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Summary

The ever-increasing demand for electrical energy globally and simultaneously the need for
clean energy have played an important role in the penetration of renewable energy sources
to the electric power distribution grid. As a result, a rapid shift from medium voltage alter-
nating current (MVAC) to medium voltage direct current (MVDC) grids is observed and
high power DC-DC converters would play a crucial role in the systems. Dual active bridge
DC-DC converter is a quite promising topology to integrate renewables and battery energy
storage systems to the MVDC grid. In order to meet the voltage and current requirements
of the networks, modularized DAB converters can be developed from the fundamental
block and Silicon Carbide (SiC) MOSFET switching devices can be deployed to allow op-
eration of the converters at high switching frequencies, high temperatures and high voltage
levels. These properties make them a desirable technology for the bidirectional DAB con-
verter. During the long-term operation of the switching devices, though, failures due to
temperature swings in the encapsulation of the chips in different packaging technologies
are observed. As a result, there are reliability challenges that need to be tackled for an
optimal operation of the MOSFETs in the converters.

This thesis deals with the electrical and thermal design and modelling of a 60 kW
modularized DAB DC-DC converter employing SiC MOSFETs. The main purpose is
to interconnect photovoltaics and batteries to the MVDC distribution grid. Therefore,
two different system configurations have been developed, a centralized and a distributed
topology. For an optimal design and operation of the system model, a control scheme
has been properly developed, combining a maximum power point (MPP) controller, to
track the maximum power from the PV arrays, a single phase shift controller to enable
the maximum power flow through the converter and a PI controller to regulate the power
flowing from and to the batteries. In order to validate the systems’ performance a load
profile and variations in solar radiation have been considered for both cases. The results of
the system operation have been reported and discussed in terms of reliability and optimal
system operation.
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Chapter 1
Introduction

The ceaseless demand for electrical energy necessitates the increase in power generation
worldwide. It has been foreseen that the generated power capacity will be increased by 100
% until 2030, while the global primary energy demand by 55 % [1, 2]. Simultaneously,
the reduction of the CO2-emissions in the utility grid due to massive use of fossil fuels
is of primary importance during the last years [2]. The penetration of renewable energy
sources (RES) to the utility grid is an attractive solution, as they would provide clean
energy generation and distribution to the power system [2, 3]. The European Commission
is aiming at decarbonizing the grids by 20 % until 2020 and by 80 % to 95 % until 2050
compared to 1990 situation [4, 5, 6, 7]

So far the electrical energy distribution is achieved by utilizing the MVAC infrastruc-
ture [8, 9]. However, the increasing power demand, the electrification of the transporta-
tion sector and the increased interest towards the interface between RES, energy stor-
age systems and the existing grid resulted in the investigation of more complex networks
[8, 10, 11, 12]. The remarkable progress in the field of power electronics and the lower
cost of the DC technology nowadays compared to previous decades played a crucial role
to the evolution of MVDC distribution grids [8, 12, 13].

Up till now, though, there have been no real-life installations of MVDC networks
and there is still limited knowledge of MVDC specific structure and operating principles
[12, 13]. Generally, the design of MVDC grid enables the connection of RES, energy
storage systems and loads through different components. These are power electronic con-
verters, transformers, DC transmission lines and proper protection equipment and control
strategies for an optimal operation of the systems [14, 15]. Figure 1.1 illustrates a gen-
eral DC distribution grid. In order to achieve a broad utilization of MVDC networks it is
necessary to develop regulations and standards that are not exist whatsoever. The current
legislation on MVDC systems only concerns ship and railway applications and the exist-
ing standardization refers to DC systems generally. As a result, these may not be applied
to MVDC technology [8, 12, 13].
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Chapter 1. Introduction

Figure 1.1: General MVDC configuration [13]

Figure 1.2 shows various onshore and offshore applications of MVDC distribution
grids. It is clear that these networks enable the interconnection of RES, especially wind
farms and photovoltaics (PVs), along with energy storage systems to supply residential
and industrial loads. MVDC grid is considered a promising solution as it offers higher
stability during synchronization, higher efficiency and better control of active and reactive
power compared to MVAC network [2, 8, 16].

Figure 1.2: (a) Onshore and (b) offshore applications of MVDC grids [8]

2



Solar and wind energy sources are mainly used in power systems to supply different
loads for various purposes. In order to ensure a stable operation of the systems battery
energy storage systems (BESS) are utilized.

Generally, battery systems are used in different applications, such as in the transporta-
tion sector for vehicles and trains, in backup power systems and for energy storage in
stationary applications. As a result, their design is related to charging/discharging power
and energy capacity [17]. BESS, in particular, are mainly used in combination with renew-
able energy sources, for example photovoltaic and wind turbine systems. This is due to
the fast response, high efficiency and high energy capacity batteries have, that make them
appropriate to balance the instability caused by renewables to the grid [17, 18].

Figure 1.3 shows different topologies of power electronics to integrate PVs and BESS
to the AC grid. This architecture can also be used to connect PVs and batteries to the
DC grid. As shown in (a) there is a parallel connection of the PVs and batteries to the
AC grid through DC-DC and DC-AC converters. In (b) the photovoltaics and batteries
are connected in parallel to a common DC bus through DC-DC converters and then to the
AC grid through DC-AC inverter. In (c) there is in-line integration topology where the
batteries are connected directly to the DC bus and in (d) an AC series connection through
DC-AC inverters. Therefore, power electronic converters play a crucial role in order to
integrate RES and batteries into the DC and AC grid [8, 19, 20].

Figure 1.3: State-of-the-art PV-BESS grid connection cases; (a) AC parallel connection (b) DC
parallel connection (c) in-line connection and (d) AC series connection [21]

The DC-DC converter [8, 22] is the most promising candidate for DC grids, suitable
for high power applications. Particularly, the Modular Multilevel converter (MMC) and
the Single- and Three-phase Dual Active Bridge (DAB) converter are of great interest
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Chapter 1. Introduction

in research of MVDC distribution grids [22]. Due to its complex design, protection and
control schemes, its higher cost and lower efficiency at high voltage ratios, the MMC is
less preferable compared to DAB DC-DC converter [23]. The latter, on the other hand has
a less complex structure, has shown an impressive efficiency of approximately 99 % and
by allowing bidirectional power flow and galvanic isolation between the input and output
seems to be the front runner between these two DC-DC converter topologies [8, 22]. In
the following chapters a detailed analysis of the DAB configurations and its operating
principles is presented. Apart from DC-DC converters, AC-DC converting systems are
also necessary in MVDC configurations, but their investigation is out of the scope of this
thesis.

The scope of this thesis is to investigate the basic block and modularized DAB DC-DC
converter in terms of structure, operating principles and control strategies. Modularized
DAB converters have been developed and employed to interconnect PVs and batteries to
the MVDC distribution grid. Two different configurations of the hybrid PV-BESS system
have been designed, a centralized and a distributed power system. The electrical and ther-
mal performance of the converter switching devices have been investigated under source
and load variations in order to assess the reliability of the converters. More specifically,
the fundamental research objectives of the thesis are:

• The electrical and thermal design of the fundamental block and modularized DAB
DC-DC converter to interconnect PVs and batteries to the MVDC network.

• The development of the dynamic model of the DAB DC-DC converter.

• The development of the MPP controller to track the maximum power generated from
the PV arrays.

• The development of the appropriate control scheme based on the dynamic model of
the converter to regulate the performance of the converter connected to PVs.

• The development of the proper control scheme to regulate the power flow for the
battery-converter system.

• Verification of the overall electrical and thermal performance of the system consid-
ering variations in solar radiation and load power demand.

• To present design considerations for enhanced reliability of the converters.

The content of the thesis is organized as follows:

Chapter 1 (the present chapter) introduces the content of the work and briefly describes
the objectives that this thesis addresses. At the end of the chapter an outline of the thesis
structure is presented (this part).

Chapter 2 is a literature review-based chapter on the DAB DC-DC converter. Partic-
ularly, the structure of the fundamental block is analyzed and follow the different topolo-
gies of the modularized DAB converters. The semiconductor devices utilized in such a
converter are also described and reliability challenges of them are investigated. The appli-
cation of modularized DAB converters in hybrid PV-BESS systems with various configu-
rations are presented at the end of the chapter.

4



Chapter 3 introduces the study cases that are modelled and simulated and the develop-
ment of the PV and converter models is presented. An insight into the operating principles
of the DAB converter is given at first for a deeper understanding of its performance. The
electrical and thermal analysis has been conducted for a single block DAB converter and
the development of the control schemes to regulate the PV, the converter and the battery
models is analytically presented.

Chapter 4 comprises captures of the electrical and thermal models and the controllers
developed in PLECS simulation software for the two different scenarios that have been
considered. Parameters of the systems are also given at this chapter.

Chapter 5 delivers the simulation electrical and thermal results of the under study sys-
tems, considering source and load variations to verify the effective operation of the models
and control schemes. The reliability results after the implementation of the appropriate al-
gorithm in Matlab are presented at the same chapter for one out of two scenarios.

