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Abstract

Traditionally, photovoltaic (PV) systems have used two- or three-level converters in conjunction
with a step-up transformer in the connection to the grid. The transformer provides isolation
at the point of common coupling to protect the PV system from the grid, however, this
necessarily increases the total cost of the plant.

Recently, the Modular Multilevel Converter (MMC) inverter got introduced as an
attractive topology for PV plants due to a high scalability that facilitates a direct connection
to medium voltage grid without the use of a step-up transformer. The required voltage
level is achieved by designing the MMC with the correct number of submodules. It also
provides high MPPT tracking, which gives the MMC several advantages over conventional
PV inverters. The isolation in such a configuration can be provided between the PV strings
and the submodules of the MMC by utilizing isolated DC-DC converters.

In this study, different isolated full-bridge DC-DC converter configurations with high
efficiency rate are presented. The single-unit configuration provides a simple structure, but
requires high voltage and current ratings on equipment due to the high power transfer. By
utilizing a parallel- or series-connection of converters, the bulk transmission of power to
the submodules is distributed, which increases the overall reliability of the system. If the
PV string operating voltage is not equal to the submodule capacitor voltage, then a step-up
in voltage is necessary. However, the PV strings are in this study designed such that the
HF transformer turns ratio is 1:1 in all configurations.

The parallel-arrangement avoids the parallel-connection of switching devices in the
DC-DC converter in order to handle the high currents. In case of the series-arrangement,
the voltage stress on the switching device is reduced considerably. Due to the reduced
voltage, an utilization of GaN devices is possible, resulting in a higher switching frequency
range of operation. Simulations are performed in order to find the efficiency of the different
isolated DC-DC converter configurations.

Furthermore, the obtained efficiency curves are utilized in a simulation model in order
to find the overall energy efficiency and the levelized cost of energy (LCOE) of the MMC
PV plant configurations. These configurations are also compared to a central inverter (CI)
PV configuration and a multi-string central inverter (MSCI) PV configuration in order to
state the benefits of utilizing the MMC as inverter in medium voltage PV plants.

The simulations verifies the improved energy efficiency and the lowered LCOE when
utilizing MMC over the CI and the MSCI configurations in medium voltage PV plant
applications. They also presents the high efficiency of the isolated DC-DC converter
configurations. When utilizing the GaN HEMTs in the series-arrangement, high efficiency
is obtained at high-switching frequency. However, these simulations and calculations do
not address losses in the HF transformer.
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Summary

As aresult of the continuously increasing carbon emissions, the global demand for cleaner
energy is rising. Grid-connected photovoltaic (PV) systems is an attractive solution to
provide green energy, and PV technology has therefore gained increased attention which
has resulted in higher efficiency PV panels. PV plants have benefited with increased annual
energy yield, and the never before has solar energy contributed with more new power
capacity to the power grid. However, variable power production due to unpredictable
weather conditions pose a challenge for optimal planning, grid operation, and grid stability.

A replacement of the classic inverter with Modular Multilevel Converter (MMC) got
introduced as an attractive topology for PV plants due to a high scalability that facilitates
a direct connection to medium voltage grid without the use of a step-up transformer.
The required voltage level is achieved by designing the MMC with the correct number
of submodules. It also provides high MPPT tracking, which gives the MMC several
advantages over conventional PV inverters. The isolation in such a configuration can be
provided between the PV strings and the submodules of the MMC by utilizing isolated
DC-DC converters.

Different isolated full-bridge DC-DC converter configurations with high efficiency are
investigated in this study. The single-unit full-bridge configuration provides a simple
structure, but requires high voltage and current ratings due to the high power transfer.
By utilizing a parallel- or series-connection of converters, the bulk transmission of power
to the submodules is distributed, which increases the overall reliability of the system. If
the PV string operating voltage is not equal to the submodule capacitor voltage, then a
step-up in voltage is necessary. However, the PV strings are in this study designed such
that the HF transformer turns ratio is 1:1 in all configurations.

The parallel-arrangement avoids the parallel-connection of switching devices in the
DC-DC converter in order to handle the high currents. SiC MOSFETs have been utilized in
the full-bridge due to the high voltage rating. Simulations have been performed at different
DC-link voltages, at many different switching frequencies and for the entire operating
range of 0.1-1 per unit power in order to find the efficiency. A 50% reduction in the
current through each full-bridge results in a 50% reduction in the total copper losses. The
copper losses are proportional to the square current, and by reducing the current by 50%,
the total copper losses is reduced by 50%. However, the voltage rating is the same when
assuming an unity voltage transformer ratio.

In case of the series-arrangement, the voltage stress on the switching device is reduced
considerably. Due to the reduced voltage, an utilization of GaN devices is possible. GaN
switching devices have a lower voltage rating than SiC. However, they have shown a
superior performance, especially at high-frequency operation. High-frequency operation
is beneficial due to reduced size of the HF transformer. The efficiency of the GaN-based
series-connected full-bridge DC-DC converter was obtained by calculations of the switching
and conduction losses by assuming a worst-case duty ratio of 0.5. The results gave a high
efficiency of 98% for a operating range up to 200 kHz switching.

iii



The obtained efficiency curves were utilized in a simulation model in order to find
the overall energy efficiency and the levelized cost of energy (LCOE) of the MMC PV
plant configurations. These configurations were also compared to a central inverter (CI)
PV configuration and a multi-string central inverter (MSCI) PV configuration in order to
state the benefits of utilizing the MMC as inverter in medium voltage PV plants. The
MMC topologies, as well as the MSCI topology, provides lower MPPT losses due to the
distributed MPPT in comparison with the CI configuration. The MMC configurations had
a better energy efficiency for all the different DC-DC converter configurations compared
to both the CI and the MSCI configuration.

For the MMC utilizing the single-unit DC-DC configuration, the energy efficiency was
obtained to be 95.28% for the best-case switching frequency at 1 kHz, and 94.40% for the
worst-case switching frequency at 20 kHz. The CI and MSCI efficiency was in comparison
89.63% and 90.11% respectively. However, the MMC configurations did not account for
losses in the HF transformer in the DC-DC configurations. It was assumed that these losses
do not account for a great part of the total losses in the PV plant, and the results would
have been almost the same when accounting for them.

For the MMC utilizing a parallel-connection of DC-DC converters, the energy efficiency
was obtained to be 95.25% at 10 kHz switching. In the MMC utilizing the GaN-based
series-connection of DC-DC converters, the energy efficiency was calculated to be 95.01%
at 20 kHz switching, and 94.39% at 200 kHz switching.

The levelized cost of energy (LCOE) was also found for all the different PV configurations.
The LCOE was shown to be 6.25% lower for the MMC utilizing the single-unit DC-DC
converter compared to the CI configuration, and 6.21% and 5.76% lower for the MMC
utilizing the parallel- and series-connection of DC-DC converters respectively. This shows
the great benefits of utilizing the MMC instead of the conventional PV inverters.

Another important aspect is that partial shading is not considered in these simulations.
The MMC configurations will increase the MPPT substantially, resulting in a even higher
extracted energy compared to the CI configuration during partially shaded and non-equalized
irradiance conditions in the PV plant. The parallel- and series-connection of DC-DC
converters increases the MPPT more than the single-unit DC-DC converter configuration.
This will result in a substantially decrease in the LCOE of the MMC PV configurations
compared to the CI configuration.

A higher number of series- or parallel-connected DC-DC converter may result in
higher efficiency and lower losses, but at the cost of a more complex system and a higher
price due to more components. The number of series- and parallel-connected devices must
therefore be selected with care.

The simulations on the proposed MMC PV plant configurations verified the improved
energy efficiency and the lowered LCOE when utilizing MMC over the CI and the MSCI
configurations in medium voltage PV plant applications.
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Chapter

Background

This chapter presents as a basic introduction to the topic of this master thesis.

1.1 Grid-connected Photovoltaic Applications

As aresult of the continuously increasing carbon emissions, the global demand for cleaner
energy is rising. Grid-connected photovoltaic (PV) systems is an attractive solution to
provide green energy. However, variable power production due to unpredictable weather
conditions pose a challenge for optimal planning, grid operation, and grid stability.

1.1.1 Trends

In the 2015 Paris Agreement, one hundred and ninety-four nations agreed to long-term
actions to reduce carbon emissions and limit the increase in the global average temperature
to well below 2 °C. It is the first legally-binding climate agreement ever [12].

The use of renewable energy has experienced a rapid growth in the last few years.
According to the most recent U.N. environmental-backed report [7], a record 98 GW
of new power capacity from solar power was installed globally in 2017. Solar energy
dominated global investing in the new power generation with more added capacity than
coal, gas, and nuclear plans combined. China alone contributed with more than half (53
GW) of the installed solar power capacity, leading the way from fossil fuel to a climate
neutral power generation. The total capacity added from renewable energy sources (RES)
was 157 GW in 2017. By comparison, the installed power capacity from fossil fuel was 70
GW over the same period. However, fossil fuels still dominate the existing power capacity
counting for 87.9 per cent of the market.

According to U.N. Environment, the Frankfurt School - UNEP Collaborating Centre,
and Bloomberg New Energy Finance, the increased investment in solar power is driven by
the decreasing cost of production. In 2017, the cost of large-scale PV technology fell by
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15 per cent to $86 per MWh. Despite the lower capital cost, the global investment rose
by 18 per cent to $160.8 billion, where China alone counted for 45 per cent. The total
investment in renewables increased by two per cent globally, with sharp increase in the
amount of money deployed in new markets such as Mexico, the United Arab Emirates,
and Egypt. However, in some major and mature markets such as the United States, United
Kingdom, Germany, and Japan, a decrease in investments occurred due to changes in
international governments.

Over the years, manufacturers have demonstrated huge improvements in PV panels
efficiency, resulting in an increased annual yield for PV systems. Figure 1.1 shows that
the levelized cost of electricity (LCOE) has decreased significantly over the years for
PV technology [7]. This has boosted the competitiveness of solar technology against
established technologies such as coal and gas.
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Figure 1.1: Levelized cost of electricity (LCOE) for PV technology [7]

1.1.2 PV Penetration Challenges and Issues

The shift from the predominant use of fossil fuels for power generation to using a significant
share of RES is changing the power grid. The stability of the power system relies on the
balance between generation and consumption of energy. The movement of the sun is now
well understood and solar energy can therefore be predicted with great accuracy. However,
due to the variability caused by moving clouds, solar power production is subjected to
second-to-second changes [13]. Today’s power system cannot handle the intermittent
nature of solar power production. A detailed discussion of the control of the power system,
however, is beyond the scope of this thesis.

A fixed voltage and frequency in the power system isnecessary. When the power is
generated by synchronous generators, the active and reactive power flow is controlled
by the power angle and voltage relationships, which again is directly controlled by the
governor and field current [14]. Active power flows from a higher power angle to a lower
power angle, as well as the reactive power, is controlled by the system voltage. The bus
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voltages are normally fixed, but the induced voltage in the generators can be varied. This
enables control of the reactive power. This control is essential for maintaining the stability
and power quality in the power system today.

Solar power is a non-dispatchable energy resource, due to the inability to dispatch
power when demanded and the lack of capability to provide active and reactive power
controls. A significant share of PV systems can therefore affect volt/var control, power
quality, and system operation. Issues related to high PV penetration appear in both the
steady-state and in the dynamic time frame, and can be local or system-wide. The severity
of these issues is determined by the penetration level of PV systems. The most pertinent
of these issues are [13]:

* Voltage rise and unbalance in feeder.
* Feeder, equipment and component overloading.

* Malfunction of voltage regulation equipment, such as on load tap changer, line
voltage regulators and capacitor banks.

* Fluctuations in reactive power flow due to operation of capacitor banks.
* Power quality issues and voltage fluctuations.

* Over-current and over-voltage, and misoperation of protection devices.
* Reverse power flow.

e Variation in power factor in feeder.

* Issues with reliable and secure operation of the power system.

The key problem, especially with a high PV penetration level, is the variation of the
produced power in the PV plant due to variable weather conditions. This can impact the
power quality in the grid negatively. Power electronics play a vital role in the interface of
PV to the grid, especially when considering the operation of the power system with high
PV penetration levels [15].

1.1.3 PV Inverter Topologies

When connecting PV to the AC power grid, DC to AC power conversion is clearly required.
PV systems generally suffer from poor conversion efficiency due to the variable power
production. Inverter arrangements with Maximum Power Point Tracking (MPPT) algorithms
are therefore essential to ensure that maximum power is extracted from the PV plant at all
times [16]. Several MPPT techniques have been presented in the literature [17, 18, 19, 20],
and the principle is depicted in figure 1.2.

The existing central inverter arrangement, shown in figure 1.3 (a), is based on two- or
three-level inverters with one MPPT [2]. The PV strings are connected in parallel and the
generated power is fed into the grid through one central inverter. During partial shading
and unequal distribution of irradiance in the PV plant, this inverter topology is not capable
of harvesting available power from the PV panels, resulting in lower energy yield. In
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Figure 1.2: The principle of MPPT with DC-DC converter.

the decentralized multi-string inverter arrangement, depicted in figure 1.3 (b), a parallel
connection of a few PV strings are connected to one string inverter. This increases the
Maximum Power Point (MPP) control, but MPPT is only obtainable after it is clear that
the strings have the same structure and will not be shaded.

The decentralized string arrangement, depicted in 1.3 (c), has only one PV string
connected to each DC-DC converter, which provides MPP control on each PV string. In
the module distributed arrangement, shown in 1.3 (d), one DC-DC converter is connected
to each PV module providing individual module MPP control. However, both the decentralized
string arrangement and the module distributed arrangement require a large number of
DC-DC converters, resulting in a high cost, reduced efficiency, and a decreased annual
yield [2]. They are therefore not suitable for utility scale PV plants. The central inverter
arrangement and the decentralized multi-string inverter arrangement result in a lower
number of converters, and are therefore cheaper solutions compared to (c) and (d), but
the energy yield is susceptible to panel mismatch and partial shading [2]. A step-up
transformer facilitates the connection from the low voltage grid to the high voltage grid
and isolates the PV arrangement from the MV utility grid. This is a high-volume, high-cost
solution yielding increased power losses.

o

o

1

(d)

Figure 1.3: (a) Centralized arrangement, (b) decentralized multi-string arrangement, (c)
decentralized string arrangement, and (d) module distributed arrangement.
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1.2 Motivation and Objectives

Efficient power converters are an enabling technology for integration of renewables, and
the total system efficiency is strongly dependent on the converter efficiency. The existing
central inverter topology for PV plants is based on two- or three-level inverters with
one MPPT, resulting in lower energy yield due to lost power production in times with
partial shading and unequal distribution of irradiance. The efficiency of the inverter is
strongly load dependent, which is critical for PV inverters as the power generation changes
throughout the day.

Recently, new topologies as the Cascaded H-Bridge (CHB) and Modular Multilevel
Converter (MMC) have been proposed as an alternative solution to the two- or three-level
inverters [21, 22, 23, 24, 25]. The MMC has the last couple of years emerged as an
attractive solution for grid connected PV applications due to higher reliability, inherent
modularity and scalability [2].

The MMC is built up of a number of series connected converters referred to as submodules
(SMs), which can be independently controlled. Redundancy is often added by installing
extra SMs, which increases the reliability, makes maintenance easier, and ensures normal
operation in case of failure in one SM [26]. It is also a cost effective converter due to
the economies of scale [27]. The MMC can simply be scaled for direct connection to
Medium Voltage (MV) grid by adding more SMs, thereby avoiding the need for a step-up
transformer [28]. Isolation must be provided for safety of the operator, as per IEEE
Std 1547 for Interconnecting Distributed Resources with Electric Power Systems [29].
However, it does not need to be at the point of common coupling to the grid. Because of
the MMC modularity, a realization of a decentralized PV plant with high MPPT granularity
is possible.

The isolation in a MMC PV plant can be provided by using isolated DC-DC converters.
In this master thesis, cascaded full-bridge solutions will be investigated as topologies to
interface PV to MMC. Since the PV inverter operates at rated conditions only for a few
hours a day, it is important that the isolated DC-DC converter has a high efficiency from
no-load to full-load.

By utilizing series- or parallel- connections of full-bridge converters, the bulk power
transmission to the SM is distributed. This increases the overall reliability of the system.
Such cascaded topologies also changes the ratings of the switching devices in the DC-DC
converter.

SiC- and GaN-based power conversion devices have the last years been introduced to
the market as a promising topologies. Utilizing these devices can improves the switching
characteristics due to superior material properties giving a high efficiency power conversion.

The objective of this thesis is to analyze different high-frequency full-bridge DC-DC
converter configurations for the MMC PV plant and compare them in terms of efficiency,
energy yield, and levelized cost of energy (LCOE). Two classical PV plant arrangements,
the central inverter (CI) configuration and the multi-string central inverter (MSCI) configuration,
are also considered for performance comparison to the different MMC PV plant configurations.

The design of the converter in terms of inductive paramenters such as the HF transformer,
filter network, inductors, and capacitors is beyond the scope of this thesis and therefore not
addressed in detail. Simulation models are made in order to look at the efficiency and the
energy yield of different PV inverter topologies.
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1.3 Problem Description

A 3 MW grid-connected solar PV plant at Kolar, Karnataka, India is considered for the
study of this master thesis. The technical data for this PV plant is provided in [1] and
shown here in table 1.1. The PV modules in this plant are Titan S6-60 series, mono-crystalline
PV modules from Titan Energy Systems Ltd.

This PV plant has four central inverter outputs connected together as the inputto a 1.25
MVA step-up transformer. Three of these step-up transformers are used to connect similar
units to the medium voltage (MV) grid.

Table 1.1: PV Plant Technical Data [1].

Parameter Symbol | Values
Medium voltage (nominal) Vomv | 11kV
Low voltage (nominal) Vgmv | 230V
Apparent power (nominal) SN 3 MVA
Grid frequency fq 50 Hz
Central inverter capacity (nominal) Scr 250 kVA
No. of central inverters Ner 12
Medium voltage transformer apparent power | St 1.25 MVA
PV panel maximum power Py 235 Wp

This PV plant is compared with MMC PV plant configurations. The MMC PV plant
has the same ratings as the one presented above. The high scalability of the MMC facilitates
a direct connection to MV grid without the use of a step up transformer. The required
voltage level is achieved by designing the MMC with the correct number of SMs in order
to directly connect the MMC to MV grid [28]. The isolation in such a configuration can be
provided between the PV strings and the SM of the MMC by utilizing DC-DC converters.

1.4 Implementation Tools

Simulations with DC-DC converters utilizing different switching topologies have been
performed in PLECS®simulation software in order to capture switching and conduction
losses in the switching devices. The thermal models for the different switching devices are
provided by the manufacturer, or the models are made by utilizing the data provided in the
datasheets from manufacturers.

When considering the PV plant as a whole, the results from the PLECS simulations
of the DC-DC configurations have been implemented in Simulink®to obtain the annual
energy extracted and the LCOE.
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1.5 Thesis Outline

This thesis is divided into four parts:
e Part I: Introduction
e Part II: Theory
¢ Part III: Method
¢ Part I'V: Results, discussion and conclusion

Part I is a general introduction of the master thesis. Chapter 1 is about implementation
of RES into the power grid. It looks at the increasing trends in investing in PV technology,
and briefly looks at the challenges associated with the increased share of PV in the power
grid. The different PV inverter topologies are presented, and this outlines the background
for this master thesis, which is presented at the end of chapter 1.

Part II provides a literature study of relevant topics. Chapter 2 presents the Modular
Multilevel Converter (MMC) as an attractive solution to the conventional inverters in PV
plants due to several advantages, while chapter 3 looks at isolated DC-DC converters. It
introduces the isolated full-bridge converter and addresses magnetic effects in HF transformer.
At the end of chapter 3, different power switching devices are presented and an introduction
of SiC and GaN switching technology is given.

Part IIT presents the method of the simulations performed. Chapter 4 presents the
three different isolated full-bridge converter configurations considered to interface PV to
MMC in the MMC PV plant. Chapter 5 describes the modelling of PV arrays used in the
simulations for each isolated DC-DC converter topology.

Part IV concerns the evaluation models used in order to find the annual energy yield
and LCOE, and presents the results from simulations. Chapter 6 addressed the anual
energy yield and the efficiency of the different isolated DC-DC converter configurations,
while chapter 7 calculates the LCOE and states the benefits of chosing a MMC PV plant.
Chapter 8 gives the conclusion and rounds up this thesis by presenting some ideas for
further work.
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Chapter

Medium Voltage Grid-Connected
MMC for PV Applications

The MMC has the last couple of years emerged as an attractive solution for grid connected
PV applications due to higher reliability, inherent modularity and scalability [2]. An
introduction of the fundamental operation and dynamics of the Modular Multilevel Converter
(MMC) is presented in this chapter:

2.1 Modular Multilevel Coverter

The Modular Multilevel Converter (MMC), also known as M2C, was first introduced in
[30]. Based on a cascaded multilevel topology with series connections of submodules
(SMs) instead of semi conductors, the MMC power rating can be scaled with the number
of SMs and easily achieve high power ratings compared to other multilevel topologies.
By installing more submodules, redundancy can be implemented [27], providing high
reliability. With high scalability the MMC offers superior harmonic performance in the
conversion from DC to AC voltage.

2.1.1 Configurations

The MMC branches can be configured for any number of phases and for DC-AC, AC-AC
or DC-DC. [31] has presented the different three phase DC-AC circuit configurations in the
MMC family: the Single-Star Bridge Cell (SSBC); the Single-Delta Bridge Cell (SDBC);
the Double-Star Chopper Cell (DSCC); and the Double-Star Bridge Cell (DSBC), here
presented in figure 2.1.

Each phase arm is obtained by a series connection of power converters referred to
as submodules (SM) and one arm inductor. Each SM is made up of a half-bridge (HB)
(chopper cell) or a full-bridge (FB) (bridge cell) configuration, both with a floating capacitor.
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Figure 2.1: Modular Multilevel Converter Configurations (a) Single-Star Bridge Cell (SSBC), (b)
Single-Delta Bridge Cell (SDBC), (c) Double-Star Chopper Cell (DSCC) or Double-Star Bridge
Cell (DSBC), depending on the submodule configuration [2].
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Figure 2.2: Submodule configuration (a) Chopper Cell (half-bridge), (b) Bridge Cell (full-bridge).

Table 2.1: Comparison of the MMC configurations [2]

MMC Configuration | Submodules | Switches | MPPT Modularity
SSBC 3N 12N 3N
SDBC 3N 12N 3N
DSBC 6N 24N 6N
DSCC 6N 12N 6N

Figure 2.2 depicts the two different SM topologies. The DSCC is realized using the HB
configuration, while the DSBC uses a FB configuration.

Figure 2.2 shows that the bridge cell topology requires two extra switches compared
to the chopper cell topology for the same power rating. However, the SM capacitor
requirement is doubled [2]. In table 2.1 the different configurations are compared in terms
of number of SMs and switches assuming /N SMs per phase arm. Since each SM consists
of one SM capacitor, the number of SMs equals the number of capacitors. In the SSBC and
the SDBC configuration, the number of SMs is half of the DSBC and the DSCC. However,
since the DSCC is realized using the chopper cell configuration, the number of switches is
the same. The DSBC requires twice as many switches as the other configurations, resulting
in higher switching losses and lower energy yield. For the same power rating, the MPPT
modularity is twice as high in DSBC and DSCC compared to SSBC and SDBC since is
has twice as many SMs.

The MMC configurations presented in figure 2.1 presents different variants of the
MMC applicable in the connection of PV to the utility grid. The DSCC-MMC, referred
to as MMC hereafter, is chosen for this study due to the lowest number of switching
devices for the same power rating. It also has twice as high MPPT granularity compared
to the other topologies for the same number of switches [2]. It requires twice as many
SM capacitors as the SSBC and SDBC, but according to [2], this is not a disadvantage
when considering energy savings per year. The chopper cell is consequentially the most
discussed topology in the literature and is often referred to as the standard SM topology
[32].
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Figure 2.3: Three-phase MMC circuit topology.

2.1.2 Circuit Topology

The three-phase MMC is depicted in figure 2.3 and consists of three phase legs connected
in parallel. The series resistor R represents the switching losses in the SMs and the ohmic
losses in the inductor. The two terminals over the phase legs make up the DC terminal of
the converter, while the midpoint connections between the upper and lower arms form the
three-phase AC terminal. A balanced three-phase system is made by phase shifting the AC
reference of each leg with 120°.

The series connected arm inductors limit the circulating arm current that arise from
voltage differences in the upper and lower legs by limiting the rate of change of current
during switching [33]. Without these inductors, potentially high transient currents could
occur between the phase legs and subsequently damage the equipment. They also limit the
AC fault current when a short circuit occurs on the DC side. However, these inductors do
not need to be large since the arm voltage can be controlled with high precision [32].

