0Ep
Ny=———— 3.6
4 2-q-Vagr (3.6)

The resistance of the drift region r,, is defined in [61] as:

Wrift

_ it 3.7
q - pn - Ng (3.7)

TDTL

where p, is the electron mobility. According to [61], by using Eq. 3.4 and 3.6, Eq.
3.7 can be linked to &, u, and E..; and Vg with the following equation:

4.V2
Ton = RS (3.8)
€0 Er Un - Ecm't

It is clear that drift region resistance is dependent on material properties presented in

Table 3.1 along with required breakdown voltage. Based on Eq. 3.8, in [62], Baliga’s
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figure of merit BF oM is defined and presented in Table 3.1 for Si and WBG materials:

BFoM = ¢, -, - E?

crit

(3.9)

BFoM provides information about the conduction losses with respect to material
properties in unipolar devices. From Table 3.1, it can be seen that BFoM of WBG
materials are significantly larger than Si. In other words, if BFoM is taken into
account for comparison of materials, on-state resistance of a unipolar device based
on GaN and SiC can be decreased by factor of 2400 and 500 in comparison to Si
based unipolar device at same blocking voltage. This does not mean that a chip size
reduction by factor of 2400 and 500 is realistic due to increased loss density. The
same amount of power can not be dissipated in 2400 or 500 times smaller chip due

to thermal restriction [59].

3.2 State-of-the-Art WBG Power Devices

In this section, different devices structures at 600 V blocking voltage range are dis-
cussed and compared in terms of physical structure. The discussion starts with diodes
including Si and SiC based, and continues with state-of-the-art fully controlled dis-

crete switches that are suitable for residential scale PV systems.

3.2.1 P-i-N Diode and Schottky Barrier Diode

3.2.1.1 Si P-i-N Diode

The P-i-N diode is based on the principle of pn junction and is designed to handle
large conduction current and blocking voltage in power electronic converters. The
structure of a P-i-N power diode is presented in Fig. 3.4. The structure consists of
three layers excluding metal contacts: p+ layer, n— layer and n+ substrate. The n+

substrate is a highly doped n layer and n— epitaxial layer is grown with specified
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Figure 3.4: P-i-N diode structure

thickness. Then, the pn junction is formed by diffusion of p+ on n— to complete the

P-i-N structure.

The n— layer provides high voltage capability to P-i-N diode and does not exist in
low-power diodes. The depletion layer is formed across n— layer and therefore the
thickness of the n— layer (low-doped base region) is determined by the breakdown
voltage of the diode. For a specific breakdown voltage, the n— layer can be dimen-
sioned with two different designs: 1) Non-punch through NPT, 2) Punch through
PT. The electrical field distribution for these two types are presented earlier in Fig.
3.3. In NPT diodes, the electric field distribution is triangular shaped and the length
of n— layer is longer than depletion layer length. Therefore, the depletion layer is
contained almost entirely in n— layer. In PT diodes, the thickness of n— layer can be
reduced by reducing doping density of the layer and increasing the maximum electric
field. In this case, the depletion region is longer than n— layer and is terminated
at n+ layer with trapezoidal electric field distribution across depletion region. In
PT diodes, although n— layer is shorter than in NPT diodes, it has higher ohmic
resistivity due to reduced doping. However, high resistivity does not have significant
impact on the operation of the diode as the drift region in the diode is shorted by
conductivity modulation. Due to short drift region, PT devices have smaller on-state
voltage in comparison to NPT diodes [58]. Vertical structure is preferred in power
devices as shown in Fig. 3.4 in order to maximise the cross-sectional area for current
flow while minimising the junction to case thermal resistance. For high voltage, high
current applications, the high voltage capability can be achieved by designing drift
region thickness with respect to N, and E..;; and the high current capability can be
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achieved by paralleling vertical cells to achieve desired on-state performance.

The on-state performance of P-i-N diode is dominated by the conduction loss across
lightly doped drift region. If a forward voltage applied to P-i-N diode, a part of the
voltage is used at the junctions to reduce potential steps and also to raise the injected
carrier density in the base region. And the remaining part is used to provide an ohmic
voltage drop over n— layer. Therefore, the on-state voltage of a P-i-N diode can be

expressed by the following equation:
V=Vp+ R Ip (3.10)

where Vp, is the on-state threshold voltage, R,, is on-state resistance and I is diode
forward voltage [58], [60]. Si is the preferred material as WBG materials (e.g. SiC)
has high on-state threshold voltage in P-i-N structure due to lower n; (Eq. 3.1).
With SiC in P-i-N diode, high conduction losses will occur, although the drift region
thickness can be reduced due to higher E.;.

The switching performance of P-i-N diode is determined by the turn-off transient that
includes reverse recovery charge @), and junction capacitance. During conduction of
P-i-N diode, excess carrier charges fill the drift region due to conduction modulation,
which is explained in the previous paragraphs, and these charges have to be removed
before expanding the depletion region for blocking the reverse voltage. After removal
of the excess carrier charges in drift region, the voltage across the diode will rapidly
rise to the blocking voltage dominated by the DC-link voltage in inverter applications.
In a half-bridge application, the reverse recovery charge of a diode will cause switching
loss in the blocking diode and also additional turn-on losses across the complementary
switch due to increase turn-on current caused by the reverse recovery current. The
turn-off energy caused by reverse recovery current E,. is expressed in [58] with the
following equation:

1 1
E, = 5 Lo Iipy + 5 Voo - Irrar - ty (3.11)

where L, is stray inductance in the commutation loop, Igrrys is maximum reverse

recovery current, Vpc is diode blocking voltage and ¢y is fall time of reverse recovery
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current from Igrgy to zero. The L, can be rewritten in terms of rate of change of
current in the diode and Eq. 3.11 can be rewritten as:

1

1 1
E,., = 3 Voo - Irrm - ts + 5 Vpc - Irpm -ty = 5 Irrn - ter - Ve (3.12)

Err = er : VDC (313)

where t, is rise time of recovery current from zero to Iggy and t,,. is total recovery
time. It can be seen that the recovery losses are directly proportional to @, and
therefore in high frequency applications it is crucial to have diodes with low @, for
minimum switching losses. To make the Eqs. 3.11 and 3.12 more meaningful, Irgras,
ts and ¢y parameters can be linked to forward current amplitude I and rate of fall of
forward current d/z/dt. The relation between Q,.., t,. and dIr/dt are given in diode
datasheets for different ambient temperatures to estimate reverse recovery loss. The
physics-based models for turn-off losses in power diodes are discussed thoroughly in

literature to link the @, t,. and dIr/dt [63, 64, 65].