Chapter 6 summarizes the main points of the thesis work and suggests paths for further
investigation in this area of research in the future.
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Chapter 2
The modularized DAB DC-DC
converter; design aspects,
applications and challenges

This chapter presents the modularized DAB DC-DC converter. Different topologies are
analysed as found on literature, as well as applications of those converters in PV-BESS
hybrid systems. A thorough analysis has been presented on the semiconductor devices
implemented on these converters, with emphasis on the challenges and reliability issues of
the devices. Two reliability test methods have also been investigated and presented in the
following sections.

2.1 The modularized Dual Active Bridge DC-DC converter
The state of art and related work were reviewed, and an identification of the relevant back-
ground material were carried out in the project preceding this thesis [24]. No relevant new
material was found during the work on the thesis. The presentation from the project report
is included below.

The DAB DC-DC converter was firstly introduced in the 1990s by Kheraluwala et.al
[25, 26] and since then has gained remarkable attention among a wide number of research
groups. What was of great interest in many studies, particularly, was the combination of
two single or three phase full bridge voltage source converters (VSCs) with a single or
three phase transformer to construct the isolated bidirectional DC-DC converter [27].

Figure 2.1 depicts the basic DAB circuit topology. It is a symmetrical circuit and
consists of two full bridges, one on the primary side and one on the secondary side of a
high frequency transformer [26, 27]. The H-bridges utilize four semiconductor switches
with their anti-parallel diodes. The first bridge operates in an inverter mode, converting
the DC voltage into AC and the second as a rectifier, converting the AC into DC voltage
in case of positive power flow. The opposite occurs in case of negative power flow. Seeing
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that two active converters are utilized in the DAB configuration, bidirectional power flow
is enabled [23]. The high frequency transformer is used for galvanic isolation between
the two H-bridges, which enhances the efficiency of the converter [22, 28]. The leakage
inductance, Ls, is used as an energy storage component. Due to a phase shift between the
voltages at the primary and secondary side of the transformer, a voltage difference appears
on the stray inductance of the transformer and, therefore, power is transferred across the
DAB [23]. A large DC capacitor is used at the input and output of the DAB converter
(Cdc,1 and Cdc,2) for DC voltage stability and power balance [25].

Figure 2.1: Schematic diagram of bidirectional isolated DAB DC-DC converter

A modularized DAB DC-DC converter system can be designed by connecting two or
more fundamental blocks in series and/or in parallel owing to galvanic isolation between
the input and output terminals of the single-block DAB converter [27]. This modular
configuration enables the converter’s operation at higher voltage and/or current ratings
and an easier adaption of the system power [23].

Figures 2.2 to 2.4 show four possible modularized configurations [29]. The number of
the fundamental blocks connected in series and/or in parallel are specified by the voltage
and current requirements at the converter terminals. Figure 2.2 illustrates the schematic
diagram of the configuration where both the input and output terminals are connected in
series (Input-Series Output-Series, ISOS). In this case special attention is paid to balance
the voltage sharing at the input and output of the converters with no interest to current
balancing.

In Figure 2.3 the modularized DAB converter is designed with both the input and
output terminals connected in parallel (Input-Parallel Output Parallel, IPOP). With this
configuration the current sharing between the converter terminals is balanced so as to avoid
circulating current between the converters.

Figure 2.4 shows the modularized DAB DC-DC converter system, where a series con-
nection of the input terminals is made, while the output terminals are connected in parallel
(Input-Series Output-Parallel, ISOP). This configuration enables current sharing balance
at the output and the DC output voltage can be stepped down.

Figure 2.5 illustrates the case where the DAB converters are connected in parallel at the
input and in series at the output (Input-Parallel Output-Series, IPOS). This configuration is
of great importance since the output voltage can be stepped up, while there is input current
sharing balance and output voltage sharing balance between the converters.
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Figure 2.2: Schematic block diagram of the input-series output-series isolated DC-DC converter

Figure 2.3: Schematic block diagram of the input-parallel output-parallel isolated DC-DC converter

Figure 2.4: Schematic block diagram of the input-series output-parallel isolated DC-DC converter
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Figure 2.5: Schematic block diagram of the input-parallel output-series isolated DC-DC converter

Modular approach of DAB DC-DC converters has been thoroughly investigated the
last years to achieve higher voltage and/or current levels, higher efficiency along with
reduced cost. In [30, 31] the authors analyse the ISOP configuration of three DAB DC-DC
converters and focus mainly on the design of proper control schemes to ensure the optimal
distribution of the input voltages between the converters. In [32] the ISOP connection
of three DAB converters is investigated experimentally to assess the behaviour of this
modular configuration and validate the theoretical models. Last but not least, the authors
in [33] analyse the application of modular DAB converters to an offshore wind farm. The
wind generators are separately connected to the DAB converters, which are connected in
parallel at the input and in series at the output (IPOS). An appropriate control strategy is
presented to balance the current and voltage sharing at the converters’ terminals.

2.2 Power semiconductor devices utilized in a DAB DC-
DC converter

Power semiconductor devices operate mainly in switching mode when used in most of the
power electronic applications [34]. Some of the widely used devices in modern power elec-
tronics are the bipolar junction transistors (BJTs), schottky diodes, insulated gate bipolar
transistors (IGBTs), metal-oxide-semiconductor field effect transistors (MOSFETs) and
junction gate field-effect transistors (JFETs) [34, 35, 36, 37]. So far silicon (Si) has been
the dominant material for semiconductors of all types of power devices. This is because
silicon allows the fabrication of products with well-suited parameters and at reasonable
costs [38, 39, 40]. However, the evolution of the existing power semiconductors was nec-
essary in order to meet the higher system efficiency and higher power density demand in
different applications [41, 42, 43]. This resulted in the research of other wide bandgap
materials, such as silicon carbide (SiC) or gallium nitride (GaN) as an alternative to Si
devices [39, 41, 42, 43, 44, 45].
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2.2.1 Advantages of SiC devices

SiC devices are attracting more and more the interest of many research groups and various
manufacturers globally [46, 47, 48]. The wide bandgap semiconductors allow operation
at higher temperatures, that can exceed 200 0C and with their higher thermal conductivity
the heat can be easily dissipated [38, 43, 46, 49, 50]. Furthermore, due to the higher
breakdown electric field of the SiC material the devices can operate at higher voltage levels
compared to Si-based devices, while due to their lower on-state resistance they can operate
with lower conduction losses [38, 39, 42, 43, 44, 47, 51]. Another advantage of the SiC
semiconductors is the lower switching losses at a given switching frequency compared to
Si counterparts. This is due to the high switching speed they have, that is, the turn-on and
turn-off time instants are significantly reduced. Last but not least, SiC devices can operate
at higher switching frequencies, which is desired since the size of system components,
such as inductors and capacitors is reduced and at the same time a smooth power flow
and a low system cost is achieved [38, 46, 48]. Figure 2.6 summarizes the Si and SiC
properties that are related to various applications [46].

Figure 2.6: Radar chart of the Si and SiC relevant material properties

2.2.2 SiC MOSFETs

SiC MOSFETs are considered a milestone in the evolution of power semiconductors and
they can be used in most of the applications [52]. Figure 2.7 illustrates the vertical structure
of a MOSFET. It is a unipolar, voltage-driven device where a positive voltage must be
supplied to the drain-source junction for the current to flow through the switch. Due to the
lower equivalent output capacitance of these devices compared to that of the IGBTs, there
is no need for external snubber capacitance, while the ZVS transition time is considerably
shorter. Furthermore, their intrinsic body diode can replace the external anti-parallel diode
which is another advantage over the IGBT devices. As a result, the converter size can be
reduced and the high frequency switching becomes more feasible with considerably lower
losses [53].
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Figure 2.7: Vertical structure of a MOSFET

Currently in the market there are two main designs of SiC MOSFETs, the planar
DMOSFET and the trench UMOSFET. The cross sections of these two structures are illus-
trated in Figure 2.8. The main difference between them is the position of the gate. In the
trench technology, the gate is placed at the JFET area and, therefore, the corresponding re-
sistance is excluded. This enhanced design results in a lower on resistance and accordingly
lower losses under normal operation in comparison with the DMOSFET [54, 55].

(a) Planar DMOSFET (b) Trench UMOSFET

Figure 2.8: Cross section of the planar DMOSFET and trench UMOSFET

One of the challenges when designing SiC MOSFETs is the gate oxide layer, which
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proved to be very sensitive at high temperatures and long-term stress [40, 44, 48, 56].
The trench structure, particularly, is rather complicated to fabricate. Another important
aspect is the threshold voltage instability, where there is still room for improvement. That
is, the mechanisms that are responsible for these voltage variations need to be further in-
vestigated [57]. SiC MOSFETs allow the converter operation at higher frequencies with
significant low switching losses compared to Si counterparts. However, the challenging
part of the high switching frequencies is the higher current overshoot and that more os-
cillations (ringings) are observed due to the parasitic elements. The oscillations cause a
higher EMI spectrum level, which is not desirable [58]. Therefore, a trade-off is necessary
between the switching frequency, the losses and the EMI level.