2.1.3 Operation

The SMs are identical modules and provides the modular characteristics of the MMC. The
floating capacitor functions as an energy storage device, which maintains a direct voltage.
It can either be inserted or bypassed in the MMC circuit. By defining a SM insertion index
n, which takes on the value 1 if the SM capacitor is inserted and 0 if the SM capacitor is
bypassed, the SM terminal voltage can be defined as:

Vg = N * Vg 2.1

Table 2.2 summarize the different states of operation of the chopper cell SM.
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Table 2.2: Operation of the chopper cell SM.

State S1 S2 Vem | Tsm Capacitor
>0 Charging via D1
Inserted | ON | OFF | . <0 Discharging via S1
>0 Bypassed via S2
Bypassed | OFF | ON | 0 <0 Bypassed via D2

Ve ism > 0and vg, > v, | Charging via D1
Blocked OFF | OFF | 0 ism < 0and v, <0 | Bypassed via D2
- Else None and i, =0

This means that the voltage across each SM can be controlled separately, and each SM
can therefore be considered as a controllable, unipolar voltage source. The highest voltage
across the SM terminals equals the capacitor voltage, and the switches and the diodes must
be able to block this voltage for the SMs to function properly [32].

The required voltage level of the converter is achieved by designing the MMC with
the correct number of SMs. A series connection of SMs, called SM strings, can produce
an output voltage with values between zero and N x v.., which gives a total of (N + 1)
or (2N + 1) voltage levels, depending on the modulation method [34]. The number of
voltage levels can therefore be easily increased by adding more SMs in each arm, thus
permitting the MMC to take on any number of levels in the voltage. The upper and lower
arm voltages can be expressed as:

N
Vu,l = E "Z,z”éu,z 22
1=1

Utilizing KVL in figure 2.3, it is seen that the sum of the SM voltages in one phase
leg equals the DC terminal voltage. Therefore, to obtain a constant DC terminal voltage,
the number of inserted SMs in one leg is constant. However, the AC voltage will change
accordingly to the relationship between the number of inserted SMs in the upper and lower
leg:

Vac = —Vupper + Viower (2.3)

Figure 2.4 shows how one phase leg with 2 SMs in each phase arm can be operated
to achieve different output voltage levels while the DC terminal voltage stays constant.
This is the same for a three-phase system, where operation of the converter is based on
controlling the SMs in the six phase arms in order to achieve the desired AC output voltage.
As aresult, the converter can behave as a controllable voltage source with great precision,
both with respect to the AC and DC sides.

Half of the SMs in one leg will be on and the other half will be off at all times - thus the
number N represents the number of inserted SMs at every moment. The SM capacitors are
therefore all being charged to the MMC DC link voltage divided by the number of SMs:

_Vdc
N

2.4)

Ve
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Figure 2.4: (a) State 1, (b) State 2, (c) State 3, (d) AC terminal voltage vq.

A standard MMC is also typically built with redundant SMs in each phase arm, in
order to increase reliability and ensure standard operation in case of a failure in one SM
[26].

2.2 PV MMC Plant Description

The high scalability of the MMC facilitates a direct connection of the PV system to
medium voltage (MV) grid without the use of a step up transformer. However, as per
IEEE Std 1547 guidelines [35], isolation must be provided for safety of the operator, but
it does not need be at the point of common coupling (PCC) to grid. By connecting one PV
string or PV array to the MMC SM through an isolated DC-DC converter, as depicted in
figure 2.5, the required isolation is provided and a realization of a decentralized PV MMC
plant connected directly to MV grid without the use of a step-up transformer is possible.
This solution also provides high MPPT granularity.

The overall efficiency for the inverter arrangement is the product of the MMC efficiency
and the isolated DC-DC converter efficiency:

Ninv = MmmecTldc—dc 2.5)

The required voltage level is achieved by designing the MMC with the correct number
of SMs in order to directly connect the MMC to MV grid [28]. The three-phase MMC
consists of six phase arms, resulting in a total number of SMs equal to:

SMs =N %6 (2.6)
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Dy

Dy

Figure 2.5: MMC with PV multi-string connected to an isolated DC-DC converter.

where N is the number of MMC SMs in each phase arm. The rated power of the MMC is
then given by:
Py =N x Py, 2.7)

where Py, is the rated power of each SM. The total power produced from the MMC PV
plant is obtained from:

P,, = NP, (2.8)

where N is the number of MMC SMs, and Pk, is the power at each SM.

The PV plant chosen for this study is a 3 MW scale grid-connected PV plant. With
6 phase arms in the three-phase MMC, each phase arm must be rated for 0.5 MW. For a
rating on 100 kW for each MMC SM, this configuration requires 5 SMs in each phase arm
to obtain the power ratings. Table 2.3 presents the parameters of the MMC used for the
PV plant described in table 1.1.

Table 2.3: MMC Technical Data.

Parameter Symbol Values
Rated apparent power Sk 3 MVA
Grid frequency fq 50 Hz
DC-link voltage Ve 5kV
Number of submodules | N 5

SM voltage Vsmr 1000 V
Maximum SM voltage | Vsarmaz | 1100 V
SM rated power Psr 100 kW
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Chapter

Isolated DC-DC Converters

This chapter is an introduction to DC-DC converters with electrical isolation to interface
PV to MMC. As mentioned in earlier chapters, isolation can be provided in the PV MMC
system using a transformer. However, line-frequency transformers are large and bulky,
and utilization of high-frequency (HF) transformers with lower weight and lower volume
have therefore become popular. Isolated DC-DC converters utilize the HF transformer in
the DC to DC conversion stage, providing isolation and safety in the system.

3.1 Introduction

The required components for DC-DC converters with galvanic isolation is seen in figure
3.1. The electrical isolation is provided by a high-frequency (HF) isolation transformer.
The filter networks, consisting of capacitors, and inductors, provide smooth terminal voltages
and currents. The DC-AC converter consists of a controllable switch network that alternates
the DC input voltage and provides AC voltage to the HF transformer. The semiconductor
switches are typically Insulated-Gate Bipolar Transistors (IGBTs) or Metal-Oxide-Semiconductor
Field-Effect Transistors (MOSFETs). The AC-DC converter rectifies the AC voltage from
the HF transformer and provides DC voltage to the output terminal.

The reactive HF network consists of a series connected inductor and the HF transformer.
It provides energy storage capability which is used to modify the shapes of the switch
current waveforms in order to achieve low switching losses. This will in practice always

+ o] | | | ] - - — +

r Filter DC Resonant HF Resonant AC Filter r
& Network HF [Transformer HE Network K

o ' || AC | | Network | | ans || Network | | DC| |~ .

Figure 3.1: The required components for an isolated DC-DC converter.
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be the case due to parasitic components in the HF transformer [36].

The network on the left side of the HF transformer is referred to as the primary side,
while the network on the right side of the HF transformer is referred to as the secondary
side.

3.1.1 Classification

Various types of inverter and rectifier units can be utilized in DC-DC converters, depending
on the type of application. For high power application, half-bridge, full-bridge or push-pull
topologies can be used to obtain effective DC to AC power conversion [36]. The full-bridge
topology holds important advantages over the other topologies, as generating zero output
voltage to the HF transformer. The advantages of the half-bridge converter is the lower
amount of switches. However, the current rating of the switches is twice the rating as for
the full-bridge topology. The magnitude of the half-bridge AC voltage is half of the one
of the full-bridge topology, resulting in lower RMS currents in the HF transformer when
utilizing the full-bridge topology instead of the half-bridge.

The push-pull topology has drawbacks as lower transformer utilization, need for additional
snubber circuitry for transistor blocking voltage limitation, and challenges related to the
requirement of a center tap on the transformer for high-power applications [37, 36, 38].
A higher voltage rating on switches results in higher conduction losses due to a higher
on-resistance. The full-bridge converter is therefore the most commonly used topology,
and is the topology that is considered in this thesis.

Unidirectional and Bidirectional Converters

Figure 3.2 shows an unidirectional full-bridge DC-DC converter. It is unidirectional due
to the presence of diodes in the AC to DC conversion stage on the secondary side of the
HF transformer, allowing for one direction of power flow only. A replacement of the
diode bridge rectifier (DBR) with controllable switches will enable power transfer in both
directions, and the converter becomes bidirectional. The bidirectional full-bridge converter
is depicted in figure 3.3.
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Figure 3.2: Unidirectional full-bridge DC-DC converter.

However, utilizing controllable switches instead of diodes, will increase the complexity
of the control system and increase the cost of the converter.
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Figure 3.3: Bidirectional full-bridge DC-DC converter.

Voltage-fed and Current-fed Converters

Depending on their input circuit, DC-DC converters can be classified as either voltage-fed
or current-fed converters. The voltage-fed converter is shown in 3.4 (a) and has a capacitor
in parallel with its input terminal, acting like a voltage source. The current-fed converter is
shown in 3.4 (b) and has an inductor in series with its input terminal, acting like a current
source.

+ | - e Y | L
I DC Resonant I DC Resonant
Vi C HF \% HF
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Figure 3.4: DC-AC converter, (a) voltage-fed, (b) current-fed.

The type of converter to utilize depends on the system application, and it can affect the
current and voltage waveforms of the converter to a large extend.

3.2 Full-Bridge Isolated DC-DC Converters

The isolated full-bridge converter is one of the most promising topologies for unidirectional
power conversion application [39, 40]. By connecting the PV array to the MMC SM
through an isolated full-bridge DC-DC converter, a realization of a high efficiency, decentralized
PV MMC plant connected directly to MV grid is possible. without the use of a step-up
transformer is possible. This configuration provides high MPPT granularity and does not
require a step-up transformer.

The full-bridge converter has high power efficiency for a wide variable input voltage
range, which is essential in providing a PV MMC Plant with high efficiency. It holds
advantages due to its low numbers of components, high power capabilities, evenly shared
currents in the switches and soft switching properties [36].

The full-bridge converter consists of four controllable semiconductor switches S;_4 on
the primary side of the HF transformer, and four switches S5_g (controlled or uncontrolled)
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on the secondary side. These are switched with a switching frequency f,, to provide a
time varying, square wave voltage v;(¢) to the HF network in order to transfer power.

3.2.1 Efficiency and Power Losses

The power losses in the DC-DC converter can be classified in four loss components:
switching loss Pg,,, conduction loss P,y 4, copper loss P, and core loss Py.:

-Ploss:Psw+Pcond+Pcu+Pfe 3.1

The switching and conduction losses are caused by the switching devices, and the copper
and core losses are caused by magnetic devices in the circuit. Ohmic loss is a description
of the losses that are proportional with the square of the rms value of the AC current. Both
the conduction loss and the copper loss are ohmic losses.

The total efficiency of the converter is given as the relationship between the power at
the output terminals at the power at the input terminals:

Pout P’Ln - -Ploss

= = 3.2
K Pin Pin ( )

The efficiency is therefore a function of switching frequency fs,,, operating power Py,
and the output voltage V..

3.2.2 Control and Modulation

The input and output load of the DC-DC converter often fluctuates. In order to obtain the
desired output voltage level, the average DC output voltage of the DC-DC converter must
be controlled [9].

The average value of the output voltage depends on the on- and off-durations, t,,, and
toy s, of the controllable switches.

Pulse-Width Modulation switching

In the pulse-width modulation (PWM) method, the switching instances in the converter
are determined by comparing the reference voltage wave - often a sinusoidal one - with
a higher frequency repetitive triangular carrier. The repetitive triangular carrier frequency
is kept constant in the PWM method, and is normally in a few kilohertz to a few hundred
kilohertz range.

The switch is turned on when the reference voltage exceeds the magnitude of the
carrier, and turned off when the carrier exceeds the reference voltage. The frequency
of the repetitive triangular carrier decides the switching frequency.

The constant switching frequency results in a constant switching time period. The
switch duty ratio D is therefore varied. D is defined as the ratio of the on-duration to the

switching time period:
tOTL
D=_— 33
T, (3.3)

where Ty = t,, +toff.
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(b)

Figure 3.5: Pulse-width modulation with (a) bipolar switching, and (b) unipolar switching.
Figure 3.6

Unipolar and bipolar PWM

PWM with bipolar switching treats the switches in the full-bridge as pairs; the diagonal
switches are connected to the same switching pulse, synchronizing the switching instances
for the diagonal pairs. Switches in each pair are turned on and on simultaneously. This is
depicted in figure 3.5 (a).

In PWM with unipolar switching, the switches in each leg are controlled independently.
The switching instances are determined by comparing the carrier with the positive sinusoidal
reference voltage for one leg and with the negative of the sinusoidal reference voltage for
the other leg. The upper switch in the first leg is turned on when the sinusoidal reference
voltage exceeds the carrier, and the lower switch is off. When the carrier exceeds the
reference voltage, the lower switch turns on, and the upper turns off. For the second leg,
the upper switch turns on when the negative of the sinusoidal reference voltage exceeds the
carrier, and the lower switch is then off. When the carrier exceeds the reference voltage,
the lower switch turns on and the upper turns off. Unipolar PWM switching is depicted in
figure 3.5 (b).

The duty ratio Figure 3.6 (cond. ark) depicts how the inductor current varies with the
duty ratio.

3.3 The High-Frequency Transformer Network

The HF transformer is required to provide electrical isolation in the circuit and protect
the PV strings from the power grid. The motivation for using high switching frequency
is to reduce the size of the transformer. However, increasing the switching frequency will
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increase the skin and proximity effect in the transformer core. It is therefore a critical
component when designing the DC-DC converter.

Losses in the HF transformer has a significant impact on the efficiency and reliability
of the converter, and the transformer design is therefore important towards achieving high
efficiency in the converter. Power transformers that are small in weight and size and have
low power losses. Using a high switching frequency will reduce the size of the transformer
[9], but will increase the skin and proximity effects in the core [36].

This section first presents the transformer basics and presents different transformer
and wire designs. Then the basics of magnetic behavior and effects are addressed, before
losses in the transformer and the windings looked at. At the end of this section, a method
for designing the HF transformer and wire is presented.

3.3.1 Isolation Transformer Representation

The transformer has [V, turns in the primary side winding and N turns in the secondary
side winding. The turns ratio is given by IV,,/N,. In the ideal transformer, the relationship
between the turns ratio and the primary and secondary side voltage is:

=2 (3.4)

And the relationship between the turns ratio and the primary side and secondary side
current is:
Npip(t) = Nis(t) (3.5)

The HF transformer alters the AC voltage amplitude provided by the primary side according
to its turns ratio, and applies vs(t) = v,(¢) %; to the secondary side of the converter.
Figure 3.7 (a) depicts a two-winding transformer. When neglecting the losses, the equivalent
circuit for the transformer can be drawn as in figure 3.7 (b). L,, is the magnetizing
inductance referred to the primary side of the transformer, and Ly, and L, are the primary
and secondary side leakage inductances respectively.

It is desirable to reduce the magnetizing inductances that will be present in the real
transformer by obtaining a close coupling between the primary and secondary side windings.
This is because the energy from the leakage inductances has to be absorbed by the switches
and their snubber circuits. It is also desirable to have a large magnetizing inductance
to reduce the magnetizing current i,,. This is because the magnetizing current flows
through the switches of the DC-DC converter, which increases their current ratings [9].
However, the leakage inductances have only a small effect on the converter voltage transfer
characteristics.

Transformer Dot Convention

For real transformers, it would only be possible to tell the secondary side’s polarity if
the transformer was opened and examined [41]. Transformers therefore utilize the dot
convention. The dots at the upper end of both the windings on the transformer seen
in figure 3.7 tell the polarity of the voltage and current on the secondary side of the
transformer, when the primary side voltage and current polarity is given. If the primary
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Figure 3.7: Transformer representation, (a) two-winding transformer, (b) equivalent circuit.

side voltage is positive at the dotted end of the winding with respect to the undotted end,
then the secondary side voltage will be positive at the dotted end also. If the primary
side current of the transformer flows into the dotted end of the primary side winding, the
secondary side current will flow out of the dotted end of the secondary winding. The use
of the dot convention is depicted in figure 3.7.

3.3.2 HF Transformer Designs

Figure 3.8 shows different types of transformer cores.

Magnetic Core Materials

According to [9], materials used for magnetic cores can be classified in two broad classes
depending on their magnetic properties: alloys and ferrites.

Alloys have a large flux density saturation limit, up to 1.8 T. These materials have
high eddy current losses and must therefore be laminated even at low frequencies. Cores
can also be made of powdered iron and powdered iron alloys. They feature electronically
isolated iron particles, thus having significantly larger resistivity than a laminated core
resulting in lower eddy currents. However, this results in a low permeability.

Ferrites have a large resistivity and a low flux density saturation limit (typically 0.3-0.4
T). This results in low eddy current losses, and they are therefore suited for high frequency
operations. Ferrites are the best core material for high frequency applications due to their
high resistivity [42], and is therefore chosen as the core material in this thesis.
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(a) (b) (c)

Figure 3.8: Transformer cores, (a) double-E core, (b) double-U core, (c) toroidal core.

(a) (b)

Figure 3.9: Round wires fitting, (a) square fitting, and (b) hexagonal fitting.

Coil Windings and Fill Factor

The conductors used in transformer windings are normally made from copper due to its
high conductivity and ductility which makes it easy to bend into tight windings. This
minimizes the use of copper, and therefore the size and weight of the transformer windings
[9].

The copper fill factor a.,, defines the ratio between the total area of the copper windings
and the area of the core window A,, [9], where the area of the copper windings equals the
product of the number of windings N and the wire cross-sectional area a.,,:

_ Nagy
=i

The fill factor depends on several aspects: the type of coil former used; the insulation
thickness compared to the wire diameter; the creepage distance and insulation sheets; and
the accuracy of the winding equipment.

For round wires, the copper fill factor is typically 0.5-0.7. There are two types of fitting
for round wires: square fitting and hexagonal fitting [42]. For square fitting, the wire fit in
a square grid as shown in figure 3.9 (a). The theoretical filling factor is then determined

by: oo
= 5(%)

(3.6)

acu
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where d.,, is the effective diameter of the copper wire, and d is the outer diameter of the
enameled copper wire. Hexagonal fitting is shown in figure 3.9 (b), and the theoretical

filling factor is [42]:
™ dey ) 2
Qoy = ——=| — 3.8
2\/3 ( do 3-8)

In the ideal case d.,, = d.

Foil wires are suited for high frequency and high current applications [8]. This is due
to low eddy current losses for fields parallel to the foil. The filling factor depends on the
copper foil thickness ¢.,,, and the foil insulation thickness d;:

tcu
Qey = i d 3.9
It is possible to obtain a high filling factor if ¢.,, >> d;.

Rectangular cross-section wires are often the preferred solution in large transformers
handling high current at 50 Hz.

Litz wires are multistranded conductors used to reduce eddy currents at high frequencies
[42]. The strands are isolated from each other and assembled in groups that again are
isolated from the other groups. This results in lower high-frequency losses, but the Litz
wire has a low copper fill factor, normally around 0.3-0.4. This is due to that the isolation
takes more space around the windings compared to the topologies.

3.3.3 Magnetic Behavior and Effects
Electromagentics

If an electric field is set up across a conducting material, an electrical charge is flowing
across the material. This average flow is the current density ./, and is given by [43]:

J = oe (3.10)

where o is the conductivity of the material and e is the electric field intensity. This is
equivalent with Ohm’s law when expressed in terms of element voltage and current:

v
I=4 @3.11)

The resistance R of a material is given by the material’s properties:

l
R= oA (3.12)

[ is here the length of the material and A, is the cross sectional area. In comparison, if a
magnetic field H is set up across a magnetic material, a magnetic flux density B is set up
in the material:

B=uH (3.13)

where 1 is the magnetic permeability of the material and B is measured in Tesla [T].
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Figure 3.10: Simple transformer

Figure 3.10 shows a cross section of a simple transformer with one coil. When applying
an alternating current i(¢) to one side of a transformer, the current produces an alternating
magnetic field in the area around it, which again produces a flux in the core. This induces
a voltage in coils of wires that the magnetic field passes through [41]. This is the principle
of transformer action and is briefly explained here.

This magnetic field is governed by Ampere’s law. When the current is carried by wires
in a coil with N turns this becomes:

fﬂ*dlz/J*dszNi (3.14)
S

where H is the magnetic field intensity produced by the effective current N, and dl defines
the length along the integration path. J is the current density. Maxwell completed this law
by adding a term on the right-hand side, called the displacement current:

%H*dlZ/J*dS—i-é/eE*dS (3.15)
s 6t Js

€ is here the permittivity of the material and E is the electrical field. For power electronics,
the displacement current can often be neglected since the current density is dominating
[42]. This is called quasi-static approach. But for currents in capacitors caused by parasitic
capacitances, and applications with high frequency and low current density, the displacement
current is of great importance.

For a transformer with N turns and a core with mean path length equal to /., equation
3.14 simplifies to:

H=xl.,=N x*i (3.16)

The effective current flow applied to the core is equivalent to the magnetomotive force
(MMF), normally measured in Ampere-turns:

F=Ni (3.17)

The magnetic field intensity H leads to a resulting magnetic surface flux density B produced
in the material, given by:
B=uH (3.18)
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where p is the magnetic permeability of the core material and is equal to the product of the
permeability of free space, jig = 471077, and the relative permeability of the magnetic
material of the transformer core, p,.. For ferromagnetic materials, p, varies from several
hundred to tens of thousands resulting in a magnetic permeability much greater than for
free space [42, 41]. If p, is equal to 6000, 6000 times more flux is established in an area
of ferromagnetic material than in the same area of free space for a given current. The
total value of flux ¢ passing through a cross-sectional area A, in the core is equal to B
integrated over the area:

¢:/B*dA (3.19)
A

If the flux density vector is uniform and perpendicular to the whole cross-sectional area
A. of the transformer core, equation 3.19 simplifies to:

¢ = BA, (3.20)

Which, by rearranging equation 3.16 and inserting in 3.20, knowing that B = M, can be

written as: )
_ ulNiA

le

If the flux is time-changing and passing through a winding, it induces a voltage given by
Faraday’s law:

¢

(3.21)

0]
dt

The minus sign in equation 3.22 comes from Lenz’ law which states that the voltage
vind(t) generated by a time-changing magnetic flux ¢(t) has the direction to drive a current
in the closed loop that induces a flux opposing the change in the original flux [42]. This
determines the polarity of the voltages induced in transformer windings.

The MMF drives the flux in a magnetic core, which is analogue to the voltage that
drives the current in an electric circuit. The counterpart of electrical resistance is reluctance
‘R, and the relationship between the MMEF, flux and reluctance is given by:

Vina(t) = (3.22)

F=¢R (3.23)

By inserting 3.21 in 3.23, and knowing that 7 = N7, it is seen that the reluctance is equal

to: ;
R=-—" 3.24
A (3.24)
However, calculations of flux in a magnetic core is not very accurate due to: leakage
flux, flux escaping in the surrounding air; a varying permeability; and the fringing effect
[41].

The Magnetizing Process

In a ferromagnetic material, the inter-atomic forces tend to align the small magnetic moment
of all atoms in the same direction within certain regions containing a large number of
atoms. These regions are called ferromagnetic domains or Weiss domains [42]. However,
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Figure 3.11: (a) Magnetic domains orientated randomly, (b) Magnetic domains lined up in the
presence of an external magnetic field.

the direction of the domain magnetic moment vary from domain to domain, as depicted in
figure 3.11 (a).

When a ferromagnetic material is subjected to an external magnetic field Hexyt, a
torque is tending to rotate the domain magnetic moments in the same direction as Hext.-
Domains with a magnetic moment in the same direction as Hext, do not experience this
torque. When the applied magnetic field is small, the torque moves the domain walls
by increasing the magnetic moment in domains aligned in the same direction as Hext
and decreasing magnetic moment in domains aligned in the opposite direction. This
process is first slowly and the displacement of the domain walls are reversible, but this
process increases the magnetization, which is the average value per unit volume of all
atomic magnets [42]. When the external magnetic field is strong enough, sudden jumps of
the magnetic domain walls, called Barkhausen jumps, occurs. These are non-reversible
domain wall displacements, which induces very intense and brief eddy current pulses
near the domain walls. These eddy currents dissipate a finite amount of energy, causing
hysteresis in the B-H relation and the sum of these accounts for the hysteresis loss.

When the magnetization is increased even more, domain rotation occurs in the direction
of Hext. This process is called the magnetizing process and is showed in figure 3.11 (b).