3.2.1.2 SiC Schottky Barrier Diode

The alternative structure to P-i-N diode for power diodes is Schottky barrier diode
(SBD). SBD is a unipolar device and only one type of carrier is used for current
conduction. SBD diodes typically achieve smaller on-state threshold voltage in com-
parison to P-i-N diodes due to higher reverse saturation current. The drift region
thickness and on-state resistance for NPT design are presented in Egs. 3.5 and 3.8.
respectively. It can be seen from Eq. 3.8 that the on-state resistance is proportional

to V3p and inversely proportional to E2 . The on-state voltage drop across SBD

crit:
is dominated by on-state threshold voltage across the metal-semiconductor interface
and the voltage drop across drift region on-state resistance. Although the on-state
threshold voltage is smaller than in P-i-N diode, the absence of conductivity mod-
ulation increases the ohmic resistance of drift region during forward conduction. In
addition to high on-state resistance, the leakage current under reverse bias is inversely
proportional to on-state threshold voltage, which are both functions of Schottky bar-

rier height. In order to avoid large leakage current, high Schottky barrier height is
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required which will increase the on-state threshold voltage. Therefore, SBD structure

with Si is feasible up to 100-200 V blocking voltage range [57, 58, 60].

Anode
i

Schottky Metal

n- Drift Layer

n+ Substrate

Metal
g
Cathode

Figure 3.5: SiC based planar Schottky barrier diode structure.

The disadvantage of SiC in P-i-N structure can be avoided with SBD due to lower
on-state threshold voltage. In addition to this, it is possible to achieve high voltage
SBD with reasonable drift region resistance. There are two main reasons for this:
1) Drift region length with SiC is smaller due to higher E..;, 2) the doping density
can be higher due to smaller n; as shown in Table 3.1. The structure of a SiC based
planar SBD is presented in Fig. 3.5. The structure consists of a Schottky metal
contact at anode which forms Schottky junction with n— layer. Like in P-i-N diode,
n— layer is the drift layer and provides high voltage blocking capability and n+
layer is highly doped region. SBD utilises the difference between potential energies of
electrons in different materials, in this case between an n— doped semiconductor and
the Schottky metal in Fig. 3.5. The depletion region is formed at Schottky junction
with negatively charged Schottky metal and positively charged n— layer. Eventually,
the depletion region will become large enough that the flow of electrons will reach
thermal equilibrium. It should be noted that only majority carriers are involved in
this process and due to this reason SBD is a unipolar device. p doped materials can
also be used to form SBD but n doped materials are preferred due to higher mobility

of electrons in comparison to holes [58], [66].

The SBD has better switching performance in comparison to P-i-N diode due to
absence of minority carrier. Therefore, during switch off there will be reverse current
due to junction capacitance only. It should be noted that this current may not be

negligible due to reduced length of depletion region (e.g., higher capacitance for a
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given cross section) in SBD with SiC [60].

3.2.2 SiC MOSFET

The power MOSFET is a unipolar voltage controlled device through a gate terminal
and is formed by npn and pnp structures. Two types of MOSFET can be formed with
this alternating structure: enhancement (npn) and depletion (pnp) mode MOSFETS.
The enhancement mode MOSFET uses p-type layer as the channel of the device and
is formed as npn structure. On the other hand, depletion mode MOSFET utilises
n-type layer as the channel and is formed as pnp structure. The enhancement mode
devices are normally-off and use electrons as majority carriers. Furthermore, depletion
mode devices are normally-on and use holes as majority carriers. As the electrons have
almost three times higher mobility in comparison to holes and normally-off devices are
preferred in power electronics due to safety and controllability concerns, enhancement

mode MOSFETSs are preferred over depletion mode MOSFETSs for power applications.

Vertical MOSFETSs are popular as high power electronics switches, like vertical diodes,
for maximum utilisation of semiconductor area. Typical structure of an enhancement
mode vertical power MOSFET is presented in Fig. 3.6. The MOSFET is formed
by four layers of n-type and p-type materials. n+ layer at drain is the highly-doped
substrate which is used for growth of other layers. After formation of n+ substrate,
n— layer is grown epitaxially and then p and n+ layers are diffused. The n— layer
is the drift region that contains the depletion region to withstand the desired drain-
source voltage during off-state. Finally, the device structure is completed by growth

of gate oxide and deposition of gate, source and drain metallisation.

The gate oxide insulates the gate from the p and n— layers, therefore there is no
minority carrier injection to control the current flow between drain and source of
the MOSFET. It can be seen in Fig. 3.6 that the p layer is shorted to the source
metallisation at the edges of the device. This connection provides two functions during

the normal operation of MOSFET: 1) The npn structure forms a parasitic bipolar
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Figure 3.6: Vertical enhancement mode MOSFET structure.

junction transistor (BJT) and the connection of p layer to source shorts the base of
BJT to the emitter. This connection ideally prevents any false turn-on during the
blocking mode. At the connection, the doping can be increased by p+ implantation to
reduce BJT base resistance. 2) On the other hand, the direct connection of p layer to
the source forms a parasitic P-i-N body diode between the source and the drain of the
MOSFET. Moreover, it can be seen that the n— drift layer overlaps with gate oxide.
This overlap enhances the conductivity of the n— drift region under the gate during
conduction. As the parasitic BJT is kept off by low resistance connection to the
source, the breakdown voltage of the MOSFET is defined by the breakdown voltage
of the body diode formed by n+, n— and p layers. Three major parasitic capacitances
Cas, Cap and Cpg are formed in a power MOSFET between gate, source and drain
pads. The gate-source capacitance can be considered constant while gate-drain and
drain-source capacitances are dependent on the drain-source voltage due to move of

depletion region, depending on voltage across drain and source .

As it is mentioned earlier, the p layer connection to source metallisation forms a P-
i-N diode across drain and source of the MOSFET. The diode has a poor reverse
recovery performance in comparison to P-i-N or Schottky barrier diodes for the same
blocking voltage, as the p and n— layers are optimised for minimum R,,, and minimum
base resistance for parasitic BJT. Despite this, the diode can be used as an anti-
parallel diode during dead time in synchronous rectification applications. The reverse

conduction capability of the MOSFET is utilised by turning-on the channel after
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certain dead time. Therefore, the body diode of the MOSFET can be used to conduct
only during dead time between switching transitions of complementary switches and
when body diode is used, the complementary switch will be subject to higher turn-on

current due to reverse recovery charge of the the body diode.