2.2.3 SiC Power Modules

The simple and compact design of the main circuits with SiC switches applied in high
power converters necessitate the development of power modules [40]. The latter allow
the electrical connection between several chips and circuits and can dissipate the heat
to cooling systems, protecting the chips during operation from overheating and harmful
ambient influences [59, 60].

To date considerable attempts have been made to construct power modules with high
current and temperature ratings. Wolfspeed has presented a half bridge module which
is rated at 1200 V/ 450 A maximum current and a 1700 V/ 225 A maximum blocking
voltage module implementing SiC planar MOSFETs [61]. Mitsubishi has developed a full
SiC power module with 1200 V/ 800 A maximum ratings [62]. Last but not least, Rohm
has designed and fabricated a half bridge module applying SiC trench MOSFETs, which
is rated at 1200 V/ 576 A maximum drain current and a 1700 V/ 250 A maximum blocking
voltage module [63].

2.2.4 Packaging of SiC devices

In practical applications, power devices, either discrete or modules, are encapsulated in
packages, as shown in Figure 2.9. The latter illustrates a typical structure of a semicon-
ductor device mounted on a heatsink. The layers between the semiconductor device (chip)
and the ambient provide voltage isolation and enables heat dissipation.
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Figure 2.9: Structure of power semiconductor devices mounted on a heatsink

Inside the package, the major technologies implemented so far are the soldering, the
wire bonding and utilization of base plate. More specifically, the soldering allows the
connection of two metal materials through liquid metal or liquid alloy, while the wire
bonding is used for connection of the chip with several other chips or elements. In order
to achieve high current levels, multiple aluminium (Al) wires are connected in parallel,
while multiple bonding of one wire on a surface (stitching) is also feasible for a better
distribution of the current on the chip [60]. Figure 2.10 shows the stitching and parallel
connection of bond wires. Due to its flexibility and cost-effectiveness, the wire-bonding
technology remains the most dominant connection method for chip surfaces [60].

Figure 2.10: Multi-stitched bond wires connected in parallel on a chip [60]

Another important technology is the utilization of the base plate, as shown in Figure
2.9. A direct copper bonded (DCB) substrate, consisting of copper-ceramics-copper lay-
ers, is soldered to a base plate. The latter is mainly used in medium and high power ranges
and it is not so frequently used in lower power applications [59]. The base plate provides
thermal capacity and enables the heat spreading easily while the modules show higher
mechanical robustness during transport and assembly [59, 60].

13



Chapter 2. The modularized DAB DC-DC converter; design aspects, applications and
challenges

2.2.5 Reliability challenges of SiC devices

Apart from the sensitivity of SiC MOSFET’s gate oxide layer, another challenge that needs
to be tackled is the high temperature variations (swings) during the operation of the con-
verter [64]. The temperature swings is the result of the heat generated from power losses
in the device, as well as the ambient temperature variations. When the devices are stressed
under high temperature swings, two main failure mechanisms are observed, the bond wire
lift-off and the solder delamination [64, 65].

Each device package consists of various materials, which have different coefficients of
thermal expansion (CTE). The CTE mismatch when the temperature varies applies thermo
mechanical stress to the materials and fatigues are observed in the device. Either the bond
wire lift-off due to the thermal mismatch between the Al bond wire and the SiC chip or
the solder delamination. More specifically, two solder layers are formed in a package,
the chip solder layer and the solder layer between the DCB substrate and the base plate,
according to Figure 2.9. Under temperature variations the different material layers have a
relevant movement due to contraction and expansion and cracks appear in the solder layers
[59, 65, 66].

Another weak point that is to be considered is the thermal grease layer between the
base plate and the heatsink. It has been observed no connection between the device and
the heatsink after the removal of the module. This is due to the bad thermal conductivity
of the thermal grease layer [65]. The higher the temperature the SiC MOSFETs operate,
the higher the temperature swings are, which can be more harmful to the packaging and
lifetime of the devices. Therefore, maximum temperature stress must be avoided in order
to expand the lifetime of the devices and modules.

Other issues that need to be considered when utilizing the SiC devices are the bipolar
degradation, which can affect the body diode of a SiC device, the power cycling capability
and its sensitivity to humid environment. Thus, reliability tests are to be done to be able to
estimate the remaining lifetime of the devices and, thus, replace or maintain them before
a catastrophic failure occurs [64, 66].

2.2.5.1 Reliability tests of power devices

The power cycling test (PCT) is a commonly used method to assess the lifetime of the
semiconductors and the reliability of packaging [59, 65, 66]. The device under test (DUT)
is cycled until either the on-state voltage increases by 5 % before the device is turned off
or the thermal resistance of the device increases by 20 % [57]. The test circuit along with
the switching signals and temperature profile are illustrated in Figure 2.11.
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Figure 2.11: Schematic diagram of the power cycling test circuit for SiC MOSFETs with the corre-
sponding control signals of the switches and temperature profile

The switches S1 and S2 operate in a complimentary way to avoid power cycling of the
source Iload. The junction temperature of the device is measured indirectly by measuring
a thermo-sensitive electrical parameter (TSEP). A small constant sensing current, Isense
is injected to the DUT, which is conducted through the body diode when S2 is off. In
SiC MOSFETs the source-to-drain voltage is utilized as a TSEP, while in Si IGBTs the
on-state voltage drop of the switch [57].

However, the temperature stress in a device under operation do not follow any partic-
ular pattern, i.e. the ∆T in Figure 2.11 takes random values, which are difficult to predict
[66]. This random stress is due to different factors, such as the load variations, the ageing
of the devices, the ambient temperature etc. In order to analyse and assess the randomly
varying stress waveforms rainflow-counting method can be implemented. This method
was firstly introduced in 1968 [67] and is currently used for fatigue analysis of mechanical
components.

The original algorithm to identify the rainflow cycles within a sequence is the Pagoda
Roof Method, which is summarized in the following steps [66]:

• Identifies the reversal points (peaks and valleys) from the stress or temperature sig-
nal history (Figure 2.12 (a)).

• Simplifies the original signal by keeping the amplitudes and the sequence of the
reversal points, which are stored in memory, as shown in Figure 2.12 (b).

• This waveform is turned 900 clockwise, as illustrated in Figure 2.12 (c).

• Each peak and valley is assumed to be a source from which water flows down the
pagoda roof-shape of the rotated waveform (Figure 2.12 (c)).

• The terminations in flow occur either when it meets a new water source that is
“deeper” or when it merges with the flow from a previous and “deeper” source.

• A range value is assigned to the flow that terminates. Its magnitude is the stress or
temperature difference between the source and the termination point. Each flow that
terminates corresponds to a half cycle of stress.
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Figure 2.12: (a) Random signal to be evaluated, (b) simplified signal with amplitudes and reversal
points and (c) waterflow according to pagoda roof algorithm

2.3 Application of modularized DAB converter in PV-BESS
hybrid systems

In recent years there has been a clear orientation of research towards the integration of
renewable energy sources, such as photovoltaics to the grid. However, the fluctuations
of PV output power due to the unpredictable weather conditions and changes in power
demand results in grid instability and, therefore, the PV integration is more challenging
[68, 69, 70]. The utilization of battery energy storage systems along with the photovoltaics
can compensate the intermittency of the PV generation and ensure a smoother and more
stable power flow to the grid. Therefore, the power network stability and reliability is
increased [71, 72, 73].

Figure 2.13 illustrates the different modes of operation of the hybrid PV-BESS system,
when a load is considered to be connected to the MVDC grid. When the PV power gener-
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ation is higher than the load demand (PPV > Ploaddemand), the PVs supply the load and
the charge the battery. In the case when the solar power in not sufficient to supply the load
(PPV < Ploaddemand), the additional power is supplied by the battery and the latter is in
discharging mode. When the power produced by the photovoltaics equals the load demand
(PPV = Ploaddemand) only the PVs supply power to the load and the battery is in ideal
mode. In the final case that there is no solar PV production (PPV = 0) the load demand is
covered by the battery, which is in discharging mode.

Figure 2.13: Modes of operation of a hybrid PV-BESS system

The variations in solar radiation, the load demand and the state of charge (SOC) of
batteries determine the implementation of appropriate converters to handle the power flow
and control the DC bus voltage [73]. The most efficient solution is the application of
bidirectional modularized DAB converters to allow high power transfer and regulate the
bus voltage at the MVDC side.