Assume that the flux and magnetic field initially are zero in the transformer in figure
3.10. When an alternating current (), as in figure 3.12 (a), is applied to the transformer, a
magnetic field intensity H is produced in the core, according to Amperes law in equation
3.14. As the current increases for the first time, reversible domain walls displacements
occurs and the magnetic field is slowly rising. This corresponds to the path a-b in figure
3.12 (b). When the magnetization has reached a certain level, Barkhausen jumps of the
magnetic domain walls starts to occur, and the magnetic flux density B increases rapidly
with an increase in H, resulting in a steep curve from b-c. When all domains are aligned
in the direction of the applied magnetic field Hex¢, a further increase in the magnetic flux
B is not possible and the magnetization curve flats out. The core material has then reached
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Figure 3.12: Transformer magnetization, (a) The applied current i(¢), (b) The resulting hysteresis
loop [8].

saturation in d, which gives the maximum value of the magnetic flux density B,,. A further
increase in H does not result in a significant increase in B.

When the current (t) falls, the domains are rotating back to their initial direction and
some of the domain walls jumps back to their initial position. But most of the domain
walls remains in the displacement position. The flux will therefore trace out a different
path then a-d. When H falls, B lags behind, resulting in a residual magnetic flux B,. in the
core when H has dropped to zero. To reduce the magnetic flux to zero, a negative field is
required. When the alternating current goes negative, B drops to zero at —H . This value
of the magnetic field is called coercivity and is sufficient to restore the initial positions of
the domain walls. A further decrease in the current leads to a magnetization in the opposite
direction until saturation is reached (| — B,,| = B),). The alternating current will trace out
the hysteresis loop, as depicted in figure 3.12 (b), which gives the relation between the flux
density B and the magnetic field intensity H. The hysteresis loop shows that the flux in
the core depends on both the current applied to the windings and the previous history of
flux in the core. The area of the surface of the loop equals the hysteresis loss per volume
for one complete magnetization cycle [42].

To avoid saturation in the HF transformer core in steady state operation, the average

values of the AC terminal voltages, v, (t) and vs(t), have to be zero when evaluated over
one switching period.
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Figure 3.13: Eddy currents in the magnetic transformer core.

Eddy Current Effects and Skin Depth

Due to the relatively high conductivity of the magnetic core, the time-changing magnetic
flux induces an internal voltage d® /dr within the core, in the same manner as it is inducing
voltages in windings, described by equation 3.22. These voltages causes swirls of currents
around the flux path, termed eddy currents. They are flowing in the resistive material of
the transformer core, dissipating energy and causing heating losses [41].

Eddy currents flow in a direction such that new magnetic fields are produced opposing
the applied magnetic field, as showed in figure 3.13. These opposing magnetic fields
results in an exponential decreasing magnetic field in the core. This results in a current
density largest near the surface of the core, decreasing with the depth of the core until a
level called skin depth. No current is flowing interior this level, and this is determined as
the skin effect. The skin depth is dependent on the frequency of the applied magnetic field
f = w/2m, and the permeability p and the conductivity o of the magnetic core material:

6=,/izwﬁ (3.25)
wpHo Wit

where p is the resistivity of the material. If the cross-sectional dimension of the core is
much larger than the skin depth, the current is mostly flowing on the surface. The effective
AC reluctance of the core is then increased for the given frequency.

Fringing Effect

If an air gap is present in the magnetic core, the flux will be fringing as showed in figure
3.14. This is called the fringing effect and it has two effects: increased cross section area
of the air gap; and increased length of the magnetic path at the air gap. The flux will spread
over an area greater than the cross section, resulting in a reduced theoretical reluctance at
the air gap, which makes errors in estimated values from calculations. The flux density in
the air gap is then significantly lower than the flux density in the core [42].

The fringing effect increases with an increased air gap and makes the reluctance more
difficult to estimate.

A simple analysis of the fringing effect is presented in [9]. Assuming a transformer
with an air gap of length [, and a cross-sectional area of A, = d * a, as showed in figure
3.14. The flux lines form closed loops, called the continuity of flux, meaning that the flux
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Figure 3.14: Approximation of the fringing effect from [9], (a) the fringing flux, (b) the effective
cross-sectional area of the air gap, and (c) the equivalent representation of the air gap.

lines entering a closed surface area must equal those leaving it. This is expressed as:

¢://B*dA:O (3.26)
A

where A is a closed surface. For the transformer in figure 3.14, this means:
B.A 4+ ByA; =0 (3.27)
From figure 3.14 (c), it is seen that the cross-sectional area of the air gap A, is given by:
Ag=(a+1lg)(d+1g) =Ac+ (a+d)ly+ 1 (3.28)

Resulting in a core flux density B.:
A
B. = BgA—i (3.29)

Since A4 > A., the flux density in the core is greater than the flux density in the air gap.
The reluctance of the air gap R, can be written as, using equation 3.24, an air gap of
length [, and a cross-sectional area A, given by equation 3.28:

R = oA+ o 2l + ] 30
[8] has modified this expression by including fringing flux at the corners:
Ry = Ly (3.31)
polAe +2(a + d)ly + wi2]
The total reluctance of the transformer then becomes:
Ri=Rc+Ry (3.32)
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Figure 3.15: Mutual and leakage fluxes in the transformer core.

Mutual Flux and Leakage Flux

The average flux that is present in the transformers primary winding is proportional to the
integral of the applied voltage, where the proportionality constant is the reciprocal of the
number of turns in the primary side winding [41]:

1
6, = Np/vp(t)dt (3.33)

¢y, is the average flux in the primary side, IV}, is the number of turns in the primary side
winding, and v),(¢) is the applied voltage to the primary side.

Most of this flux will stay in the transformer core and also pass through the secondary
side winding. This flux links the primary and secondary side winding and is named mutual
flux. However, as seen in figure 3.15, some of the flux will pass through the air instead.
This flux is called leakage flux and is much smaller than the mutual flux. The primary side
flux therefore consists of both leakage flux and mutual flux:

¢p = ¢m + ¢lp (3.34)

where ¢, is the mutual flux and ¢, is the primary side leakage flux. This is equal for the
average flux from the secondary side winding ¢,:

by = b + Bis (3.35)

@15 1s here the secondary side leakage flux that returns through the air and bypasses the
primary side winding.

Proximity Effect

In the same manner as skin effect occurs in transformer cores, it occurs in the copper
conductors used in transformer windings [9]. The applied time-varying current i(t) generates
a magnetic field which again generates eddy currents flowing in the conductor. At high
frequencies, the major part of the current is flowing in the outer layer if the conductor,
resulting in a small skin depth. The magnetic flux is perpendicular to the direction of the
applied current. The generated eddy currents will therefore flow either in parallel or in
anti-parallel to the applied current as showed in figure 3.16. This results in that the eddy
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Figure 3.16: Eddy currents generated by the proximity effect in the magnetic transformer core [9].

current losses in wires close to each other are much larger than in a free wire. This is due
to the transverse field made by the adjacent conductors and is called the proximity effect.
Both the skin effect and the proximity effect will occur simultaneously in a conductor
carrying an alternating current when it is exposed to an external alternating field, which is
the case for a conductor used in a transformer winding. These eddy currents have three
major effects: heat due to ohmic losses; opposite magnetic reaction field; and additional
forced due to interaction of induces and inducing fields.

3.3.4 Power Losses and Heating Effects

The total losses in the HF transformer can be divided into core losses Py, and winding
losses P.,:
Py = Ppe + Pey (3.36)

They are in this section expressed in terms of geometry, material, winding and excitation
parameters.

3.3.5 Ferrite Core Losses

Core losses in ferrites consists of a sum of hysteresis, eddy current, and residual loss
components [42]. They can be treated separately assuming independence of each other.
This is important since the different losses exhibits a different power law depending on
frequency and the flux density.

Hysteresis Core Losses

The hysteresis loss caused by the dissipated energy due to eddy currents and hysteresis in
the B-H relation described earlier accounts for the hysteresis loss Py, . These hysteresis
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ferrites losses is given by the Steinmetz equation [42]:
Pjen = knf*By, (3.37)

where kj, is a hysteresis loss coefficient, 3 is the core loss exponent depending on the core
material, « is the frequency loss component, f is the magnetization frequency, and B,, is
the peak flux density. For commonly used ferrites, « = 1.2 — 2 and 8 = 2.4 — 3 [42].

Eddy Current Effects in the Core

The eddy current losses depends on the size of the current swirls and the resistivity of the
transformer core material. For a given core material and thickness, the eddy current losses
Py cc per volume is given by [42]:

fiBz,

Pfe,ec = kei (338)
Pfe

where k. is a dimensionless loss coefficient and py. is the internal resistivity of the core
and equals 1/c. The peak flux density B,,, for a full-bridge DC-DC converter is given by
[9]:

VoD
= —————— 3.39
2NpAcfs ( )
With a duty D of 0.5, the eddy current losses can be written as:
ke V, 2
P e,ec — 7( P ) 3.40
fe. Pfe 4]\71,14C ( )

However, this is just an approximation of the actual eddy current losses, due to a frequency
and temperature dependency of the resistivity.

Residual Loss

A third loss component is required to obtain more accurate core losses. This loss is called
residual loss Py, and is due to magnetic relaxation and resonances in the ferrite core
material. Residual losses are strongly dependent on the frequency, and can be reduces by
using fine-grained ferrites [42].

Total Core Losses
The total losses in the core is given by the sum of the three losses described above:
232
Pje = Piep + Pfece + Prey = knfoBS + kp— + P, (3.41)
fe

However, the losses in the core are small compared to the copper winding losses.
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3.3.6 Copper Winding Losses
Ohmic loss

Ohmic loss occurs in copper conductors as a result of the DC resistance. For one winding,
the ohmic power dissipation is:

Pcu,dc = Ifmstc (342)

where R;. can be found directly from the transformer characteristics. For a two winding
transformer the total power dissipation from ohmic losses becomes [44]:

Pcu,dc = II%Rp + Isst (343)

where I, and R, are the primary side rms current and DC resistance respectively, and I,
and R, are the secondary side rms current and DC resistance respectively.
The DC winding resistances can be expressed as:

leu N2
Ry = peu A
cu,p
(3.44)
R lcu]\fs2
s — pC’LL Acu s

where p.,, is the copper resistivity; l., is the average length of winding turn; A, , and
Ay, s are the total area of the primary and secondary windings respectively; and N, and
N are the number of turns on the primary and secondary windings respectively. Inserting
3.44 equation 3.43 can be rewritten as:

leuN} lew N2
Pcu,dc = I;gpcu A L + Izpcu A 2 (3.45)
cu,p cu,s

Eddy Current losses

In the same manner as skin effect occurs in transformer cores, it occurs in the copper
conductors used in transformer windings [9]. The resulting dissipate power P, will
contribute to the winding losses, and can be given as:

Pcu,ec = Izngec (3.46)

where R, is the effective eddy current resistance.

Total Copper Winding Losses

Total power dissipated in a winding then becomes [9]:

R..=1?> R (3.47)

rms=ac

Pcu: cu,dc+Pcu,ec:I2 Rdc+12

™ms rms
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The effective resistance of the conductor windings is increasing with frequency due
to the skin and proximity effects. Dowell considered this by deriving values for the AC
resistance versus frequency [45]. Ferreira gave an exact solution for round wires [44]:

A rsinhA + sinA o SInhA — smA} (3.48)

Ry = Rje—|———— 2m — 1) ——M—

29 | coshA — cosA +(2m ) coshA + cosA

where m is the number of layers in the winding section, R, is the DC resistance, and A
is given by:

Vrd

A=-"—-

2 0

d is here the wire diameter and ¢ is the skin depth given by equation 3.25. A similar
treatment could have been done for the magnetizing current [44], but these losses are
neglected in this thesis. Table A4 in appendix B gives the skin depth of copper wires at
different frequencies.

(3.49)

3.3.7 Thermal Considerations

Heat transfer occurs as a result of temperature difference between regions. Heat is the rate
of the energy transferred from a region with high temperature to a region with a lower
temperature. This process continues until the regions have the same temperature. There
are three heat transfer mechanisms — conduction, convection, and radiation [42].

The power losses get converted to heat, which increases the temperature in the core
and the windings. The temperature increase reduces their performance and increase the
losses even more. Thermal considerations are therefore important when designing the
transformer. The resistivity of the copper windings increases with temperature, which
gives higher ohmic losses. For ferrites, the minimum core loss occurs at around 100 °C,
but increases with a further increase in the temperature [9]. The heat transfer mechanisms
result in a equal steady-state temperature of the components. And the maximum allowable
steady-state temperature of the system is defined by the lowest temperature rated component.

Conduction

Conduction heat transfer occurs in a substance due to energy differences in the particles
of the substance. These energy differences are due to lattice vibrations and free flow
of electrons in solids, and collision and diffusion in liquid and gases [8]. Energy is
transferred from a high temperature region in the substance to a low temperature region
along a temperature gradient. The conductive heat transfer capacity P. is proportional to
the cross-sectional area A, and to the temperature gradient 97 /0x [42], and is given by

Fourier’s law:
oT
P.=kA.— (3.50)
Ox
where k; is the thermal conductivity of the material. It is often a negative sign in this

equation indicating that the heat flows downhill on the temperature slope 97'/0zx.

40



3.3 The High-Frequency Transformer Network

Convection

Convection is energy transfer between a solid surface and an adjacent fluid in motion. It
also includes conduction to the boundary level of the fluid [8]. The heat transfer due to
convection is proportional to the temperature difference of the surface of the heated body
T and the adjacent fluid T}, both measured in Kelvin [K], and is given by Newton’s law
of cooling [42]:

Peonv = heonvAs (Ts - Ta) (3.51)

where A is the surface area of the heated body where the convection heat transfer takes
place and h.,y is the convection heat transfer coefficient. h.oy, 1S not a property of the
fluid, but an experimental determined parameter. This parameter is difficult to estimate,
but for vertical plates h¢op, is given by [42]:

T, — T,\1/4
7“) (3.52)

[ 1.42(
h

where h is the height of the plate. This is in the case of natural convection.

Natural (or free) convection is when the fluid motion only occurs due to the density
difference between the hot and cold air without any external source of movement. Forced
convection is when there is an external source of movement to the fluid motion, for
example a fan.

Radiation

Radiation is energy transfer in form of electromagnetic energy. This is the fastest type
of heat transfer and does not require a material medium like conduction and convection.
Radiation can therefore occur in vacuum. The heat transfer from radiation that can be
emitted by a surface area A, with absolute temperature 7Ty, is given by Stefan-Boltzmann

law of thermal radiation:
Praq = €50 A,(TH) (3.53)

where €, is the emissivity of the surface, and o is the Stefan-Boltzmann constant equal to
5.67% 1078 W/m? x K*.

Heat transfer from radiation between two surfaces is proportional to the difference in
the absolute temperatures to the fourth:

Proq = €,0A (TS = T) (3.54)

3.3.8 HF Transformer Construction

The HF transformer needs to be designed for safe operation and to meet the circuit ratings.
In order to keep the magnetization current low, the HF transformer does not consist of an
air gap. For the transformer design, the following is required to be designed:

* Size of wire and number of turns to be used for primary and secondary windings.
 Core to be used.

* Resistance of the winding.
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Figure 3.17: A simple toroidal transformer.

* Magnetizing inductance of the transformer.

However, the design of the transformer is beyond the scope of this thesis and is therefore
not addressed in detail. It is left to the reader to choose a real core for the required
specifications when designing the isolated DC-DC converter.

Specifications and assumptions

The specifications of a two winding transformer are listed below:
* Primary side rms voltage, V,, V
* Primary side rms current, I, A
* Number of turns on primary side, IV,
* Secondary side rms voltage, Vs V
¢ Secondary side rms current, I, A
* Number of turns on secondary side, N
* VArating, VI, = Vi1,
* Frequency, f Hz

The ferrite toroidal core is depicted in 3.17. The toroidal core has a continuous
magnetic path and yields the highest effective permeability and the lowest flux leakage
of any transformer shape. The dimensions of the toroidal core are depicted in figure 3.18.

The window area A,, of the toroidal core accommodates both the primary and the
secondary side of the transformer. The two windings are overlapping each other. It is
assumed that the window is filled with conductors to a fraction of a.,:

oAy = NyI, + NI, (3.55)

Queq, 18 assumed to be 0.4 for the toroidal core [46].
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§

Figure 3.18: Toroidal core dimensions.

A magnetic material can only carry a certain maximum amount of flux density without
saturating. If the core saturates, the relative permeability drops substantially, and saturation
needs therefore to be avoided. The maximum allowable flux density is denoted B,,, and is
about 0.4 T for ferrites.

The choice of the transformer is an iterative process and the steps are shown below.
These design steps are the same as described in [43].

Step 1 - Core Material and Size

The product of the core cross-sectional area A, and the window area A,, is a measurement
of the energy handling capability of the transformer, and relates the area product to the
required VA rating of the transformer [43]. This determines the first selection of the cross
sectional area of the transformer core and the window area. The area product is given by:

VA

AAy = ——
¢ 2mequacu

(3.56)

The smallest core with an area product higher then the calculated one from equation
3.56 can be chosen from core tables. The core area A, and the window area A,, can then
be found from the core table for the selected core.

Step 2 - Select the number of turns

The number of turns on the primary and secondary side are calculated as follows:

v
N,= —-—
4/ BnAe (3.57)
N. = L
* T 4fBnA,
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These numbers of IV, and NN, are rounded up to the nearest whole number and chosen as
the primary and secondary side number of turns respectively.

Step 3 - Select the size of the wire for the secondary and primary side windings

The conductor can only carry a certain maximum amount of current per unit cross sectional
area. This is equal to the current density capability given by:

Jew = Zrms (3.58)
Gey
If this limit is exceeded, the wire will overheat due to the DC resistance. For a copper
conductor, the current capacity is between 2 A/mm? and 5 A/mm? [43]. Rearranging
equation 3.58, gives the minimum cross-sectional area of the primary and secondary side
wire respectively:

1
Qcu,p = Jp
) (3.59)
Aey,s =
' Jeu

The primary and secondary side wires can be chosen from wire tables.

Step 4 - Check if A, is big enough

It is then important to figure out if the required number of turn windings will fit in the
selected core window in step 1.
The total area of the wires equals:

Ay = Npacu,p + Nsacu,s (3.60)
This must be less or equal to the window area times the copper fill factor:
Apy = Npacup + Nsteu,s < euAw (3.61)

If this is not true, then a new size of the transformer core must be chosen.

Step 5 - Calculate the length of the wires

The length of the turns are calculated from the chosen core dimensions.
For a toroidal core, the mean length is difficult to calculate due to the many ways of
winding. [46] has given an approximation for the mean length turn (MLT) to be:

MLT = 0.8(a + 2¢) (3.62)

where a is the diameter of the toroidal core, and c is the height of the core as depicted in
figure 3.18. The total length of the wires then becomes:

lewp = MLT % N,

(3.63)
lews = MLT % N,
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Step 6 - Resistance of copper wires

The copper DC resistance of the primary and secondary side windings can be found when
knowing the total length [.,, of the wire, the cross-sectional area a.,,, and the resistivity p
of the material:

Ry, = Plev (3.64)

acu

Step 7 - Core Reluctance

The core reluctance is calculated from equation 3.24, reproduced here:

le
R = (3.65)
ACMO/’L’I‘
where [ is the mean length of the transformer core, A, is the cross-sectional core area,
1o 1s the permeability of free space, and p,- is the relative permeability of the transformer

core material.

Step 7 - Magnetizing Inductance

The magnetizing inductance can be found from:
N2

Ly,
R

(3.66)

3.4 Power Switching Devices

Power switching devices controls the power flow in power electronic systems by conducting
current in the on-state and blocking the current in the off-state [43]. The ideal switch has

[off + I +
Voff Von
(a) (b)

Figure 3.19: Ideal switch, (a) off-state, (b) on-state.

two states, on and off, as depicted in figure 3.19. In the off-state, no current is conducted
through the switch, and the switch can block any voltage:

Iosp =0

(3.67)
—oc0o <V, ff < 00
When the ideal switch is turned on, it can conduct any current with no voltage drop:
—o0 < Iy, < 00
(3.68)

‘/onzo
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This implies that no power is dissipated in the ideal switch in either the on- or the off-state,
and it therefore features zero conduction and blocking losses:

P,,=0

(3.69)
Pyp=0
The ideal switch also features instantaneous turn-on and turn-off, and does not need energy
to switch between the two states or to maintain in either the on-state or the off-state. This
results in zero switching losses and zero control effort:

ton =0
tofs =0 (3.70)
Py =0

3.4.1 Real Switches

Real switches does not have the same features as ideal switches. In the off-state, real
switches conduct a small current, termed leakage current. This current causes blocking
losses greater than zero. Real switches also have limitations on the blocking voltage
capacity.
Logg #0
Vo < Vopp < Vi 3.71)

Pops #0

where V. and V_ are the upper and lower blocking voltage limits respectively.
In the on-state, the voltage across real switches are nonzero causing conduction losses.
The conducting current capacity is also limited by the switches physics.

I_<I,, <It
Von # 0 (3.72)
P,, #0

where [ and /_ are the upper and lower conducting current limits respectively.
Real switches does not feature instantaneous switching, it takes some time to switch

from one state to another:
ton 0

tofr # 0

This limits the maximum operating frequency of the switch. The switching transition
requires external energy to turn the switches on and off. This energy appears as turn-on
and turn-off losses: (E,y, # 0, Eof¢ # 0). This is provided by an additional drive circuit.

Real switches are also thermally limited since the power dissipation is nonzero. The
power dissipation appears at heat with rises the temperature of the switching device.
Heat can increase the losses even further and result in component failure. It is therefore
important to avoid unlimited temperature rise.

There are three types of switches:

(3.73)
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¢ Uncontrolled switches
¢ Semi-controlled switches
¢ Controlled switches

Uncontrolled switches are devices where the state is determined by the state of the power
circuit. Diodes are uncontrolled switches where the current direction decides whether it is
in on- or off-state. These devices does not have any external control. In semi-controlled
switches, one of the states (on or off) can be controlled by external control. However,
the other state is only reachable by intervention from the power circuit. An example on
a semi-controlled switch is a thyristor. It is turned on by a current injected into its gate
terminal, but can only be turned off by reducing the main current through the device to
zero. Controllable switches are turned both on and off by control signals provided by
external control. Examples of controlled switches are bipolar junction transistors (BJTs),
metal-oxide-semiconductor field effect transistors (MOSFETSs), gate turn off (GTO) thyristors,
and insulated gate bipolar transistors (IGBTs) [9].

In this thesis, MOSFETS and diodes are utilized and are therefor the switches that are
further looked at.

3.4.2 Diodes

The diode is a two terminal device with an anode (A) and a cathode (K) [43]. The circuit
symbol and the i-v characteristics are showed in figure 3.20 (a) and (b) respectively. The
idealized switching characteristics are showed in figure 3.20 (c).

ip ip

I

Viated . vp vp
Reverse 5D
+ vp  — blocking
A>—>—K
D

(a) (b) (©

Figure 3.20: Diode (a) circuit symbol, (b) i-v characteristics, (c) idealized switching.

When the diode is forward biased (vp > 0), it is in the on-state and conducts current
with a small forward voltage V; across it. When the diode is reverse biased (vp < 0), it
is in the off-state and a small leakage current ¢,..,, flows through it. This current is often
neglectable.

At turn-on, the diode reaches the on-state with a small time delay called the forward-recovery
time ¢,.. Due to a rapid turn-on compared to the transients in the power circuit, the diode
can be considered as ideal [9] at turn-on. At turn-off, however, the diode current reverses
for a time called reverse-recovery time t,.., before falling to zero. This is depicted in
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figure 3.21. This negative (reverse-recovery) current is required to supply the reverse
charge required in the diode to block the negative voltage across the junction. ¢, limits
the switching frequency of the diode.

iD

Figure 3.21: Diode reverse-recovery time t,.

The diode is an uncontrolled, unidirectional switch and does not have explicit control
inputs. It reaches the on-state with a small delay ¢, and conducts positive current when
the device is forward biased. When the forward current goes to zero, it blocks the negative
voltage and goes to off-state after a small time delay ¢,..

Power Losses

When the diode is forward biased, it dissipates power due to the forward voltage drop V
across the diode. These losses are conduction losses and are equal to:

Porn = Viloy (3.74)

1, is decided by the power circuit.
When the diode is reverse biased, it dissipated power due to the leakage current /,..,,.
These are blocking losses equal to:

Pogyp = Vorslrev (3.75)

Diode types

There are three different types of diodes available:
¢ Schottky diodes
* Fast-recovery diodes
* Line-frequency diodes

The chose of diodes depends on the application requirements. Schottky diodes have a
low forward voltage drop, but has limited blocking voltage capabilities, typically 50-100
V. This diode is preferred in circuits where low conduction loss is desired. Fast-recovery
diodes are designed to be used in high-frequency switching applications where a small
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reverse-recovery time is needed. they are often used in combination with controllable
switches. Line-frequency diodes are suitable as rectifier diodes due to a very low forward
voltage drop in the on-state. The voltage and current rating can be up to several kV and
kA respectively, but they have a large reverse-recovery time. This is, however, acceptable
for line-frequency applications.