The conductivity of the channel in MOSFET, consequently drain-source current, is
controlled by gate-source voltage. When a positive gate-source voltage is applied, the
positive voltage induces positive charge on the gate oxide. This positive charge on
gate oxide repels the majority carrier holes in the p region and exposes the negatively
charged acceptors. Further increase of the positive gate-source voltage begins to
attract free electrons along with repelling free holes. When the gate-source voltage
is large enough, the amount of free electrons in the region will be equal to the holes
in the bulk body of p layer. These free electrons form the ”inversion” layer which
is highly conductive and have the same electrical properties as an n type material.
Threshold gate-source voltage of a MOSFET is defined as the beginning of formation
of inversion layer in an enhancement mode MOSFET [58], [60].

As no minority carriers are involved in the formation of the inversion layer, MOSFET
is a majority carrier device and this brings significant benefits in terms of switching
performance. During turn-on and turn-off, the gate does not source or sink minor-
ity carriers and this leads to increase in switching speed. The switching speed is
determined by Cgs and Cop capacitors as they need to be charged and discharged
during switching transients by gate drive circuit. In a half-bridge configuration, the

switching energy of a MOSFET can be determined by the following equations:

Eswiteh = Eon + Eoff (314)
1 1 2
Eon = 5 - Vps - (IDS + ]RRM) “trs + 5 - Vbs - (IDS + g . IRRM) . tfv (3.15)
1 1
Eor = §’VDS'IDS'tm+§(VDs+V};k) Ips -ty (3.16)

where Irgrps is the reverse recovery current of complimentary switch, ¢,; is rise time
of device current, ty, is fall time of device voltage, Vpg is drain-source voltage and
Ips is drain-source current, ¢, is rise time of device voltage, t¢; is fall time of device

current and Vj; is the voltage drop caused by commutation loop inductance [58].
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On the other hand, the absence of the minority carriers eliminates the offset volt-
age during conduction but leads to increased channel and drift region resistance at
higher currents in comparison to bipolar devices [57]. The on-state voltage drop of a

MOSFET can be calculated by the following equation:
V;)n = Ron : [DS (317)

where R, is the on-state resistance of the MOSFET when the device is turned-on.
The on-state resistance in a high voltage power MOSFET is dominated by resistance
of the low doped n— layer. Similar to Eq. 3.7, the resistance of the low doped n—
layer can be calculated with the following equation [58]:

q-pm-Np-A
where A is the cross-section of the region. As the blocking voltage of MOSFET in-

R (3.18)

creases, the on-state resistance increases. Due to this reason, MOSFET structure is
not viable above 600~650 V blocking voltage range with Si. Super-junction MOS-
FETs at 600V class can also be counted as alternative device type due to good on-state
performance. However, non-linear behaviour of output capacitance of super-junction
devices places large transient load on the complementary switch and extensive reverse

recovery charge increases turn-on losses in hard-switching topologies [67], [68].

At this point, WBG materials such as SiC become attractive solutions in comparison
to Si in MOSFET structure for high voltage devices due to the benefits explained in
Section 3.1. Specifically, SiC based unipolar devices are very attractive due to lower
intrinsic carrier density and high electric breakdown field. These two properties allow
higher doping density in drift region with thinner drift region thickness. Therefore the
limitation of high drift layer resistance with Si above 600 V breakdown voltage can
be overcome with SiC. The vertical SiC MOSFET has a similar structure as the Si
version in Fig. 3.6. The SiC MOSFETSs are currently commercially available between
600 V and 1700 V blocking voltage range and used in various applications, that will

be discussed later.

For Si, the bipolar junction transistor (BJT) and MOSFET have complementary char-

acteristics that are desired in power electronics. BJT is a bipolar device and has high
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Figure 3.7: Vertical IGBT structure.

conduction performance due to presence minority carriers during device conduction
with the penalty of high power driving requirement and low switching speed. On the
other hand, MOSFET is a unipolar device which has very high switching speed with
low power driving requirement due to absence of minority carriers with the penalty
of low conduction performance. The attempts to combine the best properties of BJT
and MOSFET structures lead to introduction of Insulated-Gate Bipolar Transistor
(IGBT) for high voltage power electronics. The vertical cross section of a generic
n-channel IGBT is presented in Fig. 3.7. The structure of a vertical IGBT is very
similar to vertical MOSFET presented in Fig. 3.6 apart from the additional p+ in-
jecting layer at the collector of IGBT. The n+ buffer layer is not essential in the
operation of IGBT and is not used in some design. However, The n+ buffer layer
provides a punch through design in the drift region with trapezoidal electric field
distribution and therefore the drift layer with n+ can be thinner in comparison to

non punch through design without n+ buffer layer.

The IGBT is a voltage controlled device with the same configuration as MOSFET.
When the gate-emitter voltage exceeds threshold voltage, inversion layer begins to
form across p body region and the drain and source are connected through n channel.
The channel provides the drift current flow same in MOSFET. At the same time,the
current flow through the inversion layer causes hole injection from the p+ layer at the

collector side to the p layer. The holes move by diffusion and drift through the n—
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drift layer. As soon as the holes reach p layer, they attract the free electrons at n+
layer at the emitter and combine. The minority and majority carriers are involved
in current conduction through the n— layer and reduces drift layer resistance. The

on-state voltage drop across IGBT can be expressed by the following equation:
V =Vo+ Ron - IcE (3.19)

where V,,, is the on-state threshold of the IGBT caused by the pn junction at the
collector and R, is the drift layer resistance. During the on-state operation of IGBT,
the parasitic thyristor across collector and emitter can be false activated and the
controllability of IGBT through the gate can be loss. This process is called ”latchup”.
During injection of holes from p+ region, the holes will be attracted to the electrons
flowing through the inversion layer and a lateral flow holes through p layer can occur.
This lateral flow will create a positive voltage drop at the boundary of p layer and
n+ layer at the emitter. If the voltage drop is large enough, it will attract substantial
amount of electrons from n+ region and will turn-on the parasitic thyristor. The
thyristor can only be turned-off by removal of charge with reverse current and large

conduction time can destroy the IGBT.