So far various topologies of hybrid PV-BESS with converting systems have been pro-
posed in the literature implementing DAB DC-DC converters. In [74] a series connection
of DAB DC-DC converters is proposed for integration of PVs and BESSs to the MVDC
grid. At the input of each converter, batteries are connected in parallel to photovoltaics
through a DAB DC-DC converter, as shown in Figure 2.14. The main disadvantage of this
configuration is its complicated structure. Each BESS is connected to two DAB convert-
ers, which results in an increased number of conversion stages. This increases both the
complexity of the control and the amount of losses during the operation of the converters.
The authors of [71] propose the series connected DAB converters to interface BESSs to the
MVDC grid, while in [75] a multi-input modularized DAB DC-DC converter is presented
to integrate multiple battery systems to the DC grid. Such a distributed configuration of
batteries and PVs is illustrated in Figure 2.15. The PVs and BESSs are separately con-
nected to DAB DC-DC converters to a common DC bus. There is a series connection of
the DAB converters to interface the PVs and batteries with the MVDC grid. The bidi-
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rectional capability of the converter enables the charging and discharging of the batteries,
whereas there is a unidirectional power flow from the photovoltaics. Another possible
topology is shown in Figure 2.16. The modularized DAB converters for interconnection
of batteries and PVs to the MVDC grid are connected in parallel at the input with the PVs
and batteries respectively and in series at the output. With this centralized configuration
high current values are achieved at the input and high voltage values at the output. How-
ever, the reliability of the system is low in case of a fault either in batteries or photovoltaics
operation.

Figure 2.14: Connection of BESS at the output of PVs through a DAB DC-DC converter
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Figure 2.15: Distributed configuration where PV and BESS are connected to the same DC link
through DAB DC-DC converters
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Figure 2.16: Centralized configuration with IPOS connection of DAB converters. PV and BESS are
connected to a common DC bus trough the DAB converters
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Chapter 3
Design and Control of Hybrid
PV-BESS System and DAB
DC-DC Converter

The aim of this chapter is to design various configurations of the hybrid PV-BESS sys-
tem for interconnection to the MVDC distribution grid through DC-DC converters. Two
different scenarios, in particular, have been investigated and modularized DAB DC-DC
converters have been employed to the systems. Moreover, proper control schemes have
been developed in order to track the maximum power point from the photovoltaics, regu-
late the power transferred through the converters and control the battery system operation.
Appropriate switching devices have also been selected to enhance the overall performance
of the converters in each case study. In the following sections a thorough analysis of the
system components have been conducted for the optimal design of the proposed system
configurations.

3.1 Case Studies
Figures 3.1 and 3.2 illustrate the different structures that have been investigated in the
present work to integrate PVs along with BESS to the MVDC grid. In the first scenario
three DAB converters are connected in parallel with the PV arrays at the input to achieve
high current level and in series at the output to obtain high voltage level for the MVDC con-
nection. The same centralized configuration has been considered for the batteries, which
are connected to the MVDC grid through three IPOS DAB converters. In the second sce-
nario there is an output series connection of the same converters to meet the requirements
of the MVDC grid. In this decentralized structure the DAB converters are separately con-
nected to the PV arrays and BESS. With this structure the system will be able to operate
even if a number of the photovoltaics or batteries will fail to operate and therefore the
reliability of the system is increased.
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An optimal design of the system is based on developing an improved model of the pho-
tovoltaics, the proper selection and thermal management of the switching devices utilized
in the converters and the optimal sizing of the energy transfer inductances to enable max-
imum power flow. The filters at the input and output of the converters have been properly
selected to handle the current and voltage ripple. Last but not least, the appropriate control
schemes for the PV arrays, DAB converters and batteries are of the utmost importance to
ensure the optimal operation of the systems.
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Figure 3.1: Schematic diagram of the proposed centralized PV-battery hybrid system
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Figure 3.2: Schematic diagram of the proposed decentralized PV-battery hybrid system
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3.1.1 Photovoltaic system model
The state of art and related work were reviewed, and an identification of the relevant back-
ground material were carried out in the project preceding this thesis [24]. No relevant new
material was found during the work on the thesis. The presentation from the project report
is included below.

The single diode model developed in [76] has been considered for simulations in the
present work. Figures 3.3a and 3.3b depict the equivalent circuit of a practical PV device
and the I-V characteristic curve respectively.

(a)

(b)

Figure 3.3: (a) The equivalent circuit of the practical PV array and (b) the I-V characteristic curve

This model is described by Equation 3.1 [76] which gives the I-V characteristic curve
of a practical PV array:

Im = IPV − I0
[
exp

(
V +RsI

αVt

)
− 1

]
(3.1)

where IPV = IPV,cell ∗ Np is the photovoltaic current, I0 = I0,cell ∗ Np is the sat-
uration current of the PV array, with Np the number of the parallel connected cells and
Rs and Rp are the equivalent series and parallel resistances of the array. The thermal
voltage is calculated by Vt = NskT/q, where Ns is the series-connected number of cells,
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q = 1.60217662e−19C is the electron charge, k = 1.3806503e−23J/K is the Boltzmann
constant and T is the temperature [in Kelvin]. The parameter α is the ideality constant
of the diode, which takes an arbitrary value usually in the range from 1 to 1.5, depending
upon the the parameters of the I-V model.

The generated current from a PV cell is given by Equation 3.2:

IPV,cell = (IPV,n +KI∆T )
G

Gn
(3.2)

where IPV,n is the photovoltaic current at standard test conditions (STC, 250C, 1000W/m2),
KI is the short circuit current/temperature coefficient, ∆T = T − Tn is the temperature
difference between the actual and nominal temperatures [in Kelvin] and G and Gn are the
actual and nominal solar irradiation [in W/m2] respectively.

The diode saturation current can be calculated by the simplified Equation 3.3, as fol-
lows:

I0,cell =
Isc,n +KI∆T

exp((Voc,n +KV ∆T )/αVt)− 1
(3.3)

Finally, the nominal value of the PV current (IPV,n) differentiates from the nominal
short circuit current (Isc,n) according to Equation 3.4:

IPV,n =
Rp +Rs
Rp

Isc,n (3.4)

3.1.2 Dual Active Bridge DC-DC converter

The state of art and related work were reviewed, and an identification of the relevant back-
ground material were carried out in the project preceding this thesis [24]. No relevant new
material was found during the work on the thesis. The presentation from the project report
is included below.

In order to investigate the modularized DAB converter it is of great importance to
analyze the structure and operation of the fundamental block. The schematic diagram of
a single-block DAB converter is shown in Figure 3.4. This can be expanded and built
modularized DAB converters with higher voltage ratings. However, in this thesis, the
main focus is on the design, control and performance evaluation of the fundamental block,
which are crucial for the optimal design of modularized counterparts.

Each of the two H-bridges consists of four switching devices, operating in pairs, com-
plimentary to each other. The bridges are connected back-to-back via an AC link, which
comprises a transformer for galvanic isolation and a leakage inductance, Ls.
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Figure 3.4: Schematic diagram of the bidirectional isolated DAB DC-DC converter

3.1.2.1 Operating principles

Power flow in a DAB converter can be obtained by phase shifting the voltage pulses of
the bridges with respect to each other. At high frequencies the magnetizing inductance
of the transformer is negligible and, thus, the transformer can be modelled by its leakage
inductance. The equivalent circuit of the DAB converter at high frequency ratings is shown
in Figure 3.5.

Figure 3.5: Block diagram of the simplified circuit of the DAB converter at high frequencies

The two bridges invert the DC voltages in both sides and AC square waves are pro-
duced (Vpri, Vsec) to feed the transformer. These voltage waves are phase shifted properly
by an angle δ and, thus, a voltage difference is appeared across the inductor, resulting in a
current iL to flow.

This operating principle is properly illustrated in Figure 3.6. It is assumed that initially
S1 and S4 of the primary bridge are conducting. Due to phase shift, switches S5 and S8

are delayed by a phase angle δ and therefore the current is flowing through S6 and S7 at
the secondary side. After angle δ, a control signal triggers the switching pair S5 and S8,
as shown in Figure 3.6a. Phase-shifted voltage square waves are produced at the output of
the H-bridges, according to Figure 3.6b and their difference appears across the inductor.
Assuming the case with source variations (e.g. output of PV arrays) this voltage difference
is non-zero, i.e. Vpri 6= Vsec. This results in a current iL flowing as shown in Figure 3.6c.
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Figure 3.6: (a) Control signals that trigger the switching pairs, (b) Voltage square waves produced
by each bridge and (c) Voltage and current across the inductor

This principle can be explained further with the development of equivalent circuits for
each switch state during one switching period, as illustrated in Figure 3.7. It is assumed
that the power flow is directed from the primary to the secondary bridge and the current is
initially flowing through S1 and S4 switches. Due to the signal delay by the angle δ, the
current is flowing through switches S6 and S7 at the secondary bridge. When a control
signal is given at switches S5 and S8 the current commutates to the latter pair, as shown in
Figure 3.7b. The same operating principle is repeated for the other half switching period
when S2 and S3 are conducting, as illustrated in Figures 3.7c and 3.7d.
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Figure 3.7: Equivalent circuits when (a) S5 and S8 are delayed to trigger, (b) S5 and S8 are triggered
after the phase shift, (c) S6 and S7 are delayed to trigger and (d) S6 and S7 are triggered after the
phase shift

According to the aforementioned analysis, the DC output power of the DAB converter
and the phase shift angle are strongly correlated. Considering only the fundamental har-
monic of the primary and secondary voltage square waves, the average output power is
given by Equation 3.5 [27, 77]:

P =
V1nV2
ωLlk

δ(1− | δ |
π

) (3.5)
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where, V1 and V2 are the primary and secondary voltages respectively, n is the trans-
former ratio, ω = 2πfs is the angular frequency and fs is the switching frequency of the
converter, L is the leakage inductance and δ is the phase shift angle in the range of -90 to
90 degrees.