3.4.3 Metal-Oxide-Semiconductor Field Effect Transistors

MOSFETs are voltage-controlled switches that consists of three terminals - drain (D),
source (S), and gate (G) [9], as depicted in figure 3.22 (a). These devices have been
available since the early 1980s [9], but research on new materials with substantial performance
improvements is bringing new devices into the market. They have become popular in high
frequency switching applications due to a fast switching speed and low switching losses.
MOSFETs are available with voltage ratings up to 1700 V and current ratings at 73 A
!, Data sheets for the MOSFETSs utilized in this thesis are found in Appendix A.1. Both
N-channel and P-channel MOSFETsSs are available, but N-channel is most common [43],
and is the only one considered here.

vpgs is the drain-to-source voltage and form the power terminal pair, while vgg is the
gate-to-source voltage and form the control terminal pair. The gate is insulated from the
circuit, and draws therefore no current at steady state. However, during the transient from
on to off-state (or vice versa), the gate capacitance is being charged/discharged and a small
current is flowing.

ip iD
vas =TV
vgs = 6V
n
ves =5V —On
Of vgs =4V off
i Ups L UDS

(@) (b) (©

Figure 3.22: N-channel MOSFET (a) circuit symbol with body diode, (b) i-v characteristics, (c)
idealized switching.

The current flow between the MOSFET’s output terminals (D and S) is externally
controlled by the gate. When v s is charged to a suitable potential by an external control
circuit, a conducting path from the drain to the source is established and the MOSFET
is on. In the on-state, the MOSFET is equivalent to a resistance Rqs on. This region of
operation is therefore called the resistance (or ohmic) region, and occurs when vpg is
equal to or less than vgs — Vas,in:

vas — Vas,th > vps >0 (3.76)

1SiC MOSFET C2M0045170D from Cree Wolfspeed.
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The MOSFET is then driven by a large gate-to-source voltage, and in power applications
is normally vgs >> Vg . This results in that the criteria for being in the ohmic region
can be simplified to vpgs < vgs. vpg is equal to the voltage in the on-state, given by:

Von = Rds,onIon (377)

1, is the on-current and is decided by the circuit. The peak and continuous drain current
is limited by the MOSFETSs physics:

- ISD < Ion < ID (378)

The body diode conducts the reverse current, and the negative current capability is therefore
decided by the body diode.

MOSFETs are enhancement type, meaning that it requires a continuous v g of appropriate
magnitude to conduct current and maintain in the on-state [43]. When v falls below the
threshold voltage Vg5 .1, the MOSFET blocks the voltage and goes to the off-state, also
called the cut-off region. The MOSFET is then an open circuit and must block the applied
voltage. The MOSFETs blocking voltage capability is limited by its physics:

0 < Vpss < BVpss (3.79)

where BVpgg is the drain-to-source breakdown voltage. BVpggs must be larger than the
applied drain-to-source voltage at all times to avoid avalanche breakdown of the drain-body
junction in the MOSFET [9].

In the cut-off operation region, the MOSFET passes a small leakage current:

Iosr =1Ipss #0 (3.80)

The i-v output characteristics with respect to vgg are shown in figure 3.22 (b), and the
respective idealized switching characteristics are shown in (c). The MOSFET with body
diode therefore blocks positive voltage and passes both positive and negative current.

Due to a positive temperature coefficient in the on-state, MOSFETsS are easily parallel
coupled [43]. This is because the device carrying the higher current heats up and get forces
to share its current with the parallel MOSFET(s).

Switching characteristics

MOSFETsS have a fast switching characteristics compared to other switching devices. This
is due to that no excess carriers needs to be moved into or out of the device at turn-on
and turn-off [9]. It is only the gate capacitances that needs to be charged/discharged at
turn-on/turn-off.

The switching performance of the MOSFET is shown in figure 3.25. This is a simplified
linearized model of the switching characteristics described in [9]. ¢4,y 1s the turn-on delay
time where the gate-to-source voltage vgg rises from zero and up to the threshold value
Vas,¢n to obtain conduction through the MOSFET. This rise is exponential. This increase
in vgg is due to currents flowing through and charging C'cs and Cgp. Beyond Vg ih,
vas keeps rising and the drain current ¢ p begins to increase linearly. The drain-to-source
voltage vpg is constant equal to the blocking voltage Vp g as long as the diode is conducting
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(¢p < Iy). When ¢p has built up to carry the full load current I, after the time ¢,., vpg
starts to decreases to the on-state voltage V,,,. This decrease in vp g takes a time ¢ ,,. vGs
is here temporarily clamped at a level to maintain ¢p = I,,. The entire gate current ig
flows through the capacitor Cgp in this case. At the beginning of ¢, the MOSFET is
still in the active region of operation, but it moves into the ohmic region. At the end of
t v, vps has obtained a value equal to V,,,, = Rgs 0nlon and vgs continues to rise to the
applied gate voltage while the gate current ¢ falls to zero. The MOSFET is fully on.

The rise time ¢, is the gate charging time to drive the gate through the control range of
the gate voltage required for full condition of the device.

This process is reversed at turn-off. ¢4 ,¢s is the turn-off delay time required for the
gate to discharge from its overdriven voltage to the threshold voltage. This is called the
active region. ty is the fall time required for the gate voltage to move through the active
region before entering cut-off region. The MOSFETS equivalent circuits in the ohmic and
in the active and cut-off region shown in figure 3.24 (a) and (b) respectively.

Vea+

vas(t)

Vas, 1,1~

72 = Ro(Cpaz + Cgs)

= RoCyn + Cp)
Voo Vasi, Vosn
¢ i T

iglo)

Vasun,

0l

Charge on Cy, + Cga

b tpp———f

Va

{-vostt) - tan~]
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Figure 3.23: Switching characteristics of MOSFET, (a) turn-on, (b) turn-off [9].
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Figure 3.24: MOSFET circuit equivalent, (a) in the ohmic region, (b) in the cut-off and active
region.

The important specifications of the MOSFET to assess suitability with the power
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circuit, calculate power losses, and for proper design of the drive circuit are [43]:
* Average and peak current I and s
» Peak blocking voltage BVpgs
* On-state resistance Rgs on
e Off-state current Ipgg
* Thermal impedance
» Switching times ¢4 on, Ly, td,0ff, and t ¢
* Threshold voltage Vs ih
* Body diode current Isp
* Body diode recovery time %,

¢ Input capacitances Cjss, Coss, and Chg¢

Power Losses

In the on-state region, the power dissipation can be kept low by minimizing the voltage
drop Vps,on, €ven with a large drain current ¢p. The on-state resistance Ry, op Increases
rapidly with the blocking voltage capability of the MOSFET. However, the technology is
developing quickly, and new technologies and materials have significantly improved the
efficiency of the device by lowering the on-state resistance over the last years [47]. The
power dissipation (conduction loss) in the on-state is given by:

Peona = 12, Ras,on (3.81)
In the off-state, the blocking losses are given by:
Pyiocking = VpsIpss (3.82)
Switching losses are given by:
Py = Pon + Pory (3.83)
where:
Po = Eon(I) fsw (3.84)
Pyit = Eorr(I) fsw (3.85)

The switching takes a time ?,, and ¢,;; for turn-on and turn-off respectively. These
switching times are given by [43]:

ton = td,on +t (386)

topr =tdoff +1f (3.87)
where 14, o, and 4, are the on and off delay time respectively, ¢,. is the rise time, and ¢
is the fall time.

These losses raise the junction temperature in the MOSFET, and makes the thermal
design important in order to limit the operating junction temperature.
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3.4.4 Semiconductor Materials and Manufacturers

Silicon (Si) have been the dominant choice of material in power devices. However, the
requirements are rising and Si-based power devices are approaching their performance
limit due to material characteristics [47].

Recently, research on wide-bandgap (WBG) materials as silicon-carbide (SiC) and
gallium-nitride (GaN) has lead to an introduction of new switching devices with reduced
losses and higher power density [10]. In WBG materials, the energy required for an
electron to go from the valence band to the conduction band is larger than in the conventional
Si MOSFET. These materials are therefore superior to its Si based counterpart for switching
power devices, offering several key characteristics as: high dielectric strength; high-speed
switching; excellent thermal stability; high current density; and low on-resistance [47, 48,
49]. A lower on-resistance improves the efficiency of power switching devices due to
reduced conduction and switching losses. Utilizing these materials also decreases the size
of the module due to increased power density [49]. The thermal stability enables operation
in environments with high temperature.

High voltage Electric Field si
operation {MV/cm)
5 Sic
: —GaN
Tharmal
Energy gap (eV) Conductivity
(w/em.*C)
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Electron velogity Melting point applications
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switching

Figure 3.25: Comparison of Si, SiC, and GaN material properties [10].

The market of SiC devices have grown much faster than the market for GaN devices.
SiC technology has reached a mature stage, and SiC power devices as the Schottky diode,
MOSFETs, JFETs, and BJTs are provided by several manufacturers and in a wide range
of blocking voltages. Both the SiC Schottky diode and the SiC MOSFET have already
ousted their Si counterparts in high voltage applications. They can also handle higher
currents because they can be easily parallel connected due to positive thermal coefficients.

GaN High Electron Mobility Transistors (HEMTs) have shown superior material properties,
especially for high frequency applications. The high electron mobility allows operations
at higher switching frequencies than SiC. This also decreases the module size because
of smaller passive components [49]. Another significant advantage of the GaN HEMT
is the absence of a parasitic body diode common to SiC MOSFETs. They have a reverse
conduction mechanism similar to the conventional St MOSFET without any reverse recovery
losses. Due to low parasitic capacitances, fast switching, low driving losses, and zero
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reverse recovery charge, GaN power semiconductors tends to replace Si and SiC devices,
especially at higher frequencies [50].

The GaN market is less mature than the SiC market. However, it is rising and several
manufacturers are now offering GaN HEMTs. GaN devices for high voltage have become
commercially available just recently. Some manufacturers that are offering SiC and GaN
devices are discussed here.

Manufacturers

Efficient Power Conversion (EPC) was founded in 2007 with the foresight that GaN would
be the inevitable successor to silicon in the advancement of power because of its incomparable
speed, efficiency, and low cost. EPC delivered the first commercial enhancement-mode
GaN transistor in 2009. Today, they deliver a broad range of GaN transistors in a blocking
voltage range of 15-350 V, and they provide single transistors, half-bridges, and drivers.
EPC has plans to go to 900V in the future. SiC has better thermal conductivity than GaN
at that voltage range, however, GaN has a cost advantage at all voltage levels, and EPC
predicts the battle between SiC and GaN to begin at 900 V and move upwards [51].

GaN Systems provides award-winning GaN HEMTs and is the only company with a
product portfolio encompassing products in both the 100 V and 650 V range. GaN Systems
also provides an enhancement mode GaN on silicon power transistor (GS-065-120-1-D)
with a very low on-state resistance (12m{2) and high voltage and current ratings on 650 V
and 120 A respectively.

Cree have an unique position providing both SiC and GaN devices. Having an in-depth
knowledge for both processes, they utilize SiC for higher voltages devices, while using
GaN for its RF devices. They provide SiC MOSFETS, SiC Schottky diodes, SiC power
modules, gate driver boards, different and GaN RF products. Cree provides SiC MOSFETs
in the range of 900 V to 1700 V, and SiC Schottky diodes in the range of 600 V to 1700 V.

Rohm Semiconductor provides Si and SiC power devices as Schottky diodes, MOSFETs,
and power modules. Their SiC MOSFETs are in the voltage range of 650V to 1700V, while
the SiC Schottky diodes comes in the voltage range of 650 V to 1200 V.

Microsemi provides SiC MOSFETs and SiC Schottky diodes in the voltage range of
700V, 1200 V, and 1700 V. They also provide GaN transistors for RF amplifiers. Infineon
provides SiC MOSFETs, SiC Schottky diodes, and different hybrid modules. The SiC
MOSFETs comes with a blocking voltage of 1200 V, while the SiC Schottky diodes are
provided in the voltage range of 600 V, 650 V, and 1200 V.

UnitedSiC provides different SiC devices as Schottky diodes, JFETSs, and cascodes.
Their SiC Schottky diodes comes with a blocking voltage of 650 V.

Table Al and table A2 in Appendix A compares SiC MOSFETs and GaN HEMTs from
different manufacturers in terms of voltage and current ratings, and on-state resistance
respectively. Table A3 in Appendix A compares SiC Schottky diodes from different
manufacturers in terms of voltage and current ratings.
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Chapter

Full-Bridge Converter
Configurations for Interfacing PV
to MMC

This chapter proposes three different isolated full-bridge DC-DC converter configurations
for interfacing PV to MMC. The single-unit DC-DC converter configuration must handle
high power transfer. By utilizing a series-connection of isolated full-bridge DC-DC converters,
the power rating on each full-bridge and the voltage ratings on equipment is reduced. A
parallel-connection of isolated full-bridge DC-DC converters lowers the current stress

on the switches and reduces the ohmic losses. This chapter examines these different
configurations and addresses the power losses and efficiency calculations for the proposed
DC-DC converter configurations.

4.1 Introduction

The PV inverter operates at rated conditions only for a few hours per day. Therefore, it’s
pivotal that the isolated DC-DC converter has a high efficiency from no-load to full-load.
High power full-bridge DC-DC converters are suitable topologies for up to a few hundreds
of kilo-watts for medium voltage MMC PV Plants [27, 52, 53].

In the MMC PV plant configuration proposed in [2], and shown in figure 2.5, the
DC-DC converter must provide isolation and address MPPT. In this study, only unidirectional
power transfer from the PV plant to the MMC is considered, and it is therefore not
required to have a full-bridge with controllable switches on the secondary side of the HF
transformer. A diode bridge rectifier (DBR) is thus chosen on the secondary side of the
HR transformer due to lower cost and control requirements when utilizing diodes instead
of controllable switches. According to [39, 40], the isolated full-bridge converter is one of
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Chapter 4. Full-Bridge Converter Configurations for Interfacing PV to MMC

the most promising topologies for unidirectional power conversion application with a high
power efficiency for a wide input voltage range.

Since the overall efficiency for the PV inverter arrangement is the product of the MMC
efficiency and the DC-DC converter efficiency, the choice of converter topology, switching
devices, switching frequency, and HF transformer design for the DC-DC converter is
essential in order to obtain high efficiency in the MMC PV plant.

4.2 Single DC-DC Converter Configuration

The single-unit DC-DC converter configuration is a straightforward and simple configuration.
The power transfer from the PV array to the MMC SM occurs through one isolated
full-bridge DC-DC converter. Clearly, this isolated full-bridge DC-DC converter must
also be rated for the whole power transfer. This configuration is depicted in figure 4.1.

PV Array

T ST +
- . - acl ac2 | 1
Vpy - Vael “ ” 42 Wac2 —— Csm

ﬁ E:I |i| B S»_)J gu’E’} N:1 Fy F S —| UsM

Figure 4.1: Single DC-DC converter configuration.

The most obvious benefit of this configuration is that it only requires one DC-DC
converter with one HF transformer, which offers a simple structure. However, the high
power transfer requires high current and voltage ratings on the equipment, resulting in
high stress and losses in the converter.

4.2.1 Power Switches

Si and SiC power MOSFETSs handle high-power and high-voltage transfer, and are suitable
switches for this topology. SiC MOSFETs are available with voltage ratings of up to 1700
V, have a much lower on-state resistance, and allow a higher switching frequency than Si
MOSFETs, resulting in a higher converter efficiency. However, a parallel-connection of
switching devices in the DC-DC converter is necessary in order to handle the high currents.
The SiC based isolated DC-DC converter is studied in [54], and the efficiency is shown to
be as high as 98.7% when operated at 10 kHz.

4.2.2 The HR Transformer

The HR transformer must handle AC peak-to-peak voltage when assuming a unity transformer
voltage ratio (1:1). This limits the switching frequency due to the high-power transfer
with a high-sending current. A high-switching frequency and a high-sending current
will result in spikes in the energy in the transformer because of the leaking inductance.
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When changing the polarity of the current at a high frequency, the stored energy will
result in a back EMF increasing the potential substantially, which may also then lead to an
isolation failure in the transformer. This configuration must therefore operate at maximum
medium-switching frequency in order to reduce losses.

4.2.3 Efficiency and Total losses

The full-bridge converter carries all the power from the PV plant to the MMC SM. The
efficiency of this configuration depends on the switching and conduction losses in the
switching devices, and on the copper and core losses in the HF transformer. [31] has
found that for a 100 kW SiC based full-bridge converter operating at 20 kHz, the switching
devices contributes with around 60% of the overall losses.

4.3 Series-Configuration of the High Frequency Isolated
Full Bridge DC-DC Converter

Figure 4.2 shows a series-configuration of the high-frequency isolated full-bridge DC-DC
converter. The series arrangement consists of a series-connection of k full-bridge DC-DC
converters connected to each MMC SM. Each full-bridge is interfaced with segmented PV
arrays, which are designed assuming an unity voltage ratio in the HF transformer. With
this configuration, the voltage stress on the switching device is reduced considerably. A
series connection of DC-DC converters results in a lower required voltage rating of each
full-bridge. The voltage will be divided over the full-bridges, resulting in a voltage rating
equal to:

Vdc—dc = V@’m/ks (41)

However, the current handled by each full-bridge will be the same as in the one-unit
configuration.

Iy T
Vpo, = fac1,1 3” fac2,1 Vite,1
_ _ JE‘} N:1 % x _”<

= Csy —
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+ | = F x * _|K
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_ | J'ﬁ} N:1 % x _

Figure 4.2: Topology of the proposed series-connection of isolated full bridge DC-DC converters.

Nl

2

The PV arrays are designed such that the power carried by each full-bridge P, 4. is
equal to the rated SM power P, , divided by the number of series-connected DC-DC
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converters kj:
Pdcfdc = sm,r/ks (42)

This increases also the MPPT with the number of k; compared to the single converter
arrangement.

The main advantage of this configuration is that the bulk transmission of power to the
SM is distributed, which increase the overall reliability of the converter.

4.3.1 Power switches

The lower voltage rating of each full-bridge in this configuration allows for use of lower
rated switching devices. Since the power transfer in each DC-DC converter is lower,
the switching frequency can also be higher. This configuration can therefore utilize the
benefits of GaN devices. GaN switching technology has shown superior material properties
compared to Si devices, especially for high frequency applications, and are available with
voltage rating up to 650 V. The properties of GaN allow for higher switching frequency
then what SiC devices do. Due to a higher critical electric field strength, GaN devices
are smaller for a given on-state resistance and breakdown voltage [48]. This results in
reduced parasitic parameters and a higher possible operating switching frequency. A
higher switching frequency results in a lower flux density and reduces the size of the
required HF transformer core and the use of copper significantly. However, due to the
high currents, a parallel-connection of GaN devices is necessary in order to handle the
high currents.

4.3.2 The HF Transformer

For each series-connected full-bridge, one HF transformer is required. The power transfer
and voltage rating is in this configuration reduced by k,. The current however, remains
the same as in the one-unit configuration when assuming a unity transformer voltage ratio.
The copper windings therefore needs the same design as in the one-unit configurations,
but the core can be design for less power transfer.

4.3.3 Efficiency and Total losses

The power transfer from the PV arrays to the MMC SM is divided by k, full-bridge
converters. The efficiency of the whole isolated DC-DC converter configuration is given
by the average of the series-connected full-bridges:

ks
1 s
Ndc—de = ka ; ndc—dci (43)

The efficiency is a function of switching frequency fs,,, operating power P,. and the
output voltage V..
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4.3.4 Optimal choice of k; series connected DC-DC converters

The number of series-connected isolated DC-DC converters k, has to be selected so that
the overall efficiency of the system does not decrease significantly. To optimally choose
the number of series-connected DC-DC converters, an algorithm can be made. It is based
on that the efficiency for the series configuration of k; DC-DC converters must be higher
for the chosen value of ks than the efficiency for one DC-DC converter carrying all the
power at rated conditions:

Nde—de, ks > Nde—de 4.4)

where 7)gc—qc,k, 18 the total efficiency of the series configuration, while 74.—q. is the
efficiency of the one-unit configuration. This iterative selection is shown in figure 4.3.

Set ks = ks,rnin

Find ngc—dc; for P/ks

Increase kg

Is
< Nde—dc = Mde—de,k
Yes ?

Set kg

Figure 4.3: Iterative selection of the number of series connected DC-DC converters.

The number k&, also depends on the voltage ratings of the switching devices. GaN
devices comes with voltage ratings of 100 V or 650 V. If choosing switches with voltage
ratings on 100 V, assuming that only one device is used in series for each switch, and a
rated power and voltage at the MMC SM at 100 kW and 1000 V respectively, the minimum
number of k, is 13. This is when assuming that each switch carries 80% of the rated
voltage at rated conditions. If utilizing GaN switches with a voltage rating of 650V, the
minimum number of k; is 2.

In this thesis, the number of k; is set to the minimum value k; ,,,:,, knowing that
a smaller number of series-connected converters is beneficial due to a lower number of
switching devices, HF transformers, and a more simple control structure. However, the
number needs to be big enough to increase the efficiency of the whole converter arrangement.
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4.4 Parallel-Configuration of the High Frequency Isolated
Full Bridge DC-DC Converter

Figure 4.4 shows the parallel-configuration of the high-frequency isolated full-bridge DC-DC
converter. It consist of a parallel-connection of k, DC-DC converters connected to the
MMC SM. Each DC-DC converter is interfaced with segmented PV arrays. If the PV
string operating voltage is not equal to the SM capacitor voltage, then a step-up in voltage
is necessary in the HF transformer.

Lut
* _ = % x " .
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Figure 4.4: Topology of the proposed parallel connection of isolated full bridge DC-DC converters.

The PV arrays are designed so that the power carried by each DC-DC converter unit is
equal to the rated power at the SM divided by the number of DC-DC converters in parallel
kp:

Pdc—dc = Psm,r/kp (45)

This increases also the MPPT with the number of k, compared to the single converter
arrangement. Also for this configuration is the main advantage that the bulk transmission
of power to the SM is distributed, which increase the overall reliability of the converter.

A unity voltage ratio in the HF transformer results in the same voltage ratings in each
full-bridge as in the single DC-DC converter configuration. However, the current is divided
by the number of parallel-connected full-bridges:

Idc—dc = sm,r/kp (46)

This reduces the ohmic loss in the isolated converter. The ohmic loss is dependent on the
square of the current, and a reduction in the current in each full-bridge will therefore reduce
the overall ohmic loss. Lets say if the current in each full-bridge is halved compared to the
one-unit configuration, the total ohmic loss is also halved for the whole isolated DC-DC
converter due to the square relationship.

4.4.1 Power switches and the HF Transformer

Due to the reduced sending current in each full-bridge, the parallel-arrangement of converters
avoids the parallel-connection of switching devices in each full-bridge in order to handle
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4.5 Comparison

the high currents. The total number of switching devices are therefore reduced in this
configuration compared to the series-connected converter configuration.

At a unity voltage ratio, the power switches must be rated for the SM voltage, and SiC
MOSFETs are therefore the natural choice for this configuration. If utilizing a 1:2 voltage
ratio however, the voltage rating on the full-bridge switches only needs to be half, and
GaN devices can be utilized.

4.4.2 Efficiency

The efficiency of the parallel-connected DC-DC arrangement is calculated in the same
manner as the series-connected arrangement:

k
1 P
Ndc—dc = k'ip Z Ndc—dc; (47)
i=1
Where k), is the number of DC-DC converters connected in parallel.

4.4.3 Optimal choice of k;, parallel-connected DC-DC converters

In the same manner as for the series connected configuration, the number of parallel
connected isolated DC-DC converters k,, has to be selected so that the overall efficiency
of the system does not decrease significantly. k, can therefore be selected as depicted in
figure 4.3.

The number of k,, is in this thesis set to the same value as k, in order to compare the
different DC-DC converter configurations in terms of component and ratings.

4.5 Comparison

Table 4.1 compares the one-unit arrangement, the series-arrangement, and the parallel-arrangement
in terms of MPPT, and power, voltage, and current ratings. The one-unit arrangement is

chosen as the base value. This depicts that with a distributed arrangement of the power

from the PV to the MMC SM, the MPPT efficiency increases significantly. For the series

and parallel configuration the MPPT increases with ks and k, respectively. However,

the MPPT is already significantly increased compared to the CI arrangement presented in

figure 1.3 (a) by utilizing MMC as the inverter.