The switching performance of the IGBT is affected by minority carriers and during
turn-off, these charges have to be extracted from the device which causes tail currents
at turn-off. This tail current causes additional power loss across the devices and the

turn-off energy can be estimated by the following equation:

1 1 1
Eopp = 3 Ver - Ic - try + 3 (Ver + Vi) - Ic -ty + 3 Liait - VeE -« tiair (3.20)

where Vg is IGBT collector-emitter voltage, I is collector current, t,., is rise time of
Ver, Vi is the voltage overshoot caused by stray inductance, y; is fall time of collector
current, I;,; is maximum tail current and t;,; is the decay time of tail current from
maximum to zero. Apart from the tail current loss part, the turn-off loss equation is
same as for MOSFET in Eq. 3.16. The turn-on loss can be approximated with the
same loss equation for MOSFET Eq. 3.15 [58], [60].
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3.2.3 GaN HEMT

GaN is particularly attractive as a WBG material for high frequency, high voltage
applications (e.g. grid connected systems where 600 V or 1200 V devices are utilised)
due to large critical electric field and high electron mobility, as shown in Table 3.1.
Due to lack of high quality free-standing GaN substrates and also high cost of GaN,
manufacturers have grown GaN on foreign substrates such as SiC and Si. Particu-
larly Si is the most popular material due to lowest cost technology and GaN on silicon
can be processed by standard manufacturing lines. The lack of availability of GaN
substrate and non-conductive epitaxial layer between GaN and substrate lead to de-
velopment of lateral power devices, unlike in Si and SiC based power devices. Among
different device structures, high electron mobility transistor (HEMT) is the most pop-
ular structure for lateral power devices due to its excellent switching and conduction
performance [55, 69, 70]. Recently, due to advancements in material processing tech-
nology, vertical GaN devices on GaN and Si substrates have been published by device
manufacturers [70]. In [71], vertical GaN P-i-N diode is presented on GaN substrate
with 1700 V blocking capability. In addition to this, various MOSFET and JFET
based vertical GaN devices are presented in [72, 73, 74, 75] with voltage blocking
capability higher than 600 V, but they are still at development stage and the vertical
GaN technology is not as advanced as lateral GaN technology at this stage.

In literature, lateral depletion and enhancement mode devices have been presented but
due to same reasons as in MOSFETSs, enhancement mode devices gained popularity in
GaN HEMTs. The structure of a lateral enhancement mode GaN HEMT is presented
in Fig. 3.8. The presented structure is proposed by Panasonic in [76] and is currently
used in their power devices with 600 V blocking rating. The device is grown on a
Si substrate with buffer layer containing GaN/AIN multilayer on the substrate to
provide strain relief between GaN and Si. The principal feature of the structure of
lateral GaN HEMT is the intrinsic AlGaN and intrinsic GaN heterojunction. The
interface between i-AlGaN and i-GaN forms a high-mobility electron layer called ” two-
dimensional electron gas” (2DEG) [55], [76]. Therefore a natural channel is formed

between drain and source terminals of the device. Because of natural formation of the
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Figure 3.8: Enhancement mode GaN HEMT structure.

2DEG channel, HEMT is a naturally depletion mode device. With the introduction
of p-doped AlGaN or GaN beneath the gate terminal, the channel under the gate
can be fully depleted at 0 V gate-source voltage and therefore an enhancement mode
device can be formed. With the proposed structure in Fig. 3.8, HEMT is operated as
a field-effect-transistor when the applied gate-source voltage is between gate-source
threshold voltage Vi, and forward built-in voltage V; of the pn junction formed
by p-AlGaN and 2DEG. Above V}, the holes are injected as minority carriers to the
channel from p-AlGaN to enhance on-state performance. During on-state, the number
of accumulated holes at the channel is equal to the number of electrons that flow from
the source due to charge neutrality at the channel. The drain-source bias moves the
accumulated electrons from the channel with high mobility while the injected holes
stay beneath the gate pad as the electron mobility is minimum two times higher than

hole mobility [70], [76].

Although there is no physical body diode in GaN HEMT, there is a reverse conduction
mechanism for enhancement mode and depletion mode HEMT. Due to the symmetry
of the device, the reverse conduction will start when gate-drain voltage exceeds the
gate-drain threshold voltage Vg4, . According to [70], the required voltage to activate

reverse conduction is:

Vo = Vis = Vs > Vi, (3.21)

Generally the gate-drain threshold voltage V4, is equal to gate-source threshold
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voltage Viq,,. Therefore, the voltage drop across source and drain will be:
‘/Sd = %dth - %5 + Id ’ RSdrev (322)

where Rgq,., is the effective channel resistance during reverse conduction. The GaN
devices have low threshold voltage like SiC MOSFET and due to this, negative voltage
during turn-off is recommended for safe operation. Eq. 3.22 shows that negative Vi
during turn-off will increase the on-state voltage drop across the device. Additional
anti-parallel diode may provide improvement for reverse conduction but will increase
the output capacitance of the device and will slow down the switching speed [70].
In synchronous rectification, as discussed in SiC MOSFET, this high conduction loss
will only occur during dead time instants and therefore large on-state losses can be
minimised by keeping dead time minimum and turning on the channel during reverse
conduction. The conduction and switching losses of the device can be calculated using

Eqgs. 3.14, 3.15, 3.16 and 3.17 which have been presented for MOSFET.

3.3 Conclusion

In this chapter, fundamental properties of wide-bandgap materials are introduced and
compared with Si, which has been the dominating material in power semiconductor
devices. State-of-the-art WBG and Si power devices including P-i-N diode, SBD,
IGBT, MOSFET and HEMT have been presented, operation principles have been
explained. The benefits of WBG material properties on device characteristics have
been discussed. It is clear that GaN is the promising material for WBG power device
development. The maturity of material processing for SiC provided the opportunity to
introduce vertical MOSFETSs. On the other hand, the lack of availability of conductive
substrates for GaN lead to development of lateral power devices, such as HEMTs.
Both technologies have superior switching performance in comparison to Si based

devices which will be discussed in the next chapter.



Chapter 4

Si, SiC and GalN Device

Benchmark in PV Inverters

In this chapter, benchmark of Si, SiC and GaN devices at 600 V blocking class in
terms of static, dynamic, gate drive performance and application in a three-level in-
verter is presented. The chapter starts with static and dynamic characterisation of
the devices under different load and temperature conditions. It should be noted that
Si MOSFET is not considered due to high on-state resistance at 600 V blocking class.
On the other hand, super-junction MOSFETSs at 600V class can also be counted as
alternative device type due to good on-state performance. However, as mentioned in
the previous chapter, non-linear behaviour of output capacitance of super-junction
devices places large transient load on the complementary switch and extensive re-
verse recovery charge increases turn-on losses in hard-switching topologies [67], [68].
The static characterisation begins with on-state comparison Si P-i-N, SiC SBD and
SiC P-i-N (body diode of SiC MOSFET) and followed by comparison of Si IGBT,
SiC MOSFET and GaN HEMT. The static performance is followed by assessment of
gate drive complexity and loss analysis for three device technologies. For dynamic
performance analysis, switching performance of Si IGBT, SiC MOSFET and GaN

HEMT under different current and temperature conditions are presented. The dy-

60
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namic performance analysis is followed by literature review about application and
impact of WBG devices in power electronic systems, including inverters and DC/DC
converters. Finally, the benchmark of devices in three level inverter T-type, which was
discussed in Chapter 2 is presented. The converter is tested under various tempera-
ture, switching frequency and output load conditions in order to assess the impact of
performance wide-bandgap devices under different operating conditions. Efficiency
results under different load, switching frequency and heat sink temperature are pre-

sented for three device technologies.