When δ takes a positive value the power flows from the primary to the secondary
bridge, otherwise the power flow has the opposite direction [27]. Maximum power transfer
can be obtained when the phase shift angle equals ±90 degrees, while minimum output
power is achieved when δ is equal to zero. It should be noted that even though the output
power may be zero the current is not zero. Instead it is circulating in the circuit, increasing
the losses of the devices [26].

3.1.2.2 Inductor and transformer selection

The size of the inductor depends on the phase shift angle, assuming that the DC bus volt-
ages have fix values and the most suitable switching frequency has been determined 20
kHz. Considering Equation 3.6, Ls can be calculated for maximum power transfer, as
follows:

Ls,max =
V1nV2δPmax

(1− |δPmax |
π )

ωPmax
(3.6)

A suggested size of the transfer inductance is 0.75...0.85Ls,max for an effective control
operation [78]. In the present work, Ls = 0.75Ls,max has been considered a sufficient
margin for the leakage inductance sizing.

Figure 3.8 shows the relationship between the transfer inductance and angle δ. Assum-
ing V1 = V2 = 700V and Pmax =20 kW , the inductance equals 0.115 mH considering
the selected margin mentioned above. This value corresponds to a phase shift angle of 90
degrees or 1.57 rad, where maximum power is transferred.

Figure 3.8: Relationship between the transfer inductance and the angle δ

The design of the transformer is out of the scope of this analysis. Therefore, an ideal
transformer with turns ratio n = 1 has been taken into account for the design and simula-
tion analysis of the converter.
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3.1.2.3 Switching devices

The switching devices placed in the two bridges are of the utmost importance when design-
ing the DAB converter. According to the aforementioned, the converter operates at high
switching frequency (20 kHz), which results in a lower size of the inductor. In Chapter 2 a
comparison between the Si and SiC materials has been considered and the characteristics
of different semiconductor devices have been introduced. The SiC MOSFET seems to be
the most suitable candidate for the design of the converter, due to its high frequency and
voltage capability and reduced amount of losses. Therefore, it is a promising power device
for an improved overall performance of the converter.

3.1.2.4 Loss analysis

The total losses in a DAB converter is a combination of the losses on different components.
More specifically, the switching and conduction losses of the semiconductor devices along
with the transformer and inductor losses need to be taken into account in order to obtain
a precise amount of losses. In the present work, though, where the transformer has been
considered as an ideal component, and the inductor design is omitted, only the switching
and conduction losses have been calculated.

Due to ZVS during the turn-on time, no energy is considered to be lost (Eon = 0). So,
only Eoff during turn-off time contributes to the switching losses. As a result, the switch-
ing losses are the product of the switching energy loss during turn-off and the switching
frequency, as follows:

Psw = Eofffs (3.7)

where fs = 1/Ts
The conduction losses are obtained during the on-state of the device. Calculating the

maximum rms on-state current and obtaining the maximum drain-to-source on-resistance
from the datasheet the conduction losses per device are given by:

Pcond = I2on,rmsRDS,on (3.8)

The total losses per MOSFET are, therefore given by:

Ptot = Psw + Pcond (3.9)

and the total losses per bridge (four MOSFETs) are equal to:

Ptot,bridge = 4Ptot = 4(Psw + Pcond) (3.10)

In real applications, the diode is only used during a small fraction of the overall switch-
ing cycle (during dead-times). In diodeless operation the reverse current is possible to flow
through the MOSFET channel and not through the body diode [41]. In order to calculate
the efficiency of the DAB converter in the diodeless operation case the losses of the two
bridges are considered as follows:
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n(%) =
Pout − Ptot,2bridges

Pout
∗ 100%

=
Pout − 8(Psw + Pcond)

Pout
∗ 100%

(3.11)

3.1.2.5 Thermal equivalent circuit design

When designing the DAB converter it is necessary to regulate the internal temperature
(junction temperature) of the switching devices to avoid undesirable effects on the circuit
components [36]. Heat must flow through different material layers from the semiconductor
to the ambient, as shown in Figure 3.9. An appropriate heatsink is utilized for cooling of
the devices and the package is mounted on it.

Figure 3.9: Power dissipation in a multilayer structure of one power MOSFET mounted on a
heatsink

The power flow per unit time is given by [36]:

Pcond =
λA∆T

d
(3.12)

where λ [in W/m0C] is the thermal conductivity, A [in m2] is the cross section area,
∆T = T2 − T1 is the temperature difference [in 0C] and d is the length [in m].

Opposing to the flow of heat, the thermal resistance is determined as follows:

Rθ,cond =
∆T

Pcond
(3.13)

or considering Equation 3.14:

Rθ,cond =
d

λA
(3.14)

Considering the thermal resistances of each layer the total thermal resistance from the
junction to the ambient (ja) for one semiconductor device is calculated by:
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Rθ,ja = Rθ,jc +Rθ,cs +Rθ,sa (3.15)

where Rθ,jc, Rθ,cs, Rθ,sa are the thermal resistances of the junction-to-case, case-to-
heatsink and heatsink-to-ambient respectively.

The resulting junction temperature (Tj) is given by:

Tj = Pd(Rθ,jc +Rθ,cs +Rθ,sa) + Ta (3.16)

Having calculated the total losses (Ploss) of the circuit the junction-to-ambient thermal
resistance equals:

Rθ,ja =
Tj,max − Ta,max

Ploss
(3.17)

The Rθ,cs can be calculated from the manufacturer’s datasheet and, thus, knowing the
Rθ,jc and Rθ,cs the Rθ,sa can be determined by Equations 3.15 and 3.17.

In the case of the DAB converter, where eight switching devices are placed in the two
bridges, two heatsinks have been considered, one for each bridge. The thermal equivalent
circuit for one bridge is then constructed according to the aforementioned assumption, as
illustrated in Figure 3.10. The same circuit is considered for the secondary bridge as well.

Figure 3.10: Thermal equivalent circuit for the switching devices of one bridge

The thermal resistances of Figure 3.10 can be determined, following a similar process
as the aforementioned.

3.2 Control system design
The design of the proper control system for the proposed hybrid system topologies is one
of the most challenging parts to deal with. Three different control schemes have been
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developed, an MPPT controller to track the MPPT from the photovoltaic system, a phase
shift controller for the DAB DC-DC converter and a PI controller for the battery control as
shown in Figure 3.11. The MPPT controller gives a voltage reference at the output, which
is the Vmax. This is then compared with the voltage from the PV arrays to give the input
to the phase shift controller. The latter generates the gate pulses, necessary to turn on the
switching devices. Concerning the battery control, the difference between the reference
and actual battery power is the input to a PI controller. A phase shift controller generates
the gate pulses for the operation of the switches in DAB converter. The controller models
are thoroughly analysed in the following sections.

Figure 3.11: System model with the MPPT and phase shift controllers

3.2.1 MPPT controller

The state of art and related work were reviewed, and an identification of the relevant back-
ground material were carried out in the project preceding this thesis [24]. No relevant new
material was found during the work on the thesis. The presentation from the project report
is included below.

One of the major aspects when designing a photovoltaic system is to develop a control
algorithm to maximize the power generation of the PV array. The MPPT controller enables
the tracking of the Maximum Power Point (MPPT) under various atmospheric and operat-
ing conditions. Among the so far proposed PV control schemes [79, 80, 81], two maximum
power point tracking algorithms have been mainly implemented; the Perturb and Observe
(P&O) and the Incremental Conductance (INC) algorithms [82, 83, 84]. These are widely
used control methods due to their accuracy and simplicity when employed in a system
compared to the other developed algorithms.
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A widely used method due to its simplicity is the P&O algorithm [81, 84]. The oper-
ation of this is based on the concept of varying the operating voltage of the photovoltaic
device and observing and measuring the results on the PV output power [80, 83]. When
dP/dV > 0 the operating point is moving towards the maximum power point on the left
side and the perturbation remains at the same direction to obtain the MPP, as illustrated in
the P-V characteristic of Figure 3.12. On the other hand, when dP/dV < 0 the operating
point is moving far from the maximum power point on the right side and the perturbation
is reversed to obtain the MPP. Finally, when dP/dV = 0 the MPP is extracted.