The number of switching devices in each configuration depends on the choice of k;
and k,, and the choice of switching technology. However, reducing the current rating as in
the parallel configuration, requires less switching devices and also results in lower ohmic
losses. With a lower voltage rating for each full-bridge, as in the series configuration, new
switching technology as GaN devices with improved switching characteristics for high
frequency applications can be utilized.

4.6 Configurations chosen for a further analysis

For the single DC-DC converter configuration, 1200V SiC MOSFETs are utilized.
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Table 4.1: Comparison of the different DC-DC converter configurations.

DC-DC configuration

MPPT

Power rating

Voltage rating

Current rating

Single-unit converter 1 1 pu. I pu. 1 p.u.
Series-connected converters ks 1/ks p.u. 1/ks p.u. 1 p.u.
Parallel-connected converters | &, 1/1/ky, p.u. 1p.u. 1/ky, p.u.

For the series-configuration, the chosen power switch is a 650 V. GaN HEMT. The
minimum number of series connected devices is chosen out from this voltage rating. Since
the SM is rated for 1000 V, the number of series-connected isolated DC-DC converters kg

is chosen to be two.

To compare the series-arrangement and the parallel-arrangement, this is also the number

chosen for &,,.
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Chapter

PV Plant Configuration

The PV arrays making up the 3 MW scale grid-connected PV MMC power plant considered
in this thesis are in this chapter modelled for the three different converter configurations
presented in chapter 4. The PV arrays need to meet the power and voltage requirements
for each of the configuration.

5.1 Introduction

Each DC-DC converter is connected to one MMC SM, which is rated for 100 kW. The
PV arrays are either designed for 100 kW or 50 kW depending on the isolated DC-DC
converter configuration. The required string voltage is also different for the different
configurations.

By an appropriate interconnection between the PV modules in the PV array, the energy
yield of the PV plant can be improved [2].

5.2 The PV Module

The PV modules used in the evaluated PV plant are Titan S6-60 series, mono-crystalline
panels from Titan Energy Systems Ltd with a maximum power of 235 Wp. Table 5.1
tabulates the PV module electrical characteristics at Standard Test Conditions (STC),
which is at a irradiation level of G = 1000W/m? with an AM1.5 spectrum at 25 °C
[55].

Figure 5.1 depicts the I-V curve and the power available from the PV module at
different irradiance levels. This figure is obtained from simulations in SIMULINK. It
also shows the maximum power point (MPP) of the PV module, which is the operating
point where the maximum power is provided at a given irradiance and temperature. This
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Table 5.1: PV module Titan S6-60 series electrical characteristics [3].

Parameter Symbol | Values
Maximum power Py 235W
Maximum power voltage Vinp 2943V
Maximum power current Loy 8V

Cells per module Neenr 60

Open Circuit Voltage Ve 375V

Short Circuit Current I 852 A
Operating Temperature Trodule | —40°C ~ 85°C
Maximum System Voltage | Vi maq 1000 V

occurs at:

Pmp = Vmp * [mp

5.1

The maximum power is also termed the nominal power of the PV module and given with

the unit watt-peak (Wp).

Current (A)

Power (W)

Module type: Titan Energy Systems Titan S6-60-2-235

1 kW/m?

0.8 kW/m?

0.5 kw/m?

0.1 kw/m?

5 10 15 25 30 35

20
Voltage (V)

Voltage (V)

Figure 5.1: I-V curve, available power and maximum power point for the Titan S6-60 series PV
module at different irradiance levels at 25 °C.

5.3 PV Array Design for the different converter topologies

The different DC-DC converter configurations requires different ratings for the PV array.
The MMC SM is rated for 100 kW and 1000 V. The PV arrays are modelled with PV
panels in series to obtain the rated voltage and strings are added in parallel in order to
reach the required power rating. The PV arrays are designed for a unity voltage ratio in

the HF transformer.

Table 5.2 tabulates the required power and voltage ratings for each PV array in the
different DC-DC converter configurations. The required number of PV panels in each
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Table 5.2: Required PV array ratings for the different DC-DC converter configurations.

MMC DC-DC configuration Required power P, | Required voltage V,
Single-unit converter 100 kW 1000 V

Two series-connected converters 50 kW 500 V

Two parallel-connected converters | 50 kW 1000 V

array to meet the required power rating is found by:

P,
Ntotal = 73;, (5.2)
This number is rounded up to the nearest whole number. The number of required series-connected
PV panels in order to obtain the required string voltage can be found from:

Ve

Ns =
Vinp

(5.3)

This number is rounded up and selected as the number of series-connected PV panels. The
actual string voltage at rated conditions can then be found from:

‘/s,r = N, * Vmp (54)

The actual power produced by one string P, of Ny PV modules is equal to the number of
series connected modules multiplied with the maximum power:

Ps = N % Py (5.5)

N The number of required parallel-connected PV strings required to meet the power
rating is then found from:

Np = — (5.6)

where P, is the required PV array power, and P; is the power produced by one string. The

number of N, is rounded up and chosen as the number of parallel connected PV strings

with Vg modules in series. The peak power from the PV array is obtained by multiplying
the PV module peak power with the total number of PV modules in the PV array:

va,peak = Pmp * Ny * Np 5.7
The current produced by the PV array is found from:
Iy = Np * Iy (5.8)

Table 5.3 summarizes the configuration of the PV array for the different DC-DC
converter configurations, while table 5.4 gives the resulting power, voltage, and current for
the different PV array configurations at peak power. According to [56], the performance
is generally increased by reducing the number of modules in series and by increasing the
number of those in parallel. It is seen from table 5.3 that the series-connected converter
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Table 5.3: PV array configuration for the different MMC DC-DC converter configurations

MMC DC-DC configuration

Parameter

Value

Single-unit converter

Number of PV modules in series

34

Number of PV modules in parallel 13

Two series-connected converters

Number of PV modules in series 17

Number of PV modules in parallel 13

Two parallel-connected converters

Number of PV modules in series

34

Number of PV modules in parallel 7

Table 5.4: Power, voltage, and current for the different PV array configurations at peak power.

MMC DC-DC configuration Power P, | Voltage V,, | Current I,
Single-unit converter 103 870 W | 1000.62 V 104 A

Two series-connected converters 51935W | 50031V 104 A

Two parallel-connected converters | 55930 W 1000.62V | 56 A

configuration has the lowest number of series-connected PV modules, and the highest

number of parallel-connected PV modules.

Figure 5.2 shows the I-V curves and the available power at the different PV arrays at
different irradiance levels. These are found by simulations in SIMULINK for the chosen

PV module.
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Figure 5.2: I-V curve and the available power at different irradiance levels at 25 °C for the PV
array design for (a) the single-unit DC-DC converter configuration, (b) the series-connected DC-DC
converter configuration, and (c) the parallel-connected DC-DC converter configuration.
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Chapter

Annual Energy Yield and
Efficiency Comparison

This chapter presents the annual energy yield and annual losses for different PV inverter
topologies. Simulations are performed in order to find the efficiency of the different
isolated DC-DC configurations for the MMC PV plant discussed in chapter 4. The results
are presented in this chapter.

The different isolated full-bridge DC-DC configurations for the MMC PV plant discussed
in chapter 4 are considered for further evaluation. Two classical PV plant arrangements,
the central inverter (CI) configuration and the multi-string central inverter (MSCI) configuration,
shown in figure 1.3 (a) and (b) respectively, are also considered for performance comparison
to the different MMC PV plant configurations.

This chapter first presents the performance models of the different components in the
PV plant configurations in order to find the annual energy yield. Section 6.2.7 presents the
simulation model made in PLECS®in order to find the efficiency of the different DC-DC
converter configurations presented in chapter 4. The results are also discussed. The last
section compares the annual energy yield and the efficiency of all the different PV plant
configurations considered.

6.1 Description of the Evaluation Models

The performance model regarding the annual energy yield for the PV plant is set up as
shown in figure 6.1. It is the same model as used in [2] for the CI and MSCI configurations,
while it is modified for the MMC configuration in order to capture the annual energy yield
for the different isolated full-bridge DC-DC converter configurations presented in 4. This
evaluation model is built using Simulink®.

The cable losses are not more than 1% of the total power capacity of the PV plant [4],
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Figure 6.1: Block representation of performance model with temperature estimation of PV cells [2].

and they are therefore neglected and not considered in this performance model.

6.1.1 PV Array Performance Model

The power production at the PV plant varies with irradiance, temperature and wind speed.
These are stochastic data with strong function to the geographic location and season. The
weather data is obtained from [57] for the location of the PV plant and is the same as used
in [2]. The same set of weather data for the PV plant is used to evaluate the annual energy
production for all the different PV plant inverter topologies. The PV module temperature
is estimated as per [58] based on the ambient temperature data, irradiance profile, and the
average wind speed.

In order to find the maximum power obtained from the PV array, [2] has used a look-up
table approach. The PV module operating point at maximum power, as a function of
irradiance GG and temperature 7', is found as a surface fitted second order polynomial:

f(G,T) =ap+ a1G + a2sG? + a3T + asT? + asGT (6.1)

with coefficients as listed in table 6.1. This guarantees that the same data accuracy is used
in all the different PV plant configurations for variation in irradiance and temperature.

Table 6.1: Coefficients of the polynomial in equation 6.1 for P,,, and V,,,, respectively [2].

f(G, T) ap ajy a9 as [e7} as
Py 98.08 | 56.27 -0.9347 | -12.91 | -0.0142 | -7.256
Py 24.66 | 0.3922 | -0.4573 | -3.142 | -0.0232 | -0.00960

The output from this performance model is then the net maximum power of the PV
array Py, and the respective voltage V-

Ny N
Pamp = Z Z Prp,ij (G, T)

j=11i=1
N (6.2)
Vamp = Z Vmp,ij (G, T)
=1
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6.1 Description of the Evaluation Models

This gives an accurate prediction of the PV output data for various configurations of
PV arrays, since they are directly obtained from look-up tables. However, it only regards
non-partial shaded conditions.

6.1.2 Central Inverter and Multi-String Inverter Configurations

The central inverter performance model is identical for the CI and MSCI configuration.
The additional DC-DC converters in the MSCI is the only difference.

The PV array output fed to the central inverter configuration is a 250 kW PV array
configuration with 24 PV modules in series and 45 PV strings in parallel [1]. Four 250
kW central inverters are connected to one 1.25 MVA step-up transformer, and three such
configurations makes up the 3 MW scale PV power plant.

The MSCI configuration is designed with the same power ratings. The PV array is
designed with 27 PV modules in series obtaining a 12.5 kW PV array that is connected to
each DC-DC converter. These DC-DC converters are assumed to have an efficiency in the
range of 99% even at low partial loads [2].The MSCI consists of 240 such arrangements
in order to produce 3 MVA.

The inverter and MPPT efficiencies are modelled using two-dimensional look-up tables.
The central inverter from Advanced Energy Industries (AE 250NX), which has a CEC
efficiency of 97.5%, is used in this evaluation model [2].

Transformer efficiency

Both the CI and the MSCI configuration utilizes step-up transformers in the connection
the the power grid. [4] has defined a non-linear function for transformer power losses as a
function of total apparent power loading .S at a time ¢ and nominal apparent power Sy :

B P, rS(t)\2
Ptr,loss - kt'r'Pfe + ktT ( SN ) (63)
where:
P e = N * S +
d NP (6.4)

Po,=axS% +bxSy

Coefficients for equation 6.4 are given in table 6.2 for two different transformers.

Table 6.2: Coefficients of the core and copper loss equations given in equation 6.4 [4].

AGT) n D a b
Class A | 1.14x 1073 [ 0.3014 | —11.31 %10~ 7 | 1.044 % 102
ClassB | 1.285% 1073 | 0.3811 | —9.893 %10~ 7 | 1.176 % 10~ 2

6.1.3 MMC Performance Model

The MMC operates at a fixed DC link voltage and has a flat efficiency cure. [2] has found
the lowest efficiency of the MMC to be 95%. In these simulations however, it is assumed
a 99% efficiency of the MMC when operating as an inverter.
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The next section describes the performance models for the different full-bridge isolated
DC-DC converter configurations for the MMC PV plant.

6.2 Isolated DC-DC Converter Performance Models

In order to model the efficiency for the different isolated full-bridge DC-DC converter
configurations presented in chapter 4, performance models are built in PLECS®simulation
software.

Efficiency is obtained at different DC link voltages, evaluated over a wide frequency
range, and performed both with and without ripple from the MMC. In order to obtain the
worst-case and best-case energy yield, simulations are performed for the entire operation
range of 0.1 to 1 per unit power.

The conversion efficiency is found by measuring the power at the DC input and DC

output terminals:

Pout Pout
= = 6.5
K 131'77. Pout + -Ploss ( )

The results obtained from these simulations are then extrapolated to obtain the efficiency
at all power points, put in two-dimensional look-up tables, and used in the evaluation
model to obtain the annual extracted energy and the annual energy yield for the different
DC-DC converter configurations for the MMC PV plant topology.

A simple control system is used to control the output voltage of the DC-DC converter.
Unipolar PWM is utilized to control the switches, and the sinusoidal reference voltage is
obtained from comparing the actual output voltage with the desired value. One subtracted
by the per unit value of this error is then multiplied with the sinusoidal reference wave
in order to control the output voltage waveform. Figure 6.2 depicts this simple control
structure.

1
L *

Simple PI - " ——— Vief

Videsireapa—]| +

Error

Vactualpe— - |

Sinusoidal wave
Figure 6.2: Simple control structure of DC-DC converter.

To get the best loss evaluation from this model, the sampling time during transition is
high. This results in a high running time for each simulation, especially when increasing
the switching frequency.

6.2.1 PV Array

The PV array is modelled as a controlled current source. The current is determined from
the voltage produced at the PV array at different irradiance levels and the power output as

follows:
Py,

Iy, = %
pv

(6.6)
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where V), is the voltage produced at the PV array, and varies with irradiation. Three
different irradiance profiles are looked at; 800 W/m? which is at NMOT, 1000 W/m?
which is at STC, and 100 W/m?. This gives voltage values of 1 per unit (p.u.), 1.1 p.u.,
and 0.8 p.u. respectively. P,, depends on the different configurations as stated earlier. The
power, voltage and current ratings of the different DC-DC converter configurations were
tabulates in 5.4.

6.2.2 MMC Model

The MMC operates at fixed DC link voltage and fixed SM voltage. As mentioned in
chapter 2, the MMC SM can be modelled as a controllable voltage source. In this performance
model, it is both modelled as a constant voltage source, and as a controlled voltage source
from a look-up table with 10% ripple. It is assumed that each SM can handle 100 kW and
has a fixed voltage of 1000 V. This results in a maximum SM voltage at 1100 V in the
simulations where it is modelled with ripple, this voltage curve is shown in figure 6.3.
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Figure 6.3: MMC SM voltage with 10%ripple from simulations.

However, the efficiency of the DC-DC converters did not vary much when applying
ripple on the MMC SM voltage compared to when it was modelled as a the constant
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voltage source. Due to the longer simulation time when utilizing the controllable voltage
MMC source with ripple, the results presented later in this chapter is considering the MMC
as a constant voltage source equal to 1000 V.

6.2.3 Switching Devices Performance Models

The switching devices utilized in the performance model for the full-bridge DC-DC converter
configurations are the same for the one unit DC-DC converter configuration and the configuration
with a parallel-connection of DC-DC converters with an unity transformer ratio. This is
due to the same voltage ratings. It is only the number of devices connected in parallel that
varies due to different current requirements.

For the series-connection of full-bridge DC-DC converters, the GaN HEMT is utilized
due to the lower voltage ratings and better performance at higher switching frequency.

As stated in chapter 4, a diode bridge rectifier (DBR) is chosen on the secondary side
of the HF transformer due to the unidirectional power transfer. However, the number of
diodes connected in parallel varies for the different configurations due to different current
ratings.

Diode Bridge Rectifier Performance Model

The device chosen is a 1200 V, 30 A SiC Schottky diode from Cree Wolfspeed (C4D30120D).
It is chosen due to a high voltage rating and a low on-state resistance 24, or. This is found
from the provided datasheet and calculated as follows at 25 °C:

Vo—V, 225-15
Ryeon = — Q = 0.043Q 6.7
de, I, — I, 30—125 ©.7)

The datasheet can be found in appendix A.3, together with a comparison of different diodes
A3.

A PLECS model for this diode is given by the manufacturer, and figure 6.4 depicts the
conduction losses in terms of the on-state voltage and on-state current. These diodes are
used in DBR for all the different full-bridge DC-DC configurations considered.

SiC MOSFET Performance Model

A comparison of different MOSFET devices can be found in appendix A.1. The switching
device considered is a 1200 V, 90 A SiC MOSFET from Cree Wolfspeed (C2M0025120D).
The on-resistance at 25 °C is 25 mf2. A PLECS model is given by the manufacturer, and
the turn-on, turn-off, and conduction losses are provided in figure 6.5 (a), (b), and (c),
respectively. The datasheet for this MOSFET is also provided in appendix A.1.

This MOSFET is chosen due to the lowest R,,,, value, which gives the lowest conduction
losses. This MOSFET comes with an anti-parallel body diode, like most MOSFETs,
and this diode is included in the model even though no current flows through it in these
simulations.
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Figure 6.4: Conduction losses provided by the manufacturer.
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Figure 6.5: SiC MOSFET from Cree Wolfspeed (C2M0025120D), (a) turn-on losses, (b) turn-off

losses, and (c) conduction losses.

GaN HEMT Performance Model

A comparison of different GaN devices can be found in appendix A.2. The 650 V/15
A GaN HEMT (GS66504B) from GaN Systems is chosen as the switching device for the
series-connected DC-DC configuration. It has a R o, equal to 100 m€2. The performance
model is built in PLECS from the obtained datasheet, provided here in appendix A.2.
However, the turn-on and turn-off losses are not given in the datasheet and are obtained
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from [11]. Figure 6.6 depicts the turn-on and turn-off losses for this device given by [11].

GS66504B Switching Loss measurement
45
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Figure 6.6: Switching losses for the GaN HEMT GS66504B from GaN Systems [11].

The resulting thermal model of the turn-on, turn-off, and conduction losses is depicted
in figure 6.7 (a)-(c), respectively.

6.2.4 HF Transformer Performance model

The design of the transformer is beyond the scope of this thesis, and losses in the HF
transformer are not included in this simulation model. The transformer is therefore assumed
ideal in these simulations. However, when comparing the different topologies in terms of
efficiency, extracted energy and LCOE, the losses in the HF transformer are discussed
as well. Higher frequency is beneficial in terms of reduced size of the transformer core
and reduced use of copper. However, a higher frequency also results in higher magnetic
effects, as the proximity effect and the skin-effect explained in chapter 3.

A configuration with lower AC current through the HF transformer is beneficial due to
lower ohmic losses. The copper loss contributes to the biggest part of the losses in the HF
transformer, and they are proportional with the square of the AC RMS current:

Py =172, Rac (6.8)

R, can directly be calculated from equation 3.44 when knowing the transformer core and
winding geometry. R,. can be obtained from equation 3.48 to account for proximity and
skin effects in the HF transformer.

[54] has found that the losses in the magnetic devices contributes with around 30% of
the total losses in a 100 kW isolated full-bridge DC-DC converter when operating 20 kHz.

It is left to the reader to add the HF transformer losses when choosing and designing
a proper HF transformer for the isolated DC-DC converter. The core loss is normally
provided by the manufacturer and can be easily added.
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Figure 6.7: GaN HEMT GS66504B from GaN Systems, (a) turn-on losses, (b) turn-off losses, and
(c) conduction losses.

A method to design the HF transformer is given in section 3.3.8 and the parameters are
given in table 6.3. The skin depth at different frequencies is shown in appendix B in order
to obtain the R, resistance in equation 3.48.

The choice of copper windings are decided from the RMS current through the windings
and the maximum allowable current density. The copper cross-sectional area can be found
from equation 3.59. However, simulations shows a RMS current up to 200 A for the
single-unit DC-DC converter configuration. This means that a 80 mm? copper wire is
needed to carry the current. This is a huge dimension for a copper wire, and it might
then be a better solution to chose a smaller copper wire that only conducts parts of the
current, and utilize multiple wires. This also makes it easier to wind the wires around the

Table 6.3: Parameters for Transformer Design.

Parameter Symbol | Value
Maximum peak flux density B, 04T
Maximum current density in copper wires | Jg, 2.5 A/mm?
Copper fill factor Qey 0.4
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transformer core. The selected copper wires must fit in the selected core area window.

6.2.5 Single DC-DC Converter Configuration

The single-unit DC-DC converter configuration in rated for 100 kW, 1000 V and consists
of eight 1.2 kV/400 A SiC MOSFETs. Two and two MOSFETs are connected in parallel
in order to handle the high sending current from the PV array. On the secondary side of
the HF transformer four diodes are connected in parallel for each switch, resulting in a
total number of 16 diodes in the DBR.

The one unit DC-DC converter is simulated over a wide range of frequencies. SiC
MOSFETsS can operate up to 50 kHz in switching frequency, but the losses increases due
to capacitive elements in the converter and a high sending current.

For a switching frequency of 1 kHz, the single-unit configuration has high power
efficiency in the 99% range for different voltage profiles over the whole operation range,
as shown in figure 6.8 (a). However, at 1.2 p.u. volts, the efficiency goes slightly down.
It varies more in the figure due to the extrapolating. Increasing the switching frequency,
results in increased losses. This is depicted in figure 6.9 where efficiency curves for a
switching frequency of 1 kHz, 10 kHz, and 20 kHz is presented at 1 p.u. voltage, and in
figure 6.8 (b) where the efficiency at a switching of 20 kHz is presented.
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Figure 6.8: Efficiency of the single-unit DC-DC converter configuration at different DC link voltage
at (a) 1 kHz switching, and (b) 20 kHz switching.

6.2.6 Parallel-Connected SiC-Based DC-DC Converter Configuration

When utilizing a parallel-connection of two SiC based DC-DC converters, the power rating
on each full-bridge is half of the single-unit DC-DC converter configuration. With an unity
transformer ratio, the voltage rating is the same. The current, however, is halved compared
to the one-unit configuration. This configuration therefore avoids the parallel connection
of MOSFETs due to the lower current rating.
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Figure 6.9: Efficiency curves for the single-unit DC-DC converter configuration at 1 kHz, 10 kHz,
and 20 kHz switching frequency.

Figure 6.10 depicts the efficiency curves at different DC link voltage for a switching
frequency of 1 kHz and 10 kHz. It is seen that the efficiency is above 98% for the whole
operating range.
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Figure 6.10: Efficiency of the parallel-connected DC-DC converter configuration at different DC
link voltage and (a) 1 kHz switching, and (b) 10 kHz switching.

When utilizing a parallel connection of two DC-DC converters rated for only half the
power transfer, the current through each HF transformer goes down. A 50% reduction
in the current though each HF transformer results in a 50% reduction in the total copper
losses. The copper losses are proportional to the square current, and by reducing the
current by 50%, the total copper losses is reduced by 50%. This solution also increases
the MPPT compared to the single-unit DC-DC configuration.

6.2.7 Series-Connected GaN-Based DC-DC Converter Configuration

In series-connected GaN-based DC-DC converter configuration is each full-bridge rated
for 50 kW and 500 V. Utilizing GaN HEMTs instead of SiC devices increases the switching
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frequency range of the converter. GaN Systems enhancement mode HEMTs do not need
an intrinsic body diode and there is therefore zero reverse recovery charge. The devices
are naturally capable of reverse conduction and exhibit different characteristics depending
on the gate voltage. This converter arrangement requires the same current ratings as in the
single-unit configuration, and a parallel connection of eight 650 V/15 A GaN HEMTs is
necessary in order to obtain the high current rating. Four diodes are connected in parallel
in each of the DBRs, resulting in a total number of 32 diodes in total.

Due to a very long simulation time for high frequency, the losses for this configuration
is estimated based on the information given in the datasheet and from figure 6.6 for the
GaN HEMT. The conduction losses from the DBR utilizing SiC diodes are also estimated
from the datasheet. The turn-on and turn-off losses are given by:

Pon - Eon (Ids)fsw (69)

Pors = Eopf(las) fsw (6.10)

The estimated switching loss is then equal to:

Psw,est = FP,n + Poff = Eon(-[ds)fsw + Eoff(-[ds)fsw (611)

The conduction loss is dependent on the on-current, on-voltage and the duty ratio and
can be found from:
Pcond,est = I4sVas x d (6.12)

Where d is the duty ratio. Since the switches will not conduct all the time, the duty ratio
plays an important role regarding conduction losses. The duty ratio will vary from 0.1
to 0.9 with PWM switching, but on an average it can be assumed to be 0.5. For a duty
ratio of 0.5, the inductor current will go up to maximum and fall down to zero for each
switching cycle. This is assumed to be the worst case duty ratio and gives the maximum
loss anticipated from conduction.