4.1 Static and Dynamic Characterisation of 600 V

Devices

As it is mentioned in the Section 3.2.1, the P-i-N and Schottky diodes are used in half-
bridge configurations in PV inverter applications and operated as anti-parallel diodes
with fully controlled switches. In this section, the conduction performance of an anti-
parallel Si P-i-N diode and a discrete SBD at similar current rating is evaluated. The
main parameters of these two devices are presented in Table 4.1. Si P-i-N diode and
SiC SBD have 600 V reverse voltage blocking capability and similar pulse current
ratings. They are both packaged as discrete devices in TO-220 and SiC SBD has
a planar Schottky barrier structure. Although the test conditions are different for
reverse recovery charge ()., measurement, the datasheets show that SiC SBD has
approximately 11 times smaller reverse recovery charge in comparison to Si P-i-N
diode. This will have significant impact on the turn-on current of the complementary

switch, which will be shown in Si IGBT switching performance evaluation.

In terms of controlled switches, three different active devices: Si IGBT, SiC MOSFET
and GaN HEMT are compared in terms of conduction and switching performance at
different case temperatures. The parameters of these devices are presented in Table

4.2. In order to simplify the comparison, collector and emitter terms used for Si IGBT

can be replaced with drain and source terms used for GaN HEMT and SiC MOSFET.
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Infineon ROHM
Si P-i-N SiC SBD
IKP20N60H3 SCS120AG
Vis 600 V 600 V
Ir 20 A @ T,pse = 25°C | 20 A @Q Tpyye = 98°C
10 A @ T,,s = 100°C
Ig, .. 80 A 76 A
Ve @ 25°C 1.65Va@ioA 1.5VazA
Qrr 390 nC 35 nC
@ Vi =400V @ Vi =400V
Q di/dt = 1000 A/us | @ di/dt = 380 A/us
T} 175 °C 150 °C
Device Package | TO-220-3 TO-220-2

Table 4.1: Si P-i-N diode and SiC SBD parameters

The SiC MOSFET that is used in this work is commercially available and the only
SiC MOSFET device at 600 V blocking class at the time of publication. On the other
hand GaN HEMT is available as samples from Panasonic and the only normally-off
GaN HEMT device at 600 V blocking class at the time of publication as well. The
distributor cost for single purchase in Table 4.2 shows that GaN HEMT and SiC
MOSFET are 14 and 4 times more expensive than Si IGBT respectively. It should
be noted that the price of WBG devices are dynamic at the time of publication
due to ongoing device development, manufacturing volume and limited number of
manufacturers. Therefore the cost analysis based on existing device cost may not be
conclusive to evaluate the cost impact of WBG devices in renewable energy systems
at this stage. It is expected that SiC devices will always be more expensive than Si
and GaN based devices, but the benefits of SiC can be derived in other aspects of the

system.

Comparison table shows that GaN HEMT has smallest continuous current capability
at 25 °C with 15A. One reason for limited current capability of GaN HEMT is the
maximum power dissipation capability of the package at 25 °C, which is half of SiC
MOSFET and Si IGBT due to insulated tab. In terms of conduction performance,
GaN HEMT and SiC MOSFET do not have offset voltage during conduction like
Si IGBT and the on-state resistance of GaN-HEMT is approximately half of SiC
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MOSFET at room temperature. On the other hand, drain current at 100 °C case
temperature is 20 A for SiC MOSFET and Si IGBT, and 11 A for GaN HEMT. It is
clear that Si IGBT has to be de-rated significantly in order to operate at high ambient
temperatures. At 150 °C case temperature and 20 A device current, the voltage drop
of across GaN HEMT, SiC MOSFET and Si IGBT is 3V, 3.5 V and 2.2 V respectively.
On-state voltage drops at different case temperatures show that Si IGBT has the best
conduction performance at high case temperature values and GaN HEMT has the
best conduction performance at ambient temperature. The device datasheets show
that SiC and GaN devices have very stable switching loss performance over different
junction temperatures unlike Si IGBT. This property makes wide-bandgap devices
interesting at high switching frequencies with high case temperatures. Regarding gate
requirements, it is clear that GaN HEMT has the minimum gate drive requirement
among these three devices due to smallest gate charge. Gate driver requirements
will be discussed in the Section 4.1.2 in detail. The output capacitances C,,, are
similar for all three devices and the reverse transfer capacitance C,z of GaN HEMT
is approximately 8 times and 20 times smaller than SiC MOSFET and Si IGBT

respectively.

4.1.1 Static Characterisation

The discussed diode and power switch technologies in Section 3.2 are evaluated in an
experimental setup in order to understand switching and conduction performance of
each device and potential benefits in PV inverter systems under different load current

and ambient temperature conditions.

The test setup for the conduction performance measurement is presented in Fig. 4.1.
The devices are in TO-220 package with plastic backside for GaN HEMT and metal
backside for Si IGBT, SiC MOSFET and SiC SBD. The device under test (DUT)
is placed on a temperature controlled heat sink where the temperature of the heat
sink is controlled independently from DUT power dissipation by using power resistors

for heating and fans for cooling. At each measurement, a single device is placed in
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Panasonic ROHM Infineon
GaN HEMT SiC MOSFET Si IGBT
PGA26C09DV SCT2120AF IGP20N60H3
Vs 600 V 650 V 600 V
Iss (25 °C) 15 A 29 A 40 A
I, (100 °C) 11 A 20 A 20 A
Rps—on (25°C) |71 mQ @8 A 120mQ @10 A | N/A
Veposa (25°C) | N/A N/A 1.95 V
Ciss 272 pF @10V 1200 pF @ 500 V | 1100 pF @ 25 V
Coss 19 pF @10V 90 pF @ 500 V 70 pF @25V
Chrss R2pF@i10V 13 pF @ 500 V 32pF @25V
Qy 12nC @36V 61 nC @18V 120nC @15V
6.5nC @32V
Vin 1.2V 1.6V 4.1V
Vs -10to 4.5 V -6to 22V +20 V
e 150 °C 175 °C 175 °C
Ppiss (25 °C) 83 W 165 W 170 W
Tje 1.5 °C/W 0.7°C/W 0.88 °C/W
Device Package TO-220D TO-220AB TO-220-3
Distributor Cost | €29.42 €8.55 €2.19
(Single Purchase)