Figure 3.12: P-V characteristic of the photovoltaic array

The INC algorithm is the second commonly used method to control the output of the
PV array, due to the fact that it is highly efficient and can be easily implemented [82]. In
this concept, the instantaneous conductance (Gs = I/V ) and incremental conductance
(Gd = dI/dV ) are taken into consideration to obtain the MPP. The two parameters are
compared to extract the MPP. When Gd > Gs the operating point is moving towards the
MPP, so the perturbation is kept at the same direction. When Gd < Gs the operating point
is moving away from the MPP and, therefore, the perturbation is reversed, as shown in
Figure 3.12. When Gd = Gs the MPP is obtained [81, 82, 83].

Both algorithms have many inherent advantages compared to other control strategies.
However, comparing the two methods, some considerable drawbacks have been found. As
far as the P&O algorithm is concerned, defects in the tracking method have been observed.
That is, the algorithm is not efficient enough when rabid changes in atmospheric conditions
occur and, thus, the MPP tracking is not achieved. More power losses have also been
observed. On the other hand, the INC is a more stable and efficient algorithm and is able
to track the MPP under various conditions. The probability of obtaining the MPP is very
low, though, since almost never Gd = Gs due to oscillations around the MPP. Another
important factor is the fact that the INC algorithm is more complex compared to P&O,
which increases considerably the computational time [81, 83].

Considering all the aforementioned aspects of the two algorithms, the P&O seems to
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be a more efficient method to be implemented, because it is less time consuming and more
simple to implement. Therefore, it will be employed in the present work to perform the
necessary simulations.

3.2.2 Control of DAB converter
The state of art and related work were reviewed, and an identification of the relevant back-
ground material were carried out in the project preceding this thesis [24]. No relevant new
material was found during the work on the thesis. The presentation from the project report
is included below.

Control strategy for the DAB DC-DC converter is one of the most challenging parts
of the converter design. Extensive research has been conducted towards the most suitable
control method and, thus, a variety of control schemes has been proposed so far. Among
these, the phase shift modulation (PSM) is the commonly used method, and, in particular,
the single phase shift modulation (SPSM) scheme [53, 85, 86], due to its simplicity, low
inertia and high dynamic [85].

In this control scheme, only the phase shift angle between the primary and secondary
voltages is necessary to be controlled [87]. The switch pairs of the two bridges that are
cross-connected are switched in turn to produce square waves with constant duty cycle of
50 % at the transformer’s terminals. These waves can be appropriately phase-shifted to
control the power that is delivered from the leading to the lagging bridge. More specifi-
cally, by regulating the phase shift angle between the primary and secondary voltages of
the transformer the voltage across the leakage inductance changes and, thus, the amplitude
and the direction of power flow is controlled.

Although SPSM method is widely used to control the DAB converter, there are chal-
lenges that are to be faced. Seeing that the power flow control depends on the leakage
inductance, large power circulating currents can be developed in the converter when the
primary and secondary voltage magnitudes are not matched [85, 86]. Furthermore, there
has been observed a inrush current at the beginning of the converter operation due to zero
voltage at the secondary side. Thus, at turn-on, the entire input voltage appears on the
inductor causing this inrush current to flow [88]. Another challenge that is to be tackled is
the ZVS maintenance during the operation of the converter under the whole power range
[85, 86]. Due to these disadvantages of the SPSM scheme, other control strategies have
been proposed, such as the dual phase shift, triple phase shift and hybrid phase shift modu-
lation scheme [53, 85, 86, 87, 89]. These control schemes are typically improved methods
of the SPSM and are more beneficial compared to the latter. The sophisticated design of
the controller, though, impedes the broad implementation of these control schemes. In the
present work, the SPSM has been utilized for the control of DAB DC-DC converter, which
is analysed in the following sections.

3.2.2.1 Dynamic modelling

Dynamic modelling of the DAB converter has been thoroughly investigated [53, 77] in
order to obtain accurate transfer functions of the converter in a simple way. The proposed
strategy, called harmonic modelling, develops an accurate model of the converter’s dy-
namics based on Fourier analysis of the switching functions in the time domain. To do
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this, the output voltage waveforms of the primary and secondary bridge (Vpri, Vsec) and
the output current are derived in terms of the switching functions, as shown below.

Assuming one H-bridge, e.g. the primary bridge, the behaviour of the switches is
investigated to obtain the output voltage. The switches of each leg operate complimentary
to each other, as illustrated in Figure 3.13 and a truth table can be formed to summarize
the four states of the H-bridge (Table 3.1).

Figure 3.13: Switch states of the primary H-bridge

Table 3.1: Truth table of the primary H-bridge

Switch State Output Voltage
S1 S2 V1 V2 Vout
0 0 0 0 0
1 0 Vin 0 Vin
0 1 0 Vin -Vin
1 1 Vin Vin 0
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It can be observed that the output voltage is the difference between the voltages at V1
and V2 points and, depending on the switch state, the output voltage of the bridge equals
Vin, -Vin or zero. The same analysis can be carried out for the secondary bridge as well
and the primary and secondary voltages are derived in the time domain by Equations 3.18
and 3.19.

Vpri(t) = Vin(t) ∗ {S1(t)− S2(t)} (3.18)

Vsec(t) = Vout(t) ∗ {S5(t)− S6(t)} (3.19)

The dynamics of the output voltage at the capacitor are of the utmost importance.
Considering the schematic diagram of Figure 3.14, KCL (Kirchhoff’s Current Law) can
be applied at the secondary bridge and, thus, Equation 3.20 is derived:

iC(t) = idc(t)− iout(t) (3.20)

where iC(t) = C ∗ dVout(t)
dt is the current that flows through the capacitor, idc(t) is

the current at the output of the secondary bridge and iout(t) is the load current that can
be obtained by measurement. The injected current from the secondary bridge, though,
depends on the state of S5 and S6 switches and the current through the inductor, iL. By
forming the truth Table 3.2, the idc(t) current is obtained and is given in Equation 3.21:

idc(t) = iL(t) ∗ {S5(t)− S6(t)} (3.21)

Table 3.2: Truth table to obtain idc current

Switch State Output Current
S5 S6 idc
0 0 0
1 0 iL
0 1 -iL
1 1 0

By applying the Kirchhoff’s Voltage Law (KVL) at the inner loop of the converter, as
shown in Figure 3.14, the inductor current can be determined in the time domain. Equation
3.22 describes the time dependent voltages at the inner loop.

Vpri(t)− Ls ∗
diL(t)

dt
− iL(t) ∗RLs −

Np
Ns
∗ Vsec = 0 (3.22)
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Figure 3.14: The KVL inner loop of the converter

Inserting Equations 3.18 and 3.19 into Equation 3.22 and rearranging, an expression
of the output voltage in terms of the switching states and the leakage inductance is given
by Equation 3.23.

Ls ∗ diL(t)

dt
+ iL(t) ∗RLs = Vin(t) ∗ {S1(t)− S2(t)}

− Np
Ns
∗ Vout(t) ∗ {S5(t)− S6(t)}

(3.23)

This non-linear dynamic equation of the DAB converter can be solved by Fourier anal-
ysis of the switching functions. That is, the initially binary-valued square-wave switching
signals can be represented by a series of sinusoids [36, 90], according to Equation 3.24
[90], and these continuous time functions can be implemented to the dynamic equations
of the converter.

Sk(t) =
1

2
+

2

π

N∑
n=0

sin([2n+ 1]{ωst− αk})
[2n+ 1]

, N ≥ 0, k = 1, 2, 3, ... (3.24)

where ωs=2πfs is the angular switching frequency, αk is the phase angle delay of the
square wave and N is the number of harmonics of the switching functions. Figure 3.15
illustrates the square wave, considering the 1st, 3rd, 5th and 7th harmonics. If a higher
number of harmonics is taken into account in the summation, the square wave would be
represented in a better way.
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Figure 3.15: Square wave considering the fundamental, 3rd, 5th and 7th order harmonics [77]

Based on Equation 3.24 and assuming that S1 is the reference phasor the switching
functions for S1, S2, S5 and S6 switches are given by the following equations:

S1(t) =
1

2
+

2

π

N∑
n=0

sin([2n+ 1]{ωst})
[2n+ 1]

, N ≥ 0, k = 1, 2, 3, ... (3.25)

S2(t) =
1

2
+

2

π

N∑
n=0

sin([2n+ 1]{ωst− π})
[2n+ 1]

, N ≥ 0, k = 1, 2, 3, ... (3.26)

S5(t) =
1

2
+

2

π

N∑
n=0

sin([2n+ 1]{ωst− δ})
[2n+ 1]

, N ≥ 0, k = 1, 2, 3, ... (3.27)

S6(t) =
1

2
+

2

π

N∑
n=0

sin([2n+ 1]{ωst− δ − π})
[2n+ 1]

, N ≥ 0, k = 1, 2, 3, ... (3.28)

Substituting the switching functions into Equation 3.23 the inductor current is given in
Equation 3.29:

iL(t) =
4

π

N∑
n=0

{
1

[2n+ 1]

[
Vin(t)

| zn |
sin([2n+ 1]ωst− φ) (3.29)