Figure 6.11 (a)-(c) presents the estimated efficiency curves for the whole operating
range at different voltages at a switching frequency of 20 kHz, 200 kHz, and 500 kHz,
respectively. From these results, it is seen that when utilizing a series connection of two
GaN based DC-DC converters rated for only half the power transfer and half the voltage,
the operating switching frequency can be increased up to 200 kHz without increasing the
losses in the DC-DC converter significantly. At 200 kHz, the converter efficiency is still
in a 98% range, not regarding the losses in the HF transformer. At 500 kHz switching
however, the losses have increased and the efficiency has fallen below 98%. This is due
to the superior GaN characteristics at high frequency. This is beneficial due to a reduced
size of the transformer core. The main contribution to the losses at 20 kHz switching is
the loss in the DBR.

6.3 Annual Energy Yield and Efficiency Comparison
The efficiency of the isolated DC-DC converter configurations found from the PLECS

models are multiplied with the MPPT efficiency to get to total efficiency of the isolated
DC-DC converter. This efficiency is again multiplied with the MMC efficiency to get the

84



6.3 Annual Energy Yield and Efficiency Comparison

1 1
0995 0.995
099 J e e — 0.99
0.985 i 0.985 , -
= T T
32 o098 32 098 Ve ~ -
z 3 -
5 0975 g ooy /
g g /)
5 o097 & ourr //
0.965 0.965 |/ /
/
/
0.96 0.96
——o08pu 08pu
0.955 1pu |4 0.955 - 1pu
12pu 1.2 pu
0.95 . . . : 0.95 :
0 02 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Power [pu] Power [pu]
(a) (b)
1
0.995
0.99
0.985
Z o098
> R R
2 0975
8
S s
o 097y / —_—
0.965 7%
0.96 s
/,' 0.8 pu
0.955 / 1pu
/ 1.2 pu
005 Ll . . . . . h ’
01 02 03 04 05 06 07 08 09 1
Power [pu]
(0

Figure 6.11: Estimated efficiency of the two series-connected GaN-based DC-DC converter
configuration at different DC link voltage and (a) 20 kHz switching, (b) 200 kHz switching, and
(c) 500 kHz switching.

total inverter efficiency of the PV plant. The net efficiency of the inverter is multiplied
with the maximum power available at the PV plant to get the extracted power. To obtain
the annual energy yield, this power is integrated over one year:

lyear
Pannual = / Peztracted (613)
0

PV inverters are normally underrated due to that the maximum power extracted from
the PV plant only occurs at few hours a day. The maximum and minimum voltage for
MPPT are set to 0.8-1.2 p.u. in these simulations. If the voltage exceeds these limits, the
efficiency of the inverter configuration is set to zero. When the voltage is between 0.8-1.2
p.u., MPPT is assumed in all the configurations. This means that the irradiance is assumed
to be equal in the whole PV plant and that there are no shadowing.
Table 6.4 tabulates the annual energy extracted by the different PV plants for different
isolated DC-DC converter configurations. k;, and k, refers here to the parallel- and series-connected
configurations respectively, while MMC SiC refers to the single-unit DC-DC converter
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configuration.

The energy efficiency is measured as the ratio of the power output at the MV terminal to
the maximum power generated by the PV array. The maximum annual energy differs a bit
from the CI and MSCI configuration to the MMC configuration. This is due to a different
configuration of the PV arrays in the CI and the MSCI configuration. However, all the
configurations are designed as 3 MVA PV power plants. It is seen that the energy efficiency
from the single-unit DC-DC converter MMC PV plant configuration at the best-case (1
kHz switching) efficiency profile is 5.65% higher than the CI configuration, and 5.17%
higher than the MSCI configuration. For the worst-cast (10 kHz swithcing), this is reduced
to 4.77% and 4.29% respectively.

For the MMC with parallel-connected isolated DC-DC converter configuration, the
energy efficiency is almost the same at 10 kHz switching as the single-unit configuration
is for 1 kHz switching.

For the series-configuration utilizing GaN HEMTs, the efficiency at 20 kHz switching
is improved by 5.38% compared to the CI configuration, but reduced by 0.27% compared
to the best-case MMC with single-unit DC-DC converter configurations. At a switching
of 200 kHz, the efficiency is 0.89% lower for the series-connection. However, a higher
switching frequency has a lot of benefits in terms of flux density in the transformer core
and the transformer size. This shows that utilizing GaN switches, it is possible to increase
the switching frequency without significantly reduce the efficiency of the converter. Even
at a switching frequency of 500 kHz, the efficiency of the of MMC PV plant utilizing the
series-connected DC-DC converter configuration is not much lower than the single-unit or
the parallel-connected configuration.

The MMC PV plant configurations provide higher annual energy yield than the CI
and the MSCI configurations. Even at the lowest efficiency of the DC-DC converter
arrangements, the yields are higher for the MMC PV plant configurations. This shows
that the MMC PV configurations has superior performance compared to the CI and the
MSCI PV plant configurations.

Table 6.4: Annual energy obtained from the different PV onfigurations.

PV plant configuration Maximum annual | Annual energy | Energy
energy extracted efficiency
CI 5796 MWy,h 5195 MWh 89.63%
MSCI 5796 MW,h 5223 MW h 90.11%
MMC SiC at 1 kHz 5930 MWy,h 5650 MW h 95.28%
MMC SiC at 10 kHz 5930 MW,h 5598 MW h 94.40%
MMC SiC k,, at 10 kHz 5930MW,h 5648 MW h 95.25%
MMC GaN kg at 20 kHz | 5930 MW,k 5634 MW h 95.01%
MMC GaN kg at 200 kHz | 5930 MW,h 5597 MW h 94.39%
MMC GaN k; at 500 kHz | 5930 MW,k 5538 MW h 93.39%
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Economic Benefits

This chapter discusses the possible economic benefits for a MMC PV plant. The different
configurations outlined in chapter 4 are juxtapose them with the traditional central inverter
configuration and the multi-string inverter configuration for PV plants from an economic
perspective.

In order to properly the different topologies that have been analyzed in this study
effectively, the levelized cost of energy (LCOE) is considered. The different PV MMC
configurations are also compared to the CI and the MSCI configurations introduced at the
beginning of this analysis in order to highlight the benefits of a MMC distributed PV plant.

7.1 Levelized Cost of Energy

The LCOE measures the costs divided by the total energy extracted over a lifetime:

Total lifetime cost [ € }

LCOE = AW

= 7.1
Energy produced over lifetime .

LCOE makes the comparison between different configurations and technologies possible,
since it takes both the total, lifetime extracted energy and the lifetime costs into account.
LCOE is an important measurement for prospective projects that intend to make money.
LCOE calculates the present value of the total cost of building and operating the PV plant.
In this study, however, the total lifetime cost only considers capital investment cost (i.e.
initial cost) of the PV plant and does not account for operating costs. It is assumed that
the operating costs will be the same for the different PV plant configurations, and thus the
difference in LCOE for the different converter configurations is still a viable measuring
tool.

The lifetime for a PV Plant is assumed to be 25 years, limited by the PV module life
time. The energy produced over the lifetime is found by multiplying the annual extracted
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energy found in chapter 6 by 25 years. The result is presented in table 7.1. Only the
best-case efficiency for the different MMC PV plant configurations are shown.

Table 7.1: Extracted energy over a lifetime for all the configurations.

Inverter Configuration Extracted energy
Central inverter 129 875 MWh
Multi-string inverter 130 575 MWh
MMC single-unit DC-DC converter 141 250 MWh
MMC parallel-connected DC-DC converters | 141 200 MWh
MMC series-connected DC-DC converters 140 850 MWh

7.2 Lifetime Cost

In order to calculated the LCOE, the lifetime cost of the different configurations are found.
The lifetime cost can mainly be divided into four parts: cost of PV, cost of converters, cost
of transformer, and the fixed cost for a power plant [2]. The cost of the PV arrays for the
3 MVA PV plant is €6,000,000.00 [1].

7.2.1 PV Plant Fixed Cost

The fixed cost for the PV plant is assumed to be the same for all the different inverter
configurations. This includes the total cost for cables and hardware, pipes, SCADA systems,
etc. All the fixed costs that has been taken into account in this thesis are summarized in
table 7.2.

Table 7.2: Fixed cost for all the PV plant configurations [1, 5].

Equipment Cost
Mounting structures €415,688.00
Cables and hardware €69,281.00
Junction box and distribution boxes €12,471.00
Lightning arrester, earthing kit €16,628.00
PVC pipes and accessories €4,157.00
Spares for 3 years €6,928.00
SCADA system €27,713.00
Taxes, CST/KVAT, etc. €146,572.00
Design, engineering, quality surveillance, testing,

transportation, insurance converage, etc. €250,790.00
Total cost €950,228.00
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7.2.2 Converter and Transformer Cost

The cost of the converter and transformer depends on the PV plant configuration. This
cost is found for all the inverter configurations, and the result is summarized in table 7.3

Table 7.3: Converter and transformer costs for the different PV plant configurations [6, 2].

Component CI MSCI MMC MMC k, MMC kg
Inverter €154,584.00 | €154,584.00 | — — —

DC-DC converter | — €109,440.00 | €178,440.00 | €178,800.00 | €195,465.60
Submodule — — €5,730.00 €5,730.00 €5,730.00
Transformer €53,178.00 €53,178.00 — — —

Filter €1,418.00 1,418.00 € €620.00 620.00 €620.00
Total cost €209,180.00 | €318,620.00 | €184,790.00 | €185,230.00 | €201,815.60

Central Inverter and Multi-String Inverter Configurations

The excising CI configuration consists of twelve inverters, three transformers and one
filter [1]. Table 7.4 depicts the total cost of one inverter. Each inverter consists of six 6500
V/600 A IGBTs with an unit price of 1,595.00 € and 12x69 electrolytic capacitors with
an unit price of 4 €. The resulting total cost of one inverter then becomes 12,882.00 €,
which equals 154,584.00 € for 12 inverters. The three transformers have an unit price
of 17,726.00 € and the filter costs 1,418.00 € [6]. The total price for the converter,
transformer and filter for the CI configuration then becomes 209,180.00 €.

Table 7.4: Cost per inverter [6].

Component Unit price | Quantity | Total price
6500 V/600 A IGBT 1,595.00€ | 6 9,570.00 €
820uF/400V electrolytic capacitor | 4.00 € 12x69 3,312.00 €
Total cost 12,882.00 €

For the MSCI configuration, the cost is the same as for the CI configuration plus the
additional cost of the DC-DC converters. There are assumed 240 DC-DC converters in
total for this configuration. Table 7.5 depicts the cost for one DC-DC converter used in
the MSCI configuration. Each converter consists of 4 IGBTs, each with an unit price of
89.00 €, and an output filter with the price of 100.00 €. The resulting total cost of one
DC-DC converter then becomes 456.00 €, which gives a total cost of 109,440.00 € for
all 240 converters. The total cost for the converter, transformer, and filter then becomes
318,620.00 € for the MSCI configuration.

MMC Configurations

The MMC consists of five SMs per phase arm, which gives 30 SMs in total. Each SM
consists of two 1700 V/120 A IGBTs with an unit price of 89.00 €, and one capacitor of
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Table 7.5: Cost per DC-DC converter for the MSCI configuration [2].

Component Unit price | Quantity | Total price
1700 V/120 A IGBT | 89.00 € 4 356.00 €
Output filter 100.00€ | 1 100.00 €
Total cost 456.00 €

1 mF with a price of 13.00 €. The cost per SM is 191.00 €, as depicted in table 7.6. The
total price for 30 SMs becomes 5,730.00 €.

Table 7.6: Cost per SM for the MMC PV configuration [2].

Component Unit price | Quantity | Total price
1700 V/120 AIGBT | 89.00 € 2 178.00 €

1 mF capacitor 13.00 € 1 13.00 €
Total cost 191.00 €

Since the MMC configuration is a transformer-less topology, the main transformer
cost is avoided. However, the filter is still used, giving an additional cost of 620.00 € [6].
The required isolation is provided by the HF transformer in the DC-DC converter. The
price for the DC-DC converter in the MMC PV plant depends on the DC-DC converter
configuration. The prices for the devices utilized in the DC-DC converter configurations
for the MMC PV plant is found at farnell.com or at mouser.com, and the price for the
highest possible quantity is chosen. The 1200 V/90 A SiC MOSFET C2M0025120D from
Wolfspeed has an unit price of 62.00 € when buying 100+ units including the body diode,
while the 1200 V/30 A SiC Schottky diode C4D30120D from Wolfspeed has an unit price
of 26.00 € when buying 100+ units. The unit price for the GaN HEMT GS66504B is
found to be 10.18 € when purchasing 1000 units.

The single-unit DC-DC configuration only requires one unidirectional full-bridge DC-DC
converter. It utilizes four controllable switches consisting of two MOSFETs in parallel in
order to handle the current, which gives a total price of 496.00 € for the MOSFETSs. On the
secondary side, it utilizes four diode rectifiers, each consisting of four diodes in parallel.
This gives a price of 416.00 € for the diodes. The DC-link capacitor consists of three
820 wF/400 V capacitors in series in order to handle the 1 kV rating, and three of these
connected in parallel to obtain the required capacitance in the circuit. Each capacitor costs
4.00 €, and the price for nine comes to 36.00 €.

The cost of the HF transformer is assumed to be 50.00 € per kW. This is just an
assumption based on earlier knowledge, and is assumed to be a high cost estimate. The
cost for an actual transformer is therefore assumed to be lower, and this estimate can later
be replaced with the actual cost of the HF transformer to obtain a more accurate LCOE
calculation. The required 100 kW HF transformer is therefore assumed to cost around
5,000.00 €. The total cost of the single-unit DC-DC converter then becomes 5,948.00 €
and is tabulated in table 7.7. In the MMC configuration, one DC-DC converter is connected
to each SM. With 30 SMs, this results in a total cost of 178,440.00 € for the DC-DC
converters in this MMC configuration.
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Table 7.7: Cost for single-unit full-bridge DC-DC converter.

Component Unit price | Quantity | Total price
1200 V/90 A SiC MOSFET 62.00 € 2x4 496.00 €
1200 V/88 A SiC Schottky diodes | 26.00 € 4x4 416.00 €
80 nF/400 V electrolytic capacitor | 4.00 € 3x3 36.00 €
100 kW HF Transformer 5,000.00€ | 1 5,000.00 €
Total cost 5,948.00 €

For the parallel configuration of two full-bridge DC-DC converters, here referred to
as MMC k,,, only one MOSFETs is required for each switch due to the lower current
rating. A total number of eight MOSFETSs gives a price of 496.00 €. Each DBR utilizes
2 diodes in parallel, resulting in a total number of 16 diodes. The DC-link capacitor
in each full-bridge still consists of three 820 pF/400 V capacitors in series in order to
handle the 1 kV rating, but two of these connected in parallel are enough to obtain the
required capacitance in the circuit. The 50 kW HF transformers are also here assumed
to cost 50.00 € per kW, resulting in a price of 2,500.00 € each. The total cost of the
two parallel-connected full-bridge DC-DC converter then becomes 5,960.00 €, which is
tabulated in table 7.9.

Table 7.8: Cost for two SiC based full-bridge DC-DC converters in parallel.

Component Unit price | Quantity | Total price
1200 V/90 A SiC MOSFET 62.00 € 2x4 496.00 €
1200 V/88 A SiC Schottky diodes | 26.00 € 2x2x4 416.00 €
80 uF/400 V electrolytic capacitor | 4.00 € 2x3x2 48.00 €

50 kW HF Transformer 2,500.00 € | 2 5,000.00 €
Total cost 5,960.00 €

For the series-connection of two full-bridge converters utilizing GaN HEMTs, the
number of switching devices connected in parallel is 8 due to the current rating of 15
A per device. The total price for the GaN HEMTs becomes 652.00 €. The DBR utilizes
a parallel-connection of four SiC Schottky diodes in each switch due to the high current,
resulting in a total cost of 832.00 €. The required number of capacitors in series in order to
handle the voltage rating is assumed to be 2. And 2 of these series-connected capacitors are
connected in parallel in order to obtain the required capacitance in the circuit. It is assumed
that it utilizes the same HF transformer as in the series-connection of two converters. This
gives a total cost of one isolated GaN-based parallel-connected DC-DC converter to be
6,516.00 €, resulting in a total cost of 195,480.00 € for the isolated DC-DC converters.

7.2.3 Total Lifetime Cost

The total lifetime cost of the different configurations are summarized in table 7.10. It
shows that the total cost is least for the MMC PV plant utilizing a single-unit DC-DC
converter. This is due to the choice of a lower number of DC-DC converter in the MMC
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Table 7.9: Cost for two GaN-based full-bridge DC-DC converters in series.

Component Unit price | Quantity | Total price
650 V/15 A GaN HEMTs 10.18 € 2x8x4 651.52 €
1200 V/88 A SiC Schottky diodes | 26.00 € 2x4x4 832.00 €
80 nF/400 V electrolytic capacitor | 4.00 € 2x2x2 32.00 €
50 kW HF Transformer 2,500.00€ | 2 5,000.00 €
Total cost 6,515.52 €

compared to the MSCI configuration, due to a high rating of the SMs. These results are

used in the next section to calculate the LCOE of the PV plant configurations.

Table 7.10
Cost CI MSCI MMC MMC k, MMC kg
PV array 6,000,000.00 € | 6,000,000.00 € | 6,000,000.00 € | 6,000,000.00 € | 6,000,000.00 €
Fixed cost 950,228.00 € 950,228.00 € 950,228.00 € 950,228.00€ 950,228.00€
Converter,
transformer,
and filter 209,180.00 € 318,620.00 € 184,790.00 € 185,230.00€ 201,830.00 €
Total cost 7,159,408.00 € | 7,268,848.00€ | 7,135,018.00 € | 7,135,458.00 € | 7,152,058.00<€

7.3 Extracted energy, Total Cost and LCOE

The annual energy extracted from the different PV plant configurations were found in
chapter 6, and presented in 6.3. The LCOE can now be evaluated with respect to the total
lifetime cost presented in table 7.10 for the different configurations. The CI configuration
is chosen as the base unit quantity. The extracted energy in p.u. values is calculated with
the energy efficiency is calculated in order to account for the difference in the maximum
annual energy available at the different PV plant configurations. This means that the
energy efficiency and the total cost of the other configurations are given in p.u. values

with respect to the CI energy efficiency (89.63%) and the CI total cost (7,159,408.00 €).

Table 7.11 shows the LCOE for all the structures in p.u. considering the central inverter

as the base unit quantity.

Table 7.11: Extracted energy, total cost, and LCOE for all the configurations in per unit.

Configuration Extracted energy (p.u.) | Total cost (p.u.) | LCOE (p.u.)
Central inverter 1.000 1.000 1.000
Multi-string inverter | 1.0054 1.0153 1.0098
MMC single-unit 1.0630 0.9966 0.9375
MMC k, 1.0627 0.9967 0.9379
MMC ks 1.0600 0.9990 0.9424
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From table 7.11, it is seen that the LCOE is better for all the MMC PV plant configurations

compared to the CI and the MSCI PV plant configurations. The LCOE is best for the
MMC PV plant utilizing the single-unit DC-DC configuration, with a 6.25% and 7.23%
lower LCOE than the CI and MSCI respectively. The MMC PV plants utilizing the
parallel-configuration of DC-DC converters have 6.21% and 7.19% lower LCOE than
the CI and MSCI respectively. The MMC PV plants utilizing the series-configuration of
DC-DC converters have 5.76% and 6.74% lower LCOE than the CI and MSCI respectively.
This results in only 0.49% lower LCOE in the MMC PV plant utilizing the single-unit
DC-DC converter at a switching frequency of 1 kHz compared to the MMC PV plant
utilizing the series-connection of DC-DC converter at a switching frequency of 20 kHz.

Even at a switching frequency of 200 kHz for the MMC PV plant utilizing the series-connection

of DC-DC converter, the LCOE becomes as high as 0.9486.

These simulations and calculations have been done assuming no partial shading in
the PV plant. The MMC configuration will increase the MPPT substantially, resulting in
higher extracted energy (p.u.) compared to the CI configuration then what is shown here
for partially shaded and non-equalized irradiance conditions in the PV plant. This results
in a substantially decrease in the LCOE (p.u.) of the MMC PV configuration compared to
the CI configuration in non-idealized conditions. The series- and parallel-configurations of
the isolated DC-DC converters will increase the MPPT even more due to the distribution
of the bulk transmission of power to the MMC SM and the increased number of DC-DC
converters with MPPT.
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Chapter

Conclusion and Further Work

The conclusion based on the results obtained from simulations, both regarding the efficiency
of the different isolated DC-DC converters configurations and the energy yield and LCOE

for the whole PV plant configurations, are presented in this chapter. This summarizes the

discussions provided in the earlier chapters to get an overview of what is done. To get the

full aspect and overview of the assumptions and analyses, it is therefore recommended to

read those chapters first. The last section briefly presents some proposed topics for future

work, reflecting the possibilities with utilizing the MMC inverter in PV plants.

8.1 Conclusion

This study has investigated different isolated DC-DC converter topologies to interface PV
arrays to the SMs in a MMC PV plant. The isolated DC-DC converter configurations have
been compared in terms of efficiency, MPPT, and switching frequency range. The benefits
and drawbacks of each configuration have been discussed.

The benefits of the single-unit isolated DC-DC converter configuration is the straightforward
and simple structure. However, the full-bridge must be rated for the whole power transfer
from the PV array to the SM. This results in a high current rating, which requires several
switching devices operating in parallel.

By utilizing a parallel-connection of two full-bridge DC-DC converters rated for only
half the power transfer, the current through each full-bridge decreases. A 50% reduction
in the current through each full-bridge results in a 50% reduction in the total copper losses.
The copper losses are proportional to the square current, and by reducing the current by
50%, the total copper losses is reduced by 50%. However, the voltage rating is the same
when assuming an unity voltage transformer ratio.

SiC MOSFETs have been utilized in the full-bridge due to the high voltage rating.
Simulations have been performed at different DC-link voltages, at many different switching
frequencies and for the entire operating range of 0.1-1 per unit power in order to find the
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efficiency. The results was an efficiency in the 98%-99% range for both the configurations.
However, these simulations did not account for losses in the HF transformer.

A series-connection of DC-DC converters results in a lowered voltage rating for each
full-bridge, reducing the voltage stress on the switching devices considerably. This makes
an utilization of GaN switching devices possible. GaN switching devices have a lower
voltage rating than SiC. However, they have shown a superior performance, especially at
high-frequency operation. High-frequency operation is beneficial due to reduced size of
the HF transformer. The efficiency of the GaN-based series-connected full-bridge DC-DC
converter was obtained by calculations of the switching and conduction losses by assuming
a worst-case duty ratio of 0.5. The results gave a high efficiency of 98% for a operating
range up to 200 kHz switching.

The main advantage for the series- and the parallel-connection of converters is that
the bulk transmission of power to the SM is distributed. This results in an increase in the
overall reliability of the PV plant inverter configuration.

The annual energy losses for different efficiency curves for the DC-DC converter
configurations were used to obtain the overall efficiency of the different MMC PV plant
configurations, and to state the benefits of utilizing MMC instead of the excising CI and
MSCI topology in medium voltage PV plants. The extracted energy was compared with
the maximum energy available at the PV plant. The MMC topology, as well as the MSCI
topology, provides lower MPPT losses due to the distributed MPPT in comparison with
the CI configuration. The MMC configurations had a better energy efficiency for all
the different DC-DC converter configurations compared to both the CI and the MSCI
configuration. For the MMC utilizing the single-unit DC-DC configuration, the energy
efficiency was obtained to be 95.28% for the best-case switching frequency at 1 kHz, and
94.40% for the worst-case switching frequency at 20 kHz. The CI and MSCI efficiency
was in comparison 89.63% and 90.11% respectively. However, the MMC configurations
did not account for losses in the HF transformer in the DC-DC configurations. It is
assumed that these losses do not account for a great part of the total losses in the PV
plant, and the results would have been almost the same when accounting for them.

For the MMC utilizing a parallel-connection of DC-DC converters, the energy efficiency
was obtained to be 95.25% at 10 kHz switching. The MMC utilizing the GaN-based
series-connection of DC-DC converters, the energy efficiency was calculated to be 95.01%
at 20 kHz switching, and 94.39% at 200 kHz switching.