Table 4.2: GaN HEMT, SiC MOSFET and Si IGBT parameters.

the centre of the heat sink to avoid hotspots closer to power resistors and the rec-
ommended constant gate-source bias is applied to GaN HEMT, Si IGBT and SiC
MOSFET with an auxiliary DC power supply. Controlled current source is used to
pass a DC current through device under various case temperature conditions in or-
der to evaluate temperature dependency of the on-state performance. The on-state
voltage drop across the device is measured with a precision multimeter. The heat
sink temperature is varied between 50 °C and 80 °C as lower heat sink temperature
values will increase the heat size and cost significantly, and higher heat sink temper-
ature (> 100 °C) will push the devices to operate closer to recommended maximum

junction temperature 75 which is between 150 °C and 175 °C for power devices

Jmaz)

with conventional packaging.
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Figure 4.1: Test setup for conduction performance analysis.

4.1.1.1 Si P-i-N, SiC SBD and SiC P-i-N

The static on-state performance of Si P-i-N, SiC SBD and SiC P-i-N diode, which
is the body diode of SiC MOSFET in Table 4.2, up to 30 A continuous current are
presented in Fig. 4.2. Although SBD structure provides lower on-state threshold
voltage Vp in comparison to P-i-N structure in Si, the Vp for Si P-i-N is around 0.61
V and for SiC SBD is around 0.802 V. The Vp decreases to 0.543 V for Si P-i-N and
to 0.755 V as the temperature increases from 50 °C to 80 °C. The on-state threshold
voltage of SiC P-i-N diode is around 2.63 V and drops down to 2.55 V as temperature
increases from 50 °C to 80 °C. It is clear that SiC P-i-N has significantly higher on-
state threshold voltage than Si P-i-N and SiC SBD counterparts due to lower n; in
SiC, which was discussed in Chapter 3 and shown in Eq. 3.1. On the other hand, the
negative temperature dependency of P-i-N in Si and SiC structure is clear at higher
current value with the reduction of on-state voltage while the SiC SBD shows positive
temperature dependency. The SiC SBD has smaller voltage drop in comparison to
Si P-i-N above 2.5 A device current and this shows that the conduction performance
will not be compromised in exchange of lower (),,.. The impact of )., with Si P-i-N
and SiC SBD will be shown in Si IGBT section, and impact of @,, with SiC P-i-N
will be shown in SiC MOSFET section.
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Figure 4.2: On-state characteristic of Si P-i-N diode, SiC SBD and SiC P-i-N diode.
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Figure 4.3: On-state characteristic of Si IGBT with 15 V gate-emitter voltage.

4.1.1.2 Si IGBT, SiC MOSFET and GaN HEMT

The static on-state performance of Si IGBT, SiC MOSFET and GaN HEMT are
presented for different current and temperature conditions, based on the test setup
discussed at the beginning of this section. The gate voltage for Si IGBT is fixed to
15 V as the recommended gate-emitter turn-on voltage. The on-state characteristic
is presented in Fig. 4.3. It can be seen that the on-state threshold voltage is around

0.5 V and the device has positive temperature dependency.

SiC MOSFET on-state characteristic is presented in Fig. 4.4 with recommended 20
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Figure 4.4: On-state and body diode characteristic of SIC MOSFET with 20 V gate-
source voltage.

V gate-source turn-on voltage for channel conduction and -3.3 V for body diode con-
duction. It is shown that the body diode has significant amount of voltage drop in
comparison to reverse conduction and the on-state threshold voltage for the body
diode is around 3 V. The absence of on-state threshold voltage with MOSFET brings
significant benefit at low current values and Fig. 4.4 shows that good reverse con-
duction capability of SiIC MOSFET can provide reduction in component count by
eliminating anti-parallel diodes in power converters, which is strictly required for Si

IGBTSs due to unidirectional current conduction capability.

The on-state and reverse conduction characteristics of GaN HEMT with different
gate-source voltages are presented in Fig. 3.8. It should be noted that the V};, of GaN
HEMT is three times smaller than Si IGBT and 1.33 times smaller than SiC MOSFET
with narrower Vi, limits, as shown in Table 4.2. The recommended gate-source voltage
during turn-on for GaN HEMT is 3.2 V. Same as SiC MOSFET, there is no on-
state threshold voltage which brings reduced on-state losses at lower current ratings.
The device has positive temperate dependency and the on-state voltage increases
from 2.5 V to 3.2 V at 20 A continuous DC current when heat sink temperature
is increased from 50 °C to 80 °C. In terms of reverse conduction, the synchronous
rectification capability is presented due to symmetry of the device discussed in the

previous sections. When the gate voltage is reduced to 0 V, the source-drain voltage
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Figure 4.5: On-state and reverse conduction characteristics of GaN HEMT with dif-
ferent gate-source voltages.

has to overcome the threshold voltage for the start of current conduction, which is
around 1.2 V in this case. It can be seen that this value is equal to the gate threshold
of the device V;, in Table 4.2. As the gate-source voltage is brought to negative values,
the on-state voltage increases to overcome the negative gate-source voltage and Vjy,.
This shows that although negative gate-source is recommended for GaN HEMT due
to low V4, it will cause large voltage drop across the device during dead time instants.
Therefore, dead time should be kept to minimum to avoid excessive conduction losses,
specifically at high switching frequencies where dead time can become a significant

portion of the switching period.

Finally, the on-state characteristic of Si IGBT, SiC MOSFET and GaN HEMT at
80 °C are plotted in Fig. 4.6 in order to compare the device forward conduction
performance. It is clear that SiC MOSFET and GaN HEMT have better on-state
performance up to 15 A due to on-state threshold voltage of Si IGBT. The smaller on-
state resistance R,, of Si IGBT brings benefit above 15 A and at 20 A, the on-state
voltage drop of SiC MOSFET and GaN HEMT is approximately 1.5 times higher
than on-state voltage drop of Si IGBT.
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Figure 4.6: Comparison of on-state characteristic of Si IGBT, SiC MOSFET and
GaN HEMT at 80 °C case temperature.