− Np
Ns

Vout(t)

| zn |
sin([2n+ 1](ωst− δ)− φ)

]}
where | zn |=

√
R2
Ls + ([2n+ 1]ωsLs)2 is the magnitude and φ = tan−1( [2n+1]ωsLs

RLs
)

is the angle of the series impedance.
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By inserting iL(t) into Equation 3.21, the idc(t) current can be calculated, which then
gives the simplified expression of iC(t) from Equation 3.20, as follows:

iC(t) =
8

π2

Np
Ns

N∑
n=0

{
1

[2n+ 1]2

[
Vin(t)

| zn |
cos([2n+ 1]δ − φ) (3.30)

− Np
Ns

Vout(t)

| zn |
cos(φ)

]}
− iout(t)

Therefore, the non-linear model of the output voltage dynamics is given by:

dVout(t)

dt
=
iC(t)

C
=

8

Cπ2

Np
Ns

N∑
n=0

{
1

[2n+ 1]2

[
Vin(t)

| zn |
cos([2n+ 1]δ − φ) (3.31)

− Np
Ns

Vout(t)

| zn |
cos(φ)

]}
− iout(t)

C

Linearization of this model is the next step. Based on small-signal analysis [91], a
steady-state operating point is specified (Vout0 , δ0, iout0 ) and partial differential equations
are developed to describe the converter output voltage response under small variations in
phase shift (approximately 5%) and output current around this operating point. Therefore,
Equation 3.32 is derived:

d(Vout0 + ∆Vout0(t))

dt
≈ f(Vout0 , δ0, iout0) (3.32)

+
θf

θVout

∣∣∣∣
0

∆Vout(t) +
θf

θiout

∣∣∣∣
0

∆iout(t) +
θf

θδ

∣∣∣∣
0

∆δ

A linearized model for the output voltage rate of change can eventually be developed,
as follows:

d∆Vout(t)

dt
= A∆Vout +Bδ∆δ +BI∆iout (3.33a)

A = − 8

Cπ2

(
Np
Ns

)2 N∑
n=0

cosφ

[2n+ 1]2 | zn |
(3.33b)

Bδ =
8Vin
Cπ2

Np
Ns

N∑
n=0

{
sin(φ− [2n+ 1]δ0)

[2n+ 1] | zn |

}
(3.33c)

BI = − 1

C
(3.33d)

where A and BI are constants of the model, while Bδ changes with the input phase
shift.
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3.2.2.2 Closed loop control

Closed loop control is necessary in power converters to ensure a stable operation of the
system under load or reference variations. Two main closed loop strategies have been
identified, the non-linear and linear, with the latter being the most popular when regulating
DC-DC bidirectional converters [77]. In linear controllers, the variable that needs to be
controlled is selected at first, then the appropriate control loop is designed and, finally, the
regulator part is structured.

In DAB DC-DC converter the output voltage of the system is to be controlled to be
able to track the reference voltage under various operating conditions. As for the control
loop, a single-loop feedback controller is the most attractive candidate to be employed in
the converter. This is because this control system is utilized mainly in Single Input Single
Output (SISO) systems, like the DAB converter, which has one input state (angle δ) and
one output state (Vout). A schematic diagram of the closed loop control system is shown
in Figure 3.16. This simple loop design consists of a plant or converter model (G(s)) that
needs to be controlled and the controller (C(s)), which varies the phase shift angle δ in a
way that the plant output voltage will be able to track the reference voltage (Vref ). The
output voltage sample is compared to Vref and an error signal is generated which feeds the
controller. The design of the regulator aims at eliminating the error between the compared
voltages, ideally to zero.

Figure 3.16: Closed loop block diagram of the converter

The simplest and commonly used regulators in bidirectional DC-DC converters are
the Proportional-Integral (PI) controllers because they produce zero steady state error [26,
92]. They are characterized by a proportional gain (Kp), which regulates the speed of the
controller and an integral gain (Ki) to eliminate the error. The transfer function of the PI
controller is given by the following equation:

C(s) = Kp +
Ki

s
(3.34)

In order to obtain the transfer function of the converter model, Equation 3.33 is con-
sidered. Initially, the output current disturbance is assumed negligible and, after using
Laplace transformation, Equation 3.35 arises:

∆Vout(s−A) = Bδ∆δ (3.35)

42



3.2 Control system design

The transfer function of the plant is then equal to:

G(s) =
Bδ
s−A

(3.36)

Having derived the controller and plant transfer functions, the function of the closed
loop system can now be determined as follows:

F (s) = C(s)G(s) =

(
Kp +

Ki

s

)(
Bδ
s−A

)
(3.37)

3.2.2.3 Digital controller

Modern power electronics require the implementation of digital closed loop controllers us-
ing microprocessors, such as Digital Signal Processors (DSP). The PI controller described
in the previous section cannot be implemented unless it is represented as a discrete time
controller. The connection between the continuous time domain (plant) and the discrete
time domain (digital controller) can be done by the employment of Analog-to-Digital Con-
verter (ADC). Its main operation is to take samples of the continuous time plant and create
a discrete time model. A commonly used sampling method is the Zero Order Hold (ZOH)
approximation, which holds a sample for one interval until the next sample is obtained
[93].

In order to derive the discrete PI controller, the conversion is first performed on the
Proportional-Integral-Derivative (PID) controller and then it is simplified to the PI. The
transfer function of the PID controller is given by:

PID(s) = Kp +
Ki

s
+Kds (3.38)

where Kd is the derivative gain. The derivative term is commonly modified to a low
pass filter (LPF) of order N to reduce the noise and, thus, Equation 3.39 arises:

PID(s) = Kp +
Ki

s
+

NKd

1 + N
s

(3.39)

Both the integral and derivative terms are converted to their discrete counterparts by
Z-transform. Applying the backward Euler method [93] and for a given sampling time,
Ts, the discrete form of integral and derivative terms are respectively:

Ki

s
←→ KiTsz

z − 1
(3.40a)

NKd

1 + N
s

←→ NKd(z − 1)

(1 +NTs)z − 1
(3.40b)

Equation 3.39 is now equal to:

PID(z) = Kp +
KiTsz

z − 1
+

NKd(z − 1)

(1 +NTs)z − 1
(3.41)
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Although a discrete time PID controller is obtained in 3.29, further modification is
necessary to derive the difference equation in order to implement it in the DSP code.
Therefore, another format of the transfer function is introduced in Equation 3.42 and after
mathematical calculations [90, 94] the PID error-to-control variable transfer function is
given by:

PID(z) =
δ(z)

e(z)
=

b0 + b1z
−1 + b2z

−2

a0 + a1z−1 + a2z−2
, (3.42a)

b0 = Kp(1 +NTs) +KiTs(1 +NTs) +NKd (3.42b)
b1 = −[Kp(2 +NTs) +KiTs + 2NKd] (3.42c)
b2 = Kp +NKd (3.42d)
a0 = 1 +NTs (3.42e)
a1 = −(2 +NTs) (3.42f)
a2 = 1 (3.42g)

Rearrangement of 3.42 gives:

δ(z) = −α1

α0
δ(z)z−1 − α2

α0
δ(z)z−2 +

b0
α0
e(z) (3.43)

+
b1
α0
e(z)z−1 +

b2
α0
e(z)z−2

Finally, the expression of the required difference equation is given by 3.44, according
to [90]:

δ[k] = −α1

α0
δ[k − 1]− α2

α0
δ[k − 2] +

b0
α0
e[k] (3.44)

+
b1
α0
e[k − 1] +

b2
α0
e[k − 2]

The control signal of the PI controller is the input reference to a digital modulator.
The latter is responsible for producing the signals for the turn-on and turn-off states of
the converter switches. In the present work a two-level phase-shifted square wave (PSSW)
block modulation strategy has been applied to the converter. This scheme comprises pulses
of high frequency and 50 % duty ratio that are applied to each phase leg of one bridge and
the difference between them appears on the output voltage of the bridge. Each reference
signal is compared to a triangular carrier waveform to produce the gate signals. These are
generated at the crossing points of the two waveforms (carrier and reference), as shown in
Figure 3.17.
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Figure 3.17: The PSSW modulator [77]

3.2.3 Control of BESS
Battery energy storage systems play a crucial role in the optimal operation of the pho-
tovoltaics. It is, therefore, necessary to develop a power management control strategy
that enables the efficient charging and discharging of the batteries along with the PVs and
the continuous power supply to the dc loads. For that reason, a dc load connected to the
MVDC grid has been considered in all the aforementioned scenarios to validate the perfor-
mance of the hybrid systems. When the PV power is higher that the load demand, the solar
power is transferred to the load and the excess of power is utilized to charge the battery.
In the case that the load requires more power than that produced by the PVs, the battery
provides the extra power needed and, therefore, it is discharged.

The control strategy for the battery-DAB converter operation is shown in Figure 3.18.
The battery power reference, Pbat,ref , is determined by the difference between the load
demand and the solar power. This signal is compared with the actual battery power,
Pbat,actual, and the error passes through a PI controller to obtain the phase shift angle
ϕ in high precision. The phase shift controller varies the angle such that the output power
is able to track the reference value. The same single phase shift modulation strategy anal-
ysed in the previous subsection has been applied to control the battery DAB converter.