The LCOE was shown to be 6.25% lower for the MMC utilizing the single-unit DC-DC
converter compared to the CI configuration, and 6.21% and 5.76% lower for the MMC
utilizing the parallel- and series-connection of DC-DC converters respectively. This shows
the great benefits of utilizing the MMC instead of the conventional PV inverters.

Another important aspect is that partial shading is not considered in these simulations.
The MMC configurations will increase the MPPT substantially, resulting in a even higher
extracted energy compared to the CI configuration during partially shaded and non-equalized
irradiance conditions in the PV plant. The parallel- and series-connection of DC-DC
converters increases the MPPT more than the single-unit DC-DC converter configuration.
This will result in a substantially decrease in the LCOE of the MMC PV configurations
compared to the CI configuration.

A higher number of series- or parallel-connected DC-DC converter may result in
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higher efficiency and lower losses, but at the cost of a more complex system and a higher
price due to more components. The number of series- and parallel-connected devices must
therefore be selected with care.

The proposed MMC PV plant configurations seems from the results presented in this
thesis to be an attractive solution for medium voltage PV plants. But further work on
simulations and finally hardware tests on prototypes should be carried out to completely
verify and provide an even clearer picture on the pros and cons of this solution.

8.2 Further Work

Isolated full-bridge DC-DC converters were chosen for investigation in this thesis. In
these configurations, it was assumed a unity voltage ratio in the HF transformer. Another
configuration that would have been of interest to analyze is a 1:N transformer ratio in the
parallel-connection of DC-DC converters. This would have resulted in a lower voltage
ration on the full-bridge, and an utilization of GaN HEMTs would have been possible in
this configuration too. The parallel-connection reduces the current rating of the full-bridge,
avoiding the need to parallel-connect as many devices for each switch in order to handle
the current from the PV array. This solution would therefore might be more cost-effective,
and result in a lowered LCOE for the PV plant.

The losses in the GaN HEMTs were difficult to estimate from simulations due to very
long simulation times at high frequencies. The turn-on and turn-off losses for this device
were therefore only estimated from values given from the manufacturer. Experiments with
GaN HEMTs would therefore have been beneficial in order to find the actual turn-on and
turn-off losses. [50] has found from experiments that a relatively high on-state voltage
drops occurs during reverse conduction in GaN devices. An interesting solution would
then have been to utilize anti-parallel SiC Schottky diodes with the GaN HEMT.

It would also have been interesting to also analyze other DC-DC converters in order
to evaluate their performance in a similar medium voltage MMC PV plants. It would
especially have been of interest to utilize the half-bridge converter in the series- and
parallel-configurations presented in this thesis. These configurations provide distribution
of the bulk power transfer, which makes an utilization of the half-bridge possible. The
half-bridge converter utilities two half-bridges instead of one full-bridge and one DBR,
resulting in a total number of four active switches. This results in a lower cost due to the
absence of the DBR, which may result in a decreased LCOE.

Another interesting aspect would have been to look at the use of battery energy storage
systems (BESS) in the MMC PV plant. Battery storage can either be concentrated or
distributed. By utilizing a tertiary winding in the HF transformer in the isolated DC-DC
converter configurations in the MMC PV plant, a realization of a distributed BESS would
have been possible. This tertiary winding could have made it possible to deliver power
from the BESS in periods with low irradiance and low power production at the PV plant.
However, with a BESS in the HF transformer, it would have been necessary to replace the
DBR with a full-bridge on the secondary side, in order to obtain bidirectional power flow.
This will require more control, which results in a higher cost.
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Appendix

A Power Switching Devices

This section presents data for some of the SiC MOSFETs, GaN HEMTs, and SiC Schottky
diodes available in the market and compares them in terms of voltage and current ratings.
The datasheets for the switching devices utilized in simulations in this thesis are also

provided here.

A.1 SiC MOSFETs

The MOSFETs with the lowest 145y, for the same voltage rating from each manufacturer

are presented here.

Table A1: Comparison of different manufacturers SiC MOSFETS at 25 °C.

Device VDS;mam ID Rds,on Eon Eoff
Cree C2M0045170D 1700 V 72 A 45 mQ 2.1mlJ 0.86 mJ
Rohm SCT2750NY 1700 V 6A 750 m | 0.076 mJ | 0.033 mJ
Cree C2M0025120D 1200 V 90 A 25 mf) 1.4 mJ 0.3mJ
Rohm SCT2080KE 1200 V 40A | 80mS | 0.174mJ | 0.051 mJ
Rohm SCT3022KL 1200 V 95 A 22 mf) 0.632mJ | 0.243 mJ
USCi Cascode JFET UJC1206K 1200 V 38A | 60mQ | 0.657m] | 0.147 mJ]
USCi Cascode JFET UJ3C120040K3S | 1200 V 65 A 35 mS) 0.930 mJ | 0.299 mJ
Cree C3M0030090K 900 V 63A | 30mQ | 022m] | 0.12m]
Rohm SCT3017AL 650 V 118A | 17mQ | 0.369mJ | 0.156 mJ
USCi Cascode JFET UJ3C065030B3 650 V 66 A | 27m | 0.180mJ | 0.341 mJ
USCi Cascode JFET UJ3C065030T3S | 650V 8SA | 27mQ | 0427 m] | 0.257 m]
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V 1200V

DS

C2M0025120D lewe  90A

25mQ
Silicon Carbide Power MOSFET

C2M'" MOSFET Technology
N-Channel Enhancement Mode

DS(on)

Features Package
*  High Blocking Voltage with Low On-Resistance
*  High Speed Switching with Low Capacitances
*  Easy to Parallel and Simple to Drive
*  Avalanche Ruggedness
* Resistant to Latch-Up
* Halogen Free, RoHS Compliant
Benefits
*  Higher System Efficiency
*  Reduced Cooling Requirements
* Increased Power Density
* Increased System Switching Frequency
Applications
*  Solar Inverters
*  Switch Mode Power Supplies
*  High Voltage DC/DC converters Part Number Package
*  Battery Chargers
« Motor Drive C2M0025120D TO-247-3
*  Pulsed Power Applications
Maximum Ratings (T, = 25 °C unless otherwise specified)
Symbol Parameter Value Unit Test Conditions Note
Vpsmax | Drain - Source Voltage 1200 V[ Ves=0V, o =100 pA
Vesmax | Gate - Source Voltage -10/+25 V | Absolute maximum values
Vesop Gate - Source Voltage -5/+20 \" Recommended operational values
90 Vgs =20V, Tg=25C Fig. 19
Ip Continuous Drain Current A
60 Vgs =20V, Tg=100°C
Ippuse) | Pulsed Drain Current 250 A Pulse width t, limited by Tjmax Fig. 22
P, Power Dissipation 463 W | T,=25C, T,=150"C Fig. 20
T,,T Operating Junction and Storage Temperature 5510 ‘C
g g | OPEMANNG ge Temp +150
T, Solder Temperature 260 °C | 1.6mm (0.063") from case for 10s
M Mounting Torque ! Nm M3 or 6-32 screw
‘ 8.8 Ibf-in

0025120D Rev. B, 1




Electrical Characteristics (T, =25°C unless otherwise specified)

Symbol Parameter Min. Typ. Max. | Unit Test Conditions Note
V(erypss Drain-Source Breakdown Voltage 1200 \ Ves=0V, Ip =100 pA
2.0 2.6 4 \Y Vs = Ves, Ip = 15mA
Vs Gate Threshold Voltage Fig. 11
2.1 \ Vs = Vs, I = 15mA, T, = 150 °C
loss Zero Gate Voltage Drain Current 2 100 MA | Vos=1200V,Ves=0V
less Gate-Source Leakage Current 600 nA [ Ves=20V,Vps=0V
. . 25 34 Ves =20V, b =50 A Fig
Ros(on) Drain-Source On-State Resistance mQ )
43 Ves=20V,Ip=50 A, T, =150 °C 4,56
23.6 Vps= 20V, Ips= 50 A
Ors Transconductance S Fig. 7
21.7 Vos= 20V, Ips= 50 A, T, =150 °C
Ciss Input Capacitance 2788
Ves=0V Fig
Coss Output Capacitance 220 pF Vos = 1000 V 1718
Crss Reverse Transfer Capacitance 15 f=1MHz
Eoss Coss Stored Energy 121 pd | Vae=25mv Fig 16
Eas Avalanche Energy, Single Pluse 3.5 J I,=50A,V,, =50V Fig. 29
Eon Turn-On Switching Energy 1.4 Vos = 800 V, Vgs = -5/20 V,
mJ - T - Fig. 25
Eore Turn Off Switching Energy 0.3 I, = 50A, Ry, =2.5QL= 412 pH
ta(on) Turn-On Delay Time 14 Voo = 800 V, Ves = -5/20 V
t Rise Time 32 lo=50A,
ns Roe=2.5Q, R =16 Q Fig. 27
tacon Turn-Off Delay Time 29 Timing relative to V
N Fall Time 28 Per IEC60747-8-4 pg 83
Ragny Internal Gate Resistance 1.1 Q [ f=1MHz Vac=25mV,ESR of Cg
Qqs Gate to Source Charge 46 Vos = 800 V, Vs = -5/20 V
Qqd Gate to Drain Charge 50 nC |lb =50A Fig. 12
Q, Total Gate Charge 161 Per IEC60747-8-4 pg 83

Reverse Diode Characteristics

Symbol | Parameter Typ. Max. Unit Test Conditions Note
33 \% Vi=-5V I, =25A ;
Vsp Diode Forward Voltage & 2 F'gi g o
3.1 \% Ves=-5V I, =25A,T =150 °C
Is Continuous Diode Forward Current 90 T.=25°C Note 1
t, Reverse Recovery Time 45 ns Vo =-5VI,=50A,T,=25°C
Q Reverse Recovery Charge 406 nC VR =800V Note 1

" dif/dt = 1000 A/ps
| Peak Reverse Recovery Current 13.5 A

Note (1): When using SiC Body Diode the maximum recommended V = -5V

Thermal Characteristics

Symbol | Parameter Typ. Max. Unit Test Conditions Note
Reuc Thermal Resistance from Junction to Case 0.24 0.27 oW Fig. 21
Reuc Thermal Resistance from Junction to Ambient 40

C2M0025120D Rev. B, 10




Typical Performance

Drain-Source Current, I (A)

150 150
Conditions: Vs =20V, / Conditions: Vgs =20 /
T,=-55°C T,=25°C B
tp <200 ps / 6s=16V tp <200 ps Vos =18V
_ 1m0 _ 1o V=16V
< Vg5 =18V Vs =14V < Ves =14V
& / % / o
13 / = o5 =
5 90 / 5 9 /
£ Ves=12V 5 Vgs=10V
3 3 e
g / g
5 60 5 60
o o
b @
5 / Vs =10V £ /
o 9
9 30 8 30 -
0 0
0.0 25 5.0 7.5 10.0 0.0 25 5.0 75 10.0
Drain-Source Voltage, Vs (V) Drain-Source Voltage, Vs (V)
Figure 1. Output Characteristics T, =-55 °C Figure 2. Output Characteristics T, =25 °C
150 1.8 L
Conditions: Conditions:
T,=150°C 1.6 4--{ls=50A P
tp <200 s Vees 16 Ves=20V /
120 = 14 §|8<200ms ~
= Ves=18V = - L~
8 Vgs=20V 2 12 /
£ 9 <X s /
[ 8 1.0
5 Vgs=10V e
S 8
] c 038
g S
5 60 2
8 2 o6
c o
‘T c
5 =]
S 30 0.4
0.2
0 0.0
0.0 2.5 5.0 7.5 10.0 -50 -25 0 25 50 75 100 125 150
Drain-Source Voltage, Vys (V) Junction Temperature, T, (°C)
Figure 3. Output Characteristics T, = 150 °C Figure 4. Normalized On-Resistance vs. Temperature
80 ; 60
Conditions: Conditions:
70 4] Ves=20v _/ Ips=50A
, <200 ps / 50 4] t<200ks
‘g 60 T,=150°C / ‘g /
< £ 40 -
Q 50 ] Q // /
E / E Vgs = 14 |t /
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Figure 5. On-Resistance vs. Drain Current
For Various Temperatures
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Figure 6. On-Resistance vs. Temperature
For Various Gate Voltage




Typical Performance

100 I -5 -4 -3 -2 -1 [}
Conditions: 0
Vps=20V / Condition:
tp <200 ps Ves=-5V T,=-55°C
80 _ t,<200 ps
= / Ves=0V L 20
_f‘ ', =150°C =
g 3 \/
8 \=25°C £
S 40 o Ves=-2V
o Q
3 T,=-55°C o
£ 74 ' H -60
] 3
a <
20 £
e
a -80
0
0 2 4 6 8 10 12 14 100
Gate-Source Voltage, Vg (V) Drain-Source Voltage, Vs (A)
Figure 7. Transfer Characteristic For Figure 8. Body Diode Characteristic at -55 °C
Various Junction Temperatures
5 -4 3 2 1 [} 5 -4 3 2 1 [}
0 0
/ Condition: Vesd-5V Condition:
T,=25°C T,=150°C
Ves=-5V ,<200 ps Ves =0V, t, <200 ps
-20 -20
= //GS =0V =
8 7 8
E Ver=2V -40 g -40
t E
3 3 Ves=-2V
8 8
g -60 5 -60
(=] o
2 2
c =
[=) -80 a -80
-100 -100
Drain-Source Voltage, Vs (A) Drain-Source Voltage, V¢ (A)
Figure 9. Body Diode Characteristic at 25 °C Figure 10. Body Diode Characteristic at 150 °C
3.5 : 25 ;
Conditions Conditions:
Vps = V
A\ Ds as Ips=50A
3.0 — lps= 15 mA 20 | ,’::100 mA
Vps =800V
25 ——— - T,D: 25°C /
= 2 S
= — = 15
> —— | 3
> 20 @ /
o
g £ 10 —
© 15 S
3
E S 5 /
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£ g
0.5 © o /
0.0 5
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Junction Temperature T, (°C) Gate Charge, Qg (nC)
Figure 11. Threshold Voltage vs. Temperature Figure 12. Gate Charge Characteristic
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-5 -4 -3 -2 -1 0 -5 -4 -3 -2 -1 0
0 )
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T,=-55°C VesEOV T,=25°C V=5V
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Figure 13. 3rd Quadrant Characteristic at -55 °C Figure 14. 3rd Quadrant Characteristic at 25 °C
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Figure 15. 3rd Quadrant Characteristic at 150 °C Figure 16. Output Capacitor Stored Energy
10000 10000
Ciss Cy;s
\ Co
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Drain-Source Voltage, Vps (V)

Figure 17. Capacitances vs. Drain-Source

Voltage (0-200 V)
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Typical Performance

Drain to Source Current, I (A)

Drain to Source Current, Iy (A)

120 - 500 -
Conditions: Conditions:
= T,5150°C 450 4 T,5150°C
3 100 4 5
‘§’ 51 400 -
= ]
13 % 350 -
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3 N\ 2 3
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= ©
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= 4 200 4
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3 E
; % 100 -
€ 20 4 S
.‘_“ E
5 50
0 0 A
55 -30 5 20 a5 70 95 120 145 -55 -30 5 20 45 70 95 120 145
Case Temperature, T¢ (°C) Case Temperature, T (°C)
Figure 19. Continuous Drain Current Derating vs. Figure 20. Maximum Power Dissipation Derating vs.
Case Temperature Case Temperature
= 05 100.00 / : :\\
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Parameter: t,
100€-6 oot 0.1 1 10 100 1000
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Time, t, (s) Drain-Source Voltage, Vs (V)
Figure 21. Transient Thermal Impedance ) .
9 . P Figure 22. Safe Operating Area
(Junction - Case)
a4 1 25 T
Conditions: Conditions:
35 4{T=25°C T,=25°C
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Figure 23. Clamped Inductive Switching Energy vs.
Drain Current (V,, = 800V)
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Figure 24. Clamped Inductive Switching Energy vs.
Drain Current (V,, = 600V)




Typical Performance
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Figure 25. Clamped Inductive Switching Energy vs. R Figure 26. Clamped Inductive Switching Energy vs.
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Figure 30. Clamped Inductive Switching
Waveform Test Circuit
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Figure 31. Body Diode Recovery Test Circuit

ESD Ratings
ESD Test Total Devices Sampled Resulting Classification
ESD-HBM All Devices Passed 1000V 2 (>2000V)
ESD-MM All Devices Passed 400V C (>400V)
ESD-CDM All Devices Passed 1000V IV (>1000V)

10-2015
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Packag_]e Dimensions

Inches Millimeters
Package TO-247-3 POS Min Moax i Mok
) A .190 .205 4.83 5.21
e - { —pial i) Al .090 .100 2.29 2.54
P B Foy L il
i 3! | A2 .075 .085 1.91 2.16
. i L 1 — ' b 042 052 1.07 1.33
fLE Ir :D E L} [ i: [ b1 .075 .095 1.91 2.41
- s A b2 .075 .085 1.91 2.16
; \ b3 113 133 2.87 3.38
: i 2 : = L b4 113 123 2.87 3.13
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: | | | | ] | | | | | D .819 .831 20.80 21.10
i hd | D1 640 695 16.25 17.65
| | D2 .037 .049 0.95 1.25
i E 620 635 15.75 16.13
: : E1 516 .557 13.10 14.15
" ] i 'I |V . v E2 .145 .201 3.68 5.10
i Bl o _| | I-E-l : S I E3 .039 .075 1.00 1.90
[ o asia]ala E4 .487 .529 12.38 13.43
; e .214 BSC 5.44 BSC
N 3
L .780 .800 19.81 20.32
T = Pinout Information: 1 161 173 4.10 4.40
I,-'—I" e Pin 1= Gate oP .138 144 3.51 3.65
e ey ® Pin2, 4 = Drain Q 216 .236 5.49 6.00
V--.L W ® Pin 3 = Source S .2.:8 .245; 6.(:4 6.3:)
T 9 11 9 11
u 9° 11° 9° 11°
v 2° 8° 2° 8°
w 2° 8° 2° 8°
Recommended Solder Pad Layout
.11
O
|
T4
i | Part Number Package Marking
-0+
a4 C2M0025120D TO-247-3 C2M0025120
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Notes

RoHS Compliance

The levels of RoHS restricted materials in this product are below the maximum concentration values (also referred to as the
threshold limits) permitted for such substances, or are used in an exempted application, in accordance with EU Directive 2011/65/
EC (RoHS2), as implemented January 2, 2013. RoHS Declarations for this product can be obtained from your Cree representative or
from the Product Documentation sections of www.cree.com.

REACh Compliance

REACh substances of high concern (SVHCs) information is available for this product. Since the European Chemical Agency (ECHA)
has published notice of their intent to frequently revise the SVHC listing for the foreseeable future,please contact a Cree represen-
tative to insure you get the most up-to-date REACh SVHC Declaration. REACh banned substance information (REACh Article 67) is
also available upon request.

This product has not been designed or tested for use in, and is not intended for use in, applications implanted into the human body
nor in applications in which failure of the product could lead to death, personal injury or property damage, including but not limited
to equipment used in the operation of nuclear facilities, life-support machines, cardiac defibrillators or similar emergency medical
equipment, aircraft navigation or communication or control systems, air traffic control systems.

Related Links

C2M PSPICE Models: http:/wolfspeed.com/power/tools-and-support
SiC MOSFET Isolated Gate Driver reference design: http:/wolfspeed.com/power/tools-and-support
SiC MOSFET Evaluation Board: http:/wolfspeed.com/power/tools-and-support

Cree, Inc.

Copyright © 2014 Cree, Inc. All rights reserved. T
The information in this document is subject to change without notice. Durham, NC 27703

USA Tel: +1.919.313.5300

Cree, the Cree logo, and Zero Recovery are registered trademarks of Cree, Inc. Fax: +1.919.313.5451

Www.cree.com/power
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A.2 GaN HEMTs

Table A2: Comparison of different manufacturers GaN Enchancement Mode HEMTs at 25 °C.

Device VDS,mar ID Rds,on
GaN Systems GS66504B 650 V IS A 100 mS2
GaN Systems GS66516B 650 V 60A | 25mQ
GaN Systems GS-065-120-1-D Die | 650 V 120 A | 12m$2
EPC2050 350 vV 63 A | 65mQ
EPC2034 200V 48 A 10 m§2
GaN Systems GS61008P 100 V 90 A | 7mf)
GaN Systems GS-010-120-1-P 100 V 120 A | 5mQ
EPC2022 100 V 90 A | 32mf
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G@ Systems

GS665048B

Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

Features

650 V enhancement mode power switch
Bottom-side cooled configuration

RDS(on) =100 mQ

|DS(max) =15A

Ultra-low FOM Island Technology® die

Low inductance GaNPx® package

Easy gate drive requirements (0 V to 6 V)
Transient tolerant gate drive (-(20V/+10V)
e Very high switching frequency (> 100 MHz)
e Fastand controllable fall and rise times

e Reverse current capability

e Zero reverse recovery loss

e Small 5.0 x 6.6 mm? PCB footprint

e RoHS 6 compliant

Applications

High efficiency power conversion
High density power conversion
AC-DC Converters

Bridgeless Totem Pole PFC

ZVS Phase Shifted Full Bridge
Half Bridge topologies
Synchronous Buck or Boost
Uninterruptable Power Supplies
Industrial Motor Drives

Single and 3® inverter legs
Solar and Wind Power

Fast Battery Charging

Class D Audio amplifiers

DC-DC converters

On Board Battery Chargers
Traction Drive

Package Outline Circuit Symbol
—1

. Dipin

P G (i 2) Qemdl

S{pin3)

Description

The GS66504B is an enhancement mode GaN-on-
silicon power transistor. The properties of GaN
allow for high current, high voltage breakdown
and high switching frequency. GaN Systems
implements patented Island Technology® cell
layout for high-current die performance & yield.
GaNPpx® packaging enables low inductance & low
thermal resistance in a small package. The
GS66504B is a bottom-side cooled transistor that
offers very low junction-to-case thermal resistance
for demanding high power applications. These
features combine to provide very high efficiency
power switching.

Rev 180422 © 2009-2018 GaN Systems Inc. 1
This information pertains to a product under development. Its characteristics and specifications are subject to change without notice.

Submit datasheet feedback




G@ Systems

GS66504B

Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

Absolute Maximum Ratings (T = 25 °C except as noted)

Parameter Symbol Value Unit
Operating Junction Temperature T, -55to +150 °C
Storage Temperature Range Ts -55to +150 °C
Drain-to-Source Voltage Vbs 650 Y
Drain-to-Source Voltage - transient (note 1) Vbsitransient 750 \
Gate-to-Source Voltage Vas -10to +7 \Y
Gate-to-Source Voltage - transient (note 1) Vasitransient) -20to +10 Y
Continuous Drain Current (Tcase = 25 °C) (note 2) Ips 15 A
Continuous Drain Current (Tcsse = 100 °C) (note 2) Ips 125 A
Pulse Drain Current (Pulse width 100 ps) Ips pulse 36 A
(1) Pulse < 1 pus

(2) Limited by saturation

Thermal Characteristics (Typical values unless otherwise noted)

Parameter Symbol Value Units
Thermal Resistance (junction-to-case) — bottom side Reic 1.0 °C/W
Thermal Resistance (junction-to-top) Resr 17 °C/W
Thermal Resistance (junction-to-ambient) (note 3) Resa 28 °C/W
Maximum Soldering Temperature (MSL3 rated) Tsowp 260 °C

(3) Device mounted on 1.6 mm PCB thickness FR4, 4-layer PCB with 2 oz. copper on each layer. The
recommendation for thermal vias under the thermal pad are 0.3 mm diameter (12 mil) with 0.635 mm
pitch (25 mil). The copper layers under the thermal pad and drain pad are 25 x 25 mm? each. The PCB is

mounted in horizontal position without air stream cooling.