4.1.2 Gate Driver Requirements

The devices presented in the previous section require different gate-source voltages for
turn-on and turn-off. In addition to this, they also have different dynamic character-
istics; therefore bespoke gate-drivers have to be designed for each device technology.
The schematics and gate waveforms for each device are presented in Fig. 4.7. The

gate driver loss P, for SiC MOSFET and Si IGBT can be calculated as:

Py =Vy-Qqg s (4.1)

Where V, is rail-to-rail gate driver voltage, (), is cumulative gate charge and f;
is switching frequency. SiC MOSFET and Si IGBT are easy to drive in terms of
gate configuration but both devices are generally operated with positive and negative
voltages for safety reasons and faster switching. SiC MOSFET requires around +19V
to +21V for fast turn-on and minimum conduction loss; and -3V to -5V for better noise
immunity during turn-off. On the other hand, Si IGBT is driven with symmetrical
voltage such as £15V or £18V for similar reasons with SiC MOSFET. For these two
devices, two isolated power supplies or an isolated power supply with two outputs

are required. The turn-on and turn-off paths for these devices can be separated with
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Ryate(turn—of 1), OPtional external gate-source capacitance Cyg(erry can be included as
it can be seen in Fig. 4.7c, in order to achieve optimum switching speed and avoid

false turn-on due to reverse transfer capacitance [77].

GaN HEMT from Panasonic requires continuous gate current during conduction in
order to enhance the conduction performance by injecting minority carriers to the
channel, as discussed in Chapter 3. Therefore the gate driver losses can be calculated

as follow:

Pg = %'(QCS + QC,;)'fS + Rgate'[gz'D (42)

Where ()¢, is the total charge across series connected capacitor Cy in GaN gate driver,
Qc, is total charge across gate capacitance C, including reverse transfer capacitance,
Rgate is the gate resistor that provides continuous gate current I, and D is duty cy-
cle in a switching period. Series connected capacitance Cy provides inrush current
during switching and also negative voltage during turn-off in order to prevent false
turn-on due to low threshold voltage of GaN HEMT. The accumulated charge across
Cs should be larger than Q¢, in order to reach required voltage level across GaN
HEMT during turn-on and the capacitance value of C; will determine the turn-off
negative voltage. Rgq resistor is defined by continuous gate current, which is 2
mA (manufacturer recommendation) at 3.2 V gate-source voltage, and supply volt-
age. Rgate(turn—on) 15 determined according to maximum gate driver current, supply
voltage and recommended limits (300 mA in this case). The maximum gate current
should not exceed 2 A according to manufacturer application note and 300 mA is the

recommended peak gate current to achieve adequate switching performance.

In GaN HEMT gate driver, Ryq. is selected as 4.5 k(2 in order to limit continuous
gate current to 2 mA with 12 V rail-to-rail gate driver voltage and 3.2 V gate-source
voltage. For determining Rguse(turn—on) and Cy values, at first, Rgqse(turn—on) 1s selected
as 47Q) in order to provide 300mA gate charging current along with Ry.. Then, the

series capacitor Cy is selected as 3.84 nF according to following equation in order to
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Figure 4.7: Gate driver schematics and waveforms: (a) GaN HEMT gate driver, (b)
GaN HEMT gate waveform, (c¢) SiC MOSFET and Si IGBT gate driver, (d) SiC
MOSFET gate waveform, (e) Si IGBT gate waveform.

provide approximately -6.5 V (AV{,¢q)) during turn-off for safe operation and speed

up turn-on transient:

Qg
Vo = Vos = BViney)

Cs = (4.3)
By using datasheet values, the gate drive loss for each device at different switching
frequencies can be calculated. The comparison of gate drive loss with respect to
switching frequency is presented in Fig 4.8. For GaN HEMT, the duty cycle is taken
as 0.64 and the gate-source (emitter) voltage, gate charge for all devices are taken

as shown in Table 4.2. The comparison in Fig. 4.8 shows that GaN HEMT has
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Figure 4.8: Gate loss comparison of single Si IGBT, SiC MOSFET and GaN HEMT.

minimum gate loss among three device technologies. With GaN HEMT, the static
losses dominate at low switching frequencies and has clear advantage in high switching

frequencies in comparison to both SiC MOSFET and Si IGBT.

The gate current requirement and noise immunity are important factors for selection
of gate driver IC and therefore size of the IC package. High speed switching for SiC
MOSFET and Si IGBT requires small gate resistance and therefore high peak current.
Two different gate drive ICs are presented in Fig. 4.7a and 4.7c. Gate drive optocou-
pler (ACPL-P346) in Fig. 4.7a provides isolation with 70kV /s common-mode noise
rejection (CMR) and totem pole arrangement in the same package but the continuous
peak current capability is limited to 3A. The main advantage of this IC is the isolation
with single package, minimum external component requirement and small footprint
in the printed circuit board. On the other hand, limited current capability means it
is not suitable for high speed switching devices with large gate charge. For SiC MOS-
FET and Si IGBT, in Fig. 4.7c, a gate drive interface optocoupler with high CMR
has to be used for signal isolation and a high current non-isolated gate driver IC is
used for driving the power switch. In this configuration, ACPL-4800 interface IC with
30kV /s CMR is used for signal isolation and IXDNG609SI with 9A current capability is
used for gate drive circuit. Although this configuration provides higher peak current
with commercial ICs, the footprint of gate driver circuit increases significantly and

component count on the board also increases in comparison to the option in Fig. 4.7a.
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Moreover, isolated gate drive supply for both configurations is provided by isolated
DC/DC converters with minimum 1kV isolation rating and low isolation capacitance
(e.g. THO512S-H for +12V supply) in order to minimize common-mode current cir-
culation. The complexity of gate driver is an important factor, which significantly
impacts both manufacturing and testing, especially in large volume applications, from

a cost point of view.

4.1.3 Dynamic Characterisation

The switching test setup for evaluation of Si IGBT with Si P-i-N and SiC SBD, SiC
MOSFET and GaN HEMT at different current ratings and heat sink temperature is
presented in Fig. 4.10. The setup is configured as the well known double pulse test
circuit, discussed in [78], which is formed by a half-bridge leg, output inductor and
a DC-link formed by a DC power supply, electrolytic capacitors Cy. for keeping the
DC link voltage fixed at 350 V and decoupling capacitors C';;, for minimisation of
commutation loop stray inductance Ly, and delivering pulsed power. Like in static
characterisation, the same temperature controlled heat sink is used for evaluation at
different heat sink temperatures. To begin the switching loss analysis, the DC link is
charged to 350 V, which is the nominal voltage for devices at 600 V blocking voltage
range with 700 V DC link in three-level half bridge based and 350 V DC link in full
bridge topologies, discussed in Chapter 2. After charging DC link to 350 V, DU} is
turned-on to charge the load inductor L4 to the desired current value where turn-
on and turn-off switching energies will be calculated. When inductor current reaches
desired value, DUT} is turned-off and the L ,.4 current begins to free-wheel through
DUT,. After certain time (around 10 us), DUT) is turned-on again to calculate the
turn-on switching loss at the same current value with the assumption of negligible
current reduction in Lj,.q during free-wheeling. Main waveforms for double pulse
test are presented in Fig. 4.9. As it can be seen from Fig. 4.9, the switching energy
for a specific device can be obtained with this configuration at desired output current
and heat sink temperature with double pulse applied to a single switch. During

free-wheeling of Lj,.q current, the DUT, can be turned on after certain dead time
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Figure 4.9: Double pulse test waveforms for switching loss calculation.

for devices with reverse conduction capability in order to reduce the voltage drop
across the inductor and also losses in the free-wheeling device. For the high voltage
measurement, high bandwidth (400 MHz) different probes have been used in order
to capture fast switching transients. The device current is measured at the source
pin of DUT) with a 30 MHz Rogowski current probe in order not to add extra stray
inductance to the commutation loop. The temperature of the heat sink is measured

with a thermocouple.

The switching performance analysis is based on the double test setup presented in Fig.
4.10. Four different experiments have been conducted for the analysis of switching
performance of Si, SiC and GaN devices. During the experiments, the measurement
system and test layout are kept constant in order to avoid inconsistency between
results. The gate drives that have been used for Si IGBT, SiC MOSFET and GaN
HEMT are discussed in detail in Section 4.1.2, which is the previous section in this

chapter.
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Figure 4.10: Double pulse test configuration for switching analysis of Si, SiC and GaN
devices.

Dynamic characterisation begins with Si IGBT. The collector-emitter voltage Vig
and current Ior waveforms of Si IGBT for turn-on and turn-off transitions at 350 V
DC link, 30 A load current and 60 °C heat sink temperature are presented in Figs.
4.11a and 4.11b respectively. The switching results are presented with Si P-i-N diode
and SiC SBD to show the impact of the anti-parallel diode on the losses of the com-
plementary switch. The results in Fig. 4.11a shows that the smaller @),.. of SiC SBD
leads to smaller peak current in Si IGBT during turn-on with approximately 2.5 A
peak current difference. In addition to reduction in peak current, the amount of time
for Si IGBT reaching from peak current to steady state load current is significantly
reduced with SiC SBD, which is also a result of reduced @), in the anti-parallel diode.
During turn-off in Fig. 4.11b, there is not a significant difference between two con-
figurations in terms of voltage overshoot caused by rate of change of current dicg/dt
and commutation loop stray inductance Lgiq,. With SiC SBD, it is clear that the
ringing at Iop is smaller. It should be noted that with Si P-i-N diode at turn-off in
Fig. 4.11b, the clamp of voltage overshoot to 425 V with slightly higher dIcg/dt can
be due to dynamic avalanche at the P-body junction of the IGBT [79]. Based on
the switching waveforms, the switching energy of Si IGBT with Si P-i-N diode and
SiC SBD are calculated and plotted with respect to collector-emitter current at 60

°C heat sink temperature, heat sink temperature at 30 A collector-emitter current
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and heat sink temperature at 16 A collector-emitter current in Figs. 4.12a, 4.12b and
4.12c respectively. It can be seen in Fig. 4.12a that at high current values, SiC SBD
reduces turn-on losses of Si IGBT by factor 1.2. In terms of temperature dependency,
the turn-on losses increase by 1.12 times as the heat sink temperature is increased
from 50 °C to 80 °C with Si P-i-N diode. On the other hand, with SiC SBD, the loss
increase only by 1.034 times under same operating conditions. As the turn-off loss
is independent from diode performance, the increase in power loss with temperature

increase is 1.12 times for both conditions.
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Figure 4.11: Switching waveforms for Si IGBT with Si Diode and SiC SBD: a) Turn-on
transition b) Turn-off transition.

The next device to be evaluated is SiC MOSFET. The drain-source voltage Vpg and
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current Ipg waveforms for turn-on and turn-off transitions at 350 V DC link, 30 A
load current and 60 °C heat sink temperature are presented in Figs. 4.13a and 4.13b
respectively. As it is mentioned earlier, the synchronous rectification capability of the
MOSFET is utilised and no external SiC SBD diode is used. The turn on Ipg in Fig.
4.13a shows the impact of @, of SIC MOSFET body diode and at turn-off instant
in Fig. 4.13b, there is no sign of tail current which can be seen in Si IGBT in Fig.
4.11b. Based on the switching waveforms, the switching energy of SiC MOSFET
is calculated and plotted with respect to drain-source current at 60 °C heat sink
temperature and heat sink temperature at 30 A and 16 A drain-source current in
Figs. 4.14a and 4.14b respectively. It is clear that the turn-on and turn-off switching
energies increase linearly with load current but Fig. 4.14b shows one of the interesting
aspects: temperature in-dependency of switching performance of SiC MOSFET. As
the heat sink temperature is increased from 50 °C to 80 °C, the turn-on energy is

reduced by a factor of 1.056 where turn-off energy stayed constant.

Finally, switching performance of the GaN HEMT is presented in the same structure
with Si IGBT and SiC MOSFET before comparison of these three technologies. The
drain-source voltage Vpg and current Ipg waveforms for turn-on and turn-off tran-
sitions at 350 V DC link, 30 A load current and 60 °C heat sink temperature are
presented in Figs. 4.16a and 4.16b respectively. Same as SiC MOSFET, reverse con-
duction capability of GaN HEMT is utilised in the double pulse configuration and no
external diode is used. As it is mentioned earlier, the negative voltage during turn-off
is recommended for GaN HEMTs due to low gate-source threshold voltage and this
increases the required charge to be delivered during turn-on to the input capacitance
Ciss along with the increased conduction loss during dead time. Therefore, the turn-
on loss will be influenced by the applied negative gate-source voltage. The switching
waveforms in 4.16a and 4.16b are presented for two conditions: 1) Normal operation
where the device is turned-off with -6 V voltage and turned-on when gate-source volt-
age is equal to -4 V (labelled as ”GaN HEMT”), 2) Zero voltage turn-on operation
where the device is turned-off with -6 V but turned on when gate-source voltage is
equal to 0 V (labelled as "GaN HEMT-z"). The gate-source voltage waveform il-

lustration is presented in Fig. 4.15 to clarify these two conditions. It can be seen
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from Fig. 4.16a that the applied negative voltage slows down the turn-on transition
and during t