Ordering Information

Orderin Packin Reel Reel
9 Package type 9 Qty . .
code method Diameter Width
GS66504B-TR GaNprx® Bottom-Side Cooled Tape-and-Reel 3000 13" (330mm) 16mm
GS66504B-MR GaNprx® Bottom-Side Cooled Mini-Reel 250 7" (180mm) 16mm
Rev 180422 ©2009-2018 GaN Systems Inc.
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Gq Systams GS66504B
Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

Electrical Characteristics (Typical values at T, = 25 °C, Vs = 6 V unless otherwise noted)

Parameters Sym. Min. | Typ. | Max. | Units | Conditions
Drain-to-Source Blocking Voltage BVps 650 Vv Ves=0V

Ipss = 25 pA
Drain-to-Source On Resistance Ros(on) 100 130 mq | Ves=6V,T,=25°C

|D5 = 4.5 A

Ves=6V
Drain-to-Source On Resistance Ros(on) 258 mQ T,=150°C

|D5 = 4.5 A
Gate-to-Source Threshold Vesith) 1.1 1.3 \Y Vos = Ves

IDS =3.5mA
Gate-to-Source Current las 80 HA Ves=6V,Vps=0V
Gate Plateau Voltage Vplat 3 \ Vos =400V

IDS = 1 5 A

VDS = 650 V
Drain-to-Source Leakage Current Ipss 1 25 pA Ves=0V

T,=25°C

VDS = 650 V
Drain-to-Source Leakage Current Ipss 200 LA Ves=0V

T,=150°C
Internal Gate Resistance Re 1.36 Q f=25MHz, open drain
Input Capacitance C 130 F

Pt -ap e P" | Voe=400v

Output Capacitance Coss 33 pF Ves=0V

f=1MHz
Reverse Transfer Capacitance Chrss 1 pF
Effective Output Capacitance,
Energy Related (Note 4) Coen 44 P Ves=0V
Effective Output Capacitance, C 71 F Vbs=0t0 400V
Time Related (Note 5) O P
Total Gate Charge Q¢ 3.0 nC

VGS =0to6V
Gate-to-Source Charge Qqs 1.1 nC Voo = 400V
Gate-to-Drain Charge Qoo 0.84 nC

VGS = O V
Output Charge Qoss 283 nC Ve = 400 V
Reverse Recovery Charge Qrr 0 nC

(4) Coen is the fixed capacitance that would give the same stored energy as Coss while Vos is rising from 0V to the stated Vos
(5) Coamn is the fixed capacitance that would give the same charging time as Coss while Vos is rising from 0V to the stated Vos.
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Bottom-side cooled 650 V E-mode GaN transistor
Preliminary Datasheet

G@ Systems

Electrical Performance Graphs

GS66504B Ips vs. Vps Characteristic

T=25°C

GS66504B Ips vs. Vps Characteristic

Ti=150°C
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Figure 1: Typical Ips vs. Vos @ T, = 25 °C
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Figure 2: Typical Ips vs. Vos @ T, = 150 °C

GS66504B Rosion) Vs. Ips Characteristic

GS66504B Rosion) Vs. Ins Characteristic
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Figure 3: Rosn Vs. Ios at Ty= 25 °C Figure 4: Rosn Vs. Ios at Ty= 150 °C
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GS66504B
Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

G@ Systems

Electrical Performance Graphs

GS66504B Ips vs. Vs, T, dependence
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Figure 5: Typical lps vs. Vps @ Ves =6 V

GS66504B Gate Charge, Qs Characteristic
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Figure 6: Typical Vs vs. Qs @ Vs = 100, 400 V

GS66504B Capacitance Characteristics

GS66504B Stored Energy Characteristic
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Figure 7: Typical Ciss, Coss, Crss V. Vos Figure 8: Typical Coss Stored Energy
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GS665048B

Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

Electrical Performance Graphs

GS66504B Reverse Conduction Characteristics

GS66504B Ips vs. Ves Characteristic
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Figure 12: Safe Operating Area @ Tcsse = 25 °C

Rev 180422

© 2009-2018 GaN Systems Inc.

This information pertains to a product under development. Its characteristics and specifications are subject to change without notice.

Submit datasheet feedback




G@ Systems

GS66504B

Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

Thermal Performance Graphs

GS66504B Power Dissipation
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Figure 14: Transient Thermal Impedance
Figure 13: Power Derating vs. T, . .
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Gq Systams GS66504B
Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

Application Information

Gate Drive

The recommended gate drive voltage is 0 V to + 6 V for optimal Roson) performance and long life. The absolute
maximum gate to source voltage rating is specified to be +7.0 V maximum DC. The gate drive can survive
transients up to +10 V and - 20 V for pulses up to 1 ps. These specifications allow designers to easily use 6.0 V
or even 6.5 V gate drive settings. At 6 V gate drive voltage, the enhancement mode high electron mobility
transistor (E-HEMT) is fully enhanced and reaches its optimal efficiency point. A 5V gate drive can be used but
may result in lower operating efficiency. Inherently, GaN Systems E-HEMT do not require negative gate bias to
turn off. Negative gate bias ensures safe operation against the voltage spike on the gate, however it increases
the reverse conduction loss. For more details, please refer to the gate driver application note "GN001 How to
Drive GaN Enhancement Mode Power Switching Transistors” which can be found at www.gansystems.com.

Similar to a silicon MOSFET, an external gate resistor can be used to control the switching speed and slew rate.
Adjusting the resistor to achieve the desired slew rate may be needed. Lower turn-off gate resistance, Rgorr) is
recommended for better immunity to cross conduction. Please see the gate driver application note (GN001) for
more details.

A standard MOSFET driver can be used as long as it supports 6 V for gate drive and the UVLO is suitable for 6 V
operation. Gate drivers with low impedance and high peak current are recommended for fast switching speed.
GaN Systems E-HEMTSs have significantly lower Qz when compared to equally sized Roson) MOSFETS, so high
speed can be reached with smaller and lower cost gate drivers.

Some non-isolated half bridge MOSFET drivers are not compatible with 6 V gate drive due to their high under-
voltage lockout threshold. Also, a simple bootstrap method for high side gate drive will not be able to provide
tight tolerance on the gate voltage. Therefore, special care should be taken when you select and use the half
bridge drivers. Please see the gate driver application note (GN001) for more details.

Parallel Operation
Design wide tracks or polygons on the PCB to distribute the gate drive signals to multiple devices. Keep the
drive loop length to each device as short and equal length as possible.

GaN enhancement mode HEMTs have a positive temperature coefficient on-state resistance which helps to
balance the current. However, special care should be taken in the driver circuit and PCB layout since the device
switches at very fast speed. It is recommended to have a symmetric PCB layout and equal gate drive loop length
(star connection if possible) on all parallel devices to ensure balanced dynamic current sharing. Adding a small
gate resistor (1-2 Q) on each gate is strongly recommended to minimize the gate parasitic oscillation.
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Gc Systems GS66504B
Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

Source Sensing

Although the GS66504B does not have a dedicated source sense pin, the GaNpx® packaging utilizes no wire
bonds so the source connection is already very low inductance. By simply using a dedicated “source sense”
connection with a PCB trace from the gate driver output ground to the Source pad in a kelvin configuration with
respect to the gate drive signal, the function can easily be implemented. It is recommended to implement a
“source sense” connection to improve drive performance.

Thermal

The substrate is internally connected to the thermal pad and to the Source pad on the bottom side of the
GS61004B. The transistor is designed to be cooled using the printed circuit board. The Drain pad is not as
thermally conductive as the thermal pad. However, adding more copper under the Drain will improve thermal
performance by reducing the package temperature.

Thermal Modeling

RC thermal models are available for customers that wish to perform detailed thermal simulation using SPICE.
The thermal models are created using the Cauer model, an RC network model that reflects the real physical
property and packaging structure of our devices. This approach allows our customers to extend the thermal
model to their system by adding extra Rg and Cg to simulate the Thermal Interface Material (TIM) or Heatsink.

GS66504B RC thermal model:
Junction Ros Raa Re3 Ras
1 |
@ J_ J_ ]

L
Car T Con T Cos T

L
C94T

RC breakdown of Reyc
R, (°C/W) C, (W-s/°C)
Rg, =0.03 C,, =4.0E-05
R,, =046 C,, = 3.7E-04
R,, =048 C,, =3.25E-03
R,, =0.03 C,, = 1.0E-03

For more detail, please refer to Application Note GN007 “Modeling Thermal Behavior of GaN Systems’ GaNPX™
Using RC Thermal SPICE Models” available at www.gansystems.com

Reverse Conduction

GaN Systems enhancement mode HEMTs do not need an intrinsic body diode and there is zero reverse recovery
charge. The devices are naturally capable of reverse conduction and exhibit different characteristics depending
on the gate voltage. Anti-parallel diodes are not required for GaN Systems transistors as is the case for IGBTs to
achieve reverse conduction performance.
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Gq Systams GS66504B
Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

On-state condition (Ves = +6 V): The reverse conduction characteristics of a GaN Systems enhancement mode
HEMT in the on-state is similar to that of a silicon MOSFET, with the I-V curve symmetrical about the origin and it
exhibits a channel resistance, Rosion), Similar to forward conduction operation.

Off-state condition (Ves < 0 V): The reverse characteristics in the off-state are different from silicon MOSFETSs as
the GaN device has no body diode. In the reverse direction, the device starts to conduct when the gate voltage,
with respect to the drain, Vgp, exceeds the gate threshold voltage. At this point the device exhibits a channel
resistance. This condition can be modeled as a “body diode” with slightly higher Ve and no reverse recovery
charge.

If negative gate voltage is used in the off-state, the source-drain voltage must be higher than Vesn+Vasef in
order to turn the device on. Therefore, a negative gate voltage will add to the reverse voltage drop “V¢” and
hence increase the reverse conduction loss.

Blocking Voltage

The blocking voltage rating, BVps,is defined by the drain leakage current. The hard (unrecoverable) breakdown
voltage is approximately 30 % higher than the rated BVps. As a general practice, the maximum drain voltage
should be de-rated in a similar manner as IGBTs or silicon MOSFETSs. All GaN E-HEMTs do not avalanche and thus
do not have an avalanche breakdown rating. The maximum drain-to-source rating is 650 V and doesn't change
with negative gate voltage. A transient drain-to-source voltage of 750 V for up to 1 us is acceptable.

Packaging and Soldering

The package material is high temperature epoxy-based PCB material which is similar to FR4 but has a higher
temperature rating, thus allowing the GS66504B device to be specified to 150 °C. The device can handle at least
3 reflow cycles.

It is recommended to use the reflow profile in IPC/JEDEC J-STD-020 REV D.1 (March 2008)
The basic temperature profiles for Pb-free (Sn-Ag-Cu) assembly are:
e  Preheat/Soak: 60 - 120 seconds. Tmin = 150 °C, Tmax = 200 °C.

o  Reflow: Ramp up rate 3 °C/sec, max. Peak temperature is 260 °C and time within 5 °C of peak
temperature is 30 seconds.

e Cool down: Ramp down rate 6 °C/sec max.

Using “Non-Clean” soldering paste and operating at high temperatures may cause a reactivation of the “Non-
Clean” flux residues. In extreme conditions, unwanted conduction paths may be created. Therefore, when the
product operates at greater than 100 °C it is recommended to also clean the “Non-Clean” paste residues.
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Bottom-side cooled 650 V E-mode GaN transistor
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Recommended PCB Footprint for GS66504B

1 (Drain)

Pad sizes Inches

X (width) Y (height) X (width) Y (height)
A 3.86 0.70 0.152 0.028
B 0.70 1.10 0.028 0.043
C 3.86 317 0.152 0.125
Dimensions

mm  Inches
d 2.91 0.115
e 0.55 0.022
f 1.67 0.066 |:| PCB pad opennings
g 213 0084 -
h 1.81 0.071 .| Package outline
2 (Gate)
3 (Source)
Rev 180422 © 2009-2018 GaN Systems Inc. 1
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Gq Systems GS66504B
Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

Package Dimensions

Top Bottom mm__ Inches
A Al D1 Al A 501 0197  +0.10mm (0.004")
—————— e ——— A1 0625 0025  +0.05mm(0.002")
' i o D2 A2 0075 0003  +0.05mm (0.002")

A3 050 0.020
B 656 0258  +0.10 mm (0.004”)
82 'B1 0075 0003  +0.05mm (0.002")
B R R T B2 3.91 0.154
! B3 0975 0038  +0.05mm (0.002")
e 52 D G2 € 051 00201 +0.05mm (0.002")
; gy €1 0045 00018
fffffffffffff P C2 045 00177

B1
1 C3 0015 0.0006
ST a3/ GTA2 D1 3.76 0148

D2 060 0024
Side _G1 060 0.024

) 1 ;urfaceFinis/h: ENIG G2 1.00 0039
1 I:cz i:4.5 m +/-1.5 pm S1 376 0148
l Au: 0.09 pm +/- 0.03 um 51.3.76 0148

a S$2 3.07 0121

A2

Note: Inch measurements are approximate values

GaNpx® Part Marking

Pin 1 Logo

]
Ga Part number

GS66504B
(94) /8AE Date code

Pb-free category
e4 - pre-plated Au
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GS660504B GaNPx® Tape and Reel Information

Wi Dimensions (mm)

13"reel (330 mm) 7" mini-reel (180 mm)
Nominal Tolerance Nominal Tolerance
Di 330.0 +/-1.5 180.0 +15/-20
Wo 224 MAX 224 MAX
Wi 164 +2.0/-0.0 164 +20/-01
Hu 100.0 +-1.5 600 +20/-00

L Hh 17.2 +/-0.2 17.0 +/-0.8
Sw 2.2 +/-0.2 2.0 +-0.5
Hd 13.0 +05/-0.2 131 +/-0.3
Di Hu
Sw
—
[ Hd
Hh
—
Wo Note: Wo and Wi measured at hub
SB Dimensions (mm)
I 1 Nominal Tolerance
d) T P1 8.00 +/- 0.1
w 16,00 +0.3/-0.1
SA Ko 0.70 +/- 0.1
Ao 5.70 +/- 0.1
O | w Bo Bo 710 401
Sp 4.00 +/-0.02
Sd 1.50 +0.1/-00
\ St 175 +-0.1
1 _J SA 7.50 +/- 0.1

SB 2.00 +/- 0.1

Reeling ho Unreeling Ko
—_—
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Bottom-side cooled 650 V E-mode GaN transistor

Preliminary Datasheet

Tape and Reel Box Dimensions

j H Outside dimensions (mm)
7"mini-reel  13"tape-reel
w 197 342
W L L 204 355
H 32 53
www.gansystems.com North America * Europe * Asia

Important Notice - Unless expressly approved in writing by an authorized representative of GaN Systems, GaN Systems components
are not designed, authorized or warranted for use in lifesaving, life sustaining, military, aircraft, or space applications, nor in products or
systems where failure or malfunction may result in personal injury, death, or property or environmental damage. The information given in
this document shall not in any event be regarded as a guarantee of performance. GaN Systems hereby disclaims any or all warranties and
liabilities of any kind, including but not limited to warranties of non-infringement of intellectual property rights. All other brand and product
names are trademarks or registered trademarks of their respective owners. Information provided herein is intended as a guide only and is
subject to change without notice. The information contained herein or any use of such information does not grant, explicitly, or implicitly, to
any party any patent rights, licenses, or any other intellectual property rights. GaN Systems standard terms and conditions apply. All rights
reserved.
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A.3 SiC Schotty Diodes

Table A3: Comparison of different manufacturers SiC Schottky diodes at 25 °C.

Device Vimaz | Iy
Cree C3D25170H 1700V | 25 A
Cree C4D40120D 1200V | 40 A
Cree C4D30120D 1200V | 30 A
Rohm SCS240KE2AHR | 1200V | 40 A
USCi UJ3D1250K 1200V | 50 A
Cree C5D50065D 650V 50 A
Rohm SCS320AM 650V 20 A
Rohm SCS240AE2 650V 40 A
USCi UJ3D06504 650V 4A
USCi UJ3D06560KS 650V 60 A
Cree C3D20060D 600 V 20 A

131



A
CREE =
h 45

C4D30120D . - o
Silicon Carbide Schottky Diode .
® I.(T=135°C) = 43A
Z-REC® RECTIFIER o I
Features Package
® 1.2kV Schottky Rectifier
® Zero Reverse Recovery Current
® High-Frequency Operation
e Temperature-Independent Switching Halogen-Free
® Extremely Fast Switching R
. oHS
. 3
Benefits
TO-247-3
® Replace Bipolar with Unipolar Rectifiers
® Essentially No Switching Losses PIN 1O——p——
® Higher Efficiency
® Reduction of Heat Sink Requirements PIN 20— —QCASE
® Parallel Devices Without Thermal Runaway

PIN 30——p}—

Applications

e Switch Mode Power Supplies (SMPS) Part Number Package Marking
® Boost diodes in PFC or DC/DC stages

® Free Wheeling Diodes in Inverter stages €4D30120D T0-247-3 €4D30120
® AC/DC converters

Maximum Ratings (T.=25°C unless otherwise specified)

Symbol Parameter Value Unit Test Conditions Note
Vegm Repetitive Peak Reverse Voltage 1200 \
Vesm Surge Peak Reverse Voltage 1300 \Y
Ve DC Peak Reverse Voltage 1200 \%
oo
b | s Foer ument Sl N e
/30 T.=152"C
Liam Repetitive Peak Forward Surge Current ZZi A %:i?;g&,tptjigomri’s,}-laglfsg]iﬁepgﬁze
L., Non-Repetitive Forward Surge Current 18050: A Ezﬁoccti igom;'s f'aglfg}ﬁepgﬁie Fig. 8
T vax Non-Repetitive Peak Forward Current 328I A %:ﬁ;"c(':,tptjigouils?gﬁze Fig. 8
P Power Dissipation (Per Leg/Device) 2925(}/149400 w %:i?;gc Fig. 4
dv/dt Diode dV/dt ruggedness 200 V/ns | V,=0-960V
Jizdt i2t value gg: A%s %:ﬁ;gélt.iigomnsqs
T, Operating Junction Range ff;so °C
Tag Storage Temperature Range __ff;g °c
TO-247 Mounting Torque 1 Nm | M3 Screw
8.8 Ibf-in_| 6-32 Screw

“ Per Leg, ™ Per Device

C4D30120D Rev. E, 09-2016
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Electrical Characteristics (Per Leg)

Symbol | Parameter Typ. Max. Unit Test Conditions Note
1.6 1.8 I.=15A T,=25°C .
Ve Forward Voltage 2.3 3 \ IE - 15A Tj=175°C Fig. 1
35 200 V, =1200V T,=25°C )
I, Reverse Current 120 300 MA V: - 1200V Tj=175°C Fig. 2
V, =800V, I = 15A
Q. Total Capacitive Charge 77.5 nC di/dt = 200 A/us Fig. 5
T, = 25°C
1200 V=0V, T, =25C, f=1MHz
Cc Total Capacitance 70 pF V., =400V, T, = 25°C, f = 1 MHz Fig. 6
50 V, =800V, T =25°C, f=1MHz
E. Capacitance Stored Energy 22.1 8] V., =800V Fig. 7
Note:This is a majority carrier diode, so there is no reverse recovery charge.
Thermal Characteristics
Symbol Parameter Typ. Unit Note
R Thermal Resistance from Junction to Case 0.34x* °C/W Fig. 9
0IC 0.68* g.
** Per Device, * Per Leg
Typical Performance (Per Leg)
30 ‘ 2
T,=-55°C 18
T= 25°C w /
25 T)= 75°C
T, =125°C 1.6 7
T, =175°C
14
20
12
-~ < /
<
\: 15 / E 1
~ Ho:
08—
/ / T,=-55°C /
10 T,= 25°C /
06— T,=75°C
T, =125°C
/ T, =175°C
0.4
5
0 / 0 _faé
0 05 1 15 2 25 3 35 4 200 400 600 800 1000 1200 1400 1600 1800
V. (V) V. (V)
Figure 1. Forward Characteristics Figure 2. Reverse Characteristics
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Typical Performance (Per Leg)

160 240
220
140
200
10% Duty \
10 20% Duty | 180 ™
\/ 20% Duty 0 \
50% Duty
100 70% Duty \
< DC ~ 140 AN
S % N~ 120
E- D.E 100 \\
w
N \
80 N
4 60 \\
40 N
20
N 2 \
0 0
25 50 75 100 125 150 175 25 50 75 100 125 150 175
T, °c T, °C
Figure 3. Current Derating Figure 4. Power Derating
90 1400
80
1200
70 \
1000
60 // W
Q 50 / o 80
& / g \
o 40 4 O 600
30 /
/ 400
0 0
0 200 400 600 800 1000 01 1 10 100 1000
v, (V) V. (V)
Figure 5. Recovery Charge vs. Reverse Voltage Figure 6. Capacitance vs. Reverse Voltage
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Typical Performance

40

35

30

25

E (1J)

15

10

1000
//
// ~ T,=25°C \
100 T.=110°
/ S 5 0°C \
=
2
// L]
10
200 400 600 800 1000 1E-05 1E-04 1E-03 1E-02
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Figure 7. Typical Capacitance Stored Energy, per leg

Figure 8. Non-Repetitive Peak Forward Surge Current

versus Pulse Duration (sinusoidal waveform), per leg
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Figure 9. Device Transient Thermal Impedance
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Package Dimensions

Inches Millimeters
Package TO-247-3 POS - -
Min Max Min Max
A .190 .205 4.83 5.21
Al .090 .100 2.29 2.54
E - At [ [70.64
-3 / : A2 A2 .075 .085 1.91 2.16
T % b .042 .052 1.07 1.33
— 7 o s(}% K ﬁ b1 .075 .095 1.91 2.41
| S S b3 113 133 2.87 3.38
Lo s c .022 .027 0.55 0.68
[}
D .819 831 20.80 21.10
(97.18)
_ o P D1 .640 .695 16.25 17.65
7 L D2 .037 .049 0.95 1.25
{ J L J { t { E 620 635 15.75 16.13
7 E1l .516 .557 13.10 14.15
E2 .145 .201 3.68 5.10
T E3 .039 .075 1.00 1.90
E4 487 529 12.38 13.43
e e .214 BSC 5.44 BSC
At o L .780 .800 19.81 20.32
3x b ¢ b1 L1 .161 173 4.10 4.40
[$0.25@[6[A@] . N 3
oP 138 144 3.51 3.65
Q 216 .236 5.49 6.00
s .238 .248 6.04 6.30
PIN 10 'l T 17.5° REF
W 3.5° REF
PIN 20— 1—QOCASE X 4° REF
PIN 30—p}—
Recommended Solder Pad Layout
12
214 Part Number Package Marking
08 Zon C4D30120D | T0-247-3 C4D30120

all units are in inches

TO-247-3

Note: Recommended soldering profiles can be found in the applications note here:
http://www.wolfspeed.com/power_app_notes/soldering
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Diode Model

X VfT =Vr +[f*RT
[ CY VT=O.97+(Tj*-2.12*10‘3)

X Ry =0.031+ (T, * 3.92*104)

Note: T, = Diode Junction Temperature In Degrees Celsius,
VT RT valid from 25°C to 175°C

Notes

e ROHS Compliance
The levels of RoHS restricted materials in this product are below the maximum concentration values (also referred
to as the threshold limits) permitted for such substances, or are used in an exempted application, in accordance
with EU Directive 2011/65/EC (RoHS2), as implemented January 2, 2013. RoHS Declarations for this product can
be obtained from your Wolfspeed representative or from the Product Ecology section of our website at http://
www.wolfspeed.com/power/tools-and-support/product-ecology.

e REACh Compliance
REACh substances of high concern (SVHCs) information is available for this product. Since the European Chemi-
cal Agency (ECHA) has published notice of their intent to frequently revise the SVHC listing for the foreseeable
future,please contact a Cree representative to insure you get the most up-to-date REACh SVHC Declaration.
REACh banned substance information (REACh Article 67) is also available upon request.

® This product has not been designed or tested for use in, and is not intended for use in, applications implanted into
the human body nor in applications in which failure of the product could lead to death, personal injury or property
damage, including but not limited to equipment used in the operation of nuclear facilities, life-support machines,
cardiac defibrillators or similar emergency medical equipment, aircraft navigation or communication or control
systems, or air traffic control systems.

Related Links

® (Cree SiC Schottky diode portfolio: http://www.wolfspeed.com/Power/Products#SiCSchottkyDiodes
® Schottky diode Spice models: http://www.wolfspeed.com/power/tools-and-support/DIODE-model-request2
® SiC MOSFET and diode reference designs: http://go.pardot.com/I/101562/2015-07-31/349i
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B Skin depth of copper wires

This section tabulates the skin depth of copper wires at different frequencies. The skin

depth is given by:
6= i = 2l (1)
Vwpoe  V wp

where f = w/27. For an annealed copper wire, the resistivity pcu is 1.72x 10~% Qm, and
the permeability g, is 1.257 * 1076, The resulting skin depth for different frequencies is
tabulated in table A4

Table A4: Skin depth of copper wire at different frequencies.

Frequency f | Skin depth &
50 Hz 9.3333 mm
100 Hz 6.5997 mm
150 Hz 5.3886 mm
200 Hz 4.6667 mm
250 Hz 4.1740 mm
500 Hz 2.9515 mm
1000 Hz 2.0870 mm
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