Figure 3.18: Schematic diagram of the battery-DAB converter control model
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Chapter 4
Modelling of the Systems

All the system models have been developed in PLECS simulation software and are rep-
resented in the present chapter. Both the electrical and thermal models of the converters
have been investigated and developed for the centralized scenario. Each full bridge of
the converters consists of four 1.2-kV class, 90 A current rating SiC MOSFETs (Wolf-
speed C2M0025120D, TO-247-3 package) [95], which are mounted on the same heatsink.
The manufacturer’s datasheet can be found in the Appendix. The most proper selection
of heatsink was found to be the LAM 5 D K 100 24 by Fischer Elektronik [96]. The
transformers are considered ideal with transformation ratio 1:1. Finally, the selected PV
module in both cases is the multicrystal KC200GT Kyocera model [97], whose datasheet
is found in the Appendix. The models are thoroughly analysed in the following sections.

4.1 Modelling of the centralized scenario

Figure 4.1 illustrates the electrical model of the under study system. Three identical DAB
converters, have been developed, parallel connected at the input and in series at the output.
The same structure has been considered both for the PV and the battery integration to the
MVDC grid. The BESS system and the MVDC network are modelled with a constant
voltage source.

Table 4.1 summarizes the design and operating parameters of the under-study system.
Each modularized converter is designed with a nominal power of 60 kW. The MVDC grid
is assumed to have a voltage level of 2.1 kV.
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4.1 Modelling of the centralized scenario

Figure 4.1: Electrical model for the centralized scenario developed in PLECS

Table 4.1: Parameters of the simulation model

Circuit parameters
Number of PV modules in series 27
Number of PV module strings in parallel 12
Maximum PV module voltage 26.3 V
Maximum PV module power 200 W
Power rating per DAB block, P 20 kW
Input/output voltage rating per converter, Vdc1, Vdc2 700 Vdc
Switching frequency, fs 20 kHz
Leakage inductance per converter, Ls 0.115 mH
Transformer turns ratio 1:1
Input filter capacitor per converter, Cdc1 300 µF
Input filter inductance per converter, Ldc1 3 µH
Output filter capacitor per converter, Cdc2 300 µF
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Chapter 4. Modelling of the Systems

As analyzed in Chapter 3, three different control schemes have been implemented to
the system to ensure the optimal operation of the PVs, batteries and DAB converters. Fig-
ures 4.2 and 4.3 illustrate the MPPT controller and the phase shift controller implemented
for the modularized DAB converter connected to the PV system. For the digital controller,
in particular, the calculation of the controller gains (Kp, Ki) is out of the scope of this
work and, thus, the optimal selection of the gains is based on trial and error method.

Figure 4.2: MPPT and phase shift controller

Figure 4.3: The phase shift controller of PV converter system

The output of the PI controller is the reference to the digital modulator in order to
produce the gate signals. A detailed model of the PSSW modulation scheme has been
developed in PLECS and is shown in Figure 4.4.

Figure 4.4: The PSSW modulation scheme developed in PLECS

Figures 4.5 and 4.6 show the BESS converter control scheme. In order to verify the
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4.1 Modelling of the centralized scenario

performance of the system a stochastic daily load profile is considered, which is simulated
with a number of ramps in PLECS. More details about the load profile are mentioned in
Chapter 5. The reference power to the BESS control scheme is the difference between
the power demand at the output and the PV power generation. A comparison between the
reference and actual battery power is made and through a PI controller the delay angle is
obtained. This in the input to the phase shift modulator of Figure 4.4 to generate the gate
signals of the switches.

Figure 4.5: The battery control scheme as developed in PLECS

Figure 4.6: The phase shift controller of battery converter system

The thermal model of the converter has been developed based on the assumption that
the four MOSFETs of each bridge are mounted on the same heatsink as mentioned above.
The thermal specifications of the MOSFETs were available on the PLECS, according to
manufacturer’s datasheet and were loaded onto the electrical model. Figure 4.7 shows the
thermal model that was initially developed. However, due to the large amount of data
loaded with this method, the simulations ran very slow and, therefore, a different thermal
design was necessary.
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Chapter 4. Modelling of the Systems

Figure 4.7: Initial thermal model of the modularized converters applied to PV-BESS hybrid system

The analysis in Chapter 3 about the thermal equivalent design of a MOSFET was taken
into consideration in order to develop the thermal model in PLECS. More specifically, at
steady state each MOSFET can be represented as a circuit consisting of a heat source and a
series connection of thermal resistances. Considering that four MOSFETs are mounted on
the same cooling device, the dynamic thermal models with thermal resistances, Rth, and
thermal capacitances, Cth, to obtain the temperature variations (∆Ts) have been devel-
oped, as shown in Figures 4.8 and 4.9. Seeing that all the switching devices are identical,
the thermal design of one converter has been considered (one converter connected to the
PVs and one connected to the BESS).
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4.1 Modelling of the centralized scenario

According to these figures, the heat source corresponds to the total losses in a MOS-
FET, i.e. the conduction and switching losses. The RMS current is given by the electrical
simulations, as indicated in Figure 4.10 for one MOSFET, and the on resistance is given
from the datasheet for a maximum junction temperature of 1000C. Therefore, the conduc-
tion losses are determined, according to Figure 4.12b. More specifically, a look-up table
with the rms current and time values is used and then the square of the current is calcu-
lated. A second look-up table is considered with the on resistance and junction temperature
values. The outputs of them are multiplied and the conduction losses are determined.

As for the switching losses, the current that flows through the MOSFETs is given by
the electrical simulations. This waveform is plotted in Matlab in order to extract the upper
envelope of the waveform, i.e. the maximum current values, as shown in Figure 4.11.
A look-up table with these data and the time data is formed, according to Figure 4.12a,
and is further used to obtain the turn-off energy (Eoff ) from the datasheet. These values
correspond to the maximum current, while the turn-on energy (Eon) is considered zero
due to the ZVS condition. Another look-up table with these data is formed and its output
is multiplied with the 20 kHz switching frequency (Table 4.1) to calculate the switching
losses for one MOSFET. The same process is followed for all the switching devices of the
bridges.
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Figure 4.8: Thermal equivalent of one full bridge circuit employed in the PV-DAB converter MOS-
FETs
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4.1 Modelling of the centralized scenario

Figure 4.9: Thermal equivalent of one full bridge circuit employed in the BESS-DAB converter
MOSFETs

Figure 4.10: The RMS value of the current flowing through one MOSFET. These values are used to
calculate the conduction losses
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Figure 4.11: The current flowing through one MOSFET with the extracted upper envelope. The
maximum values are used to calculate the switching losses

(a) Switching losses of one MOSFET

(b) Conduction losses of one MOSFET

Figure 4.12: Simulation of (a) the switching losses and (b) the conduction losses in PLECS for one
MOSFET

The thermal resistances are specified by the datasheet and some additional calculations
as already presented in Chapter 3. The junction-to-case thermal resistance, in particular,
is a combination of resistances and capacitances, i.e. the thermal equivalent network, as
shown in Figure 4.13 [98]. These values are given by the MOSFET datasheet [95]. The
case-to-sink thermal resistance is calculated by the thermal impedance of the insulation
(0.130Cin2/W ) [99], as found in the Appendix, and the MOSFET area (A = 0.5277in2).
Finally, the sink-to-ambient thermal resistance is calculated for the proper selection of the
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4.2 Modelling of the distributed scenario

heatsinks. The calculated values of the thermal resistances and temperatures per MOSFET
are given in Table 4.2 for the PV and BESS converter switching devices. The appropriate
cooling device was found to be the LAM 5 D K 100 24 by Fischer Elektronik [96]. The
dimensions and thermal resistance of the heatsink are illustrated in Figure 4.14.

Figure 4.13: The junction-to-case thermal resistances and capacitances [98]

Table 4.2: Heatsink design specifications

Heatsink Specifications
Parameters PV connection BESS connection
Ptot [W ] per MOSFET @ rated power (20 kW) 33.88 30.29
Rjc [0C/W ] per MOSFET 0.27 0.27
Rcs [0C/W ] per MOSFET 0.246 0.246
Rsa [0C/W ] total 0.314 0.366
Junction temperature, Tj [0C] 100 100
Case temperature, Tc [0C] 90.85 91.82
Heatsink temperature, Ts [0C] 82.5 84.36
Ambient temperature, Ta [0C] 40 40

Figure 4.14: Dimensions and thermal resistance of the heatsink with the operating voltage of the
fan motor

4.2 Modelling of the distributed scenario
Figure 4.15 illustrates the distributed electrical model of the PV-BESS hybrid system,
as developed in PLECS software. Three identical DAB DC-DC converters have been
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separately connected to the PV arrays at the input, while the outputs are series-connected
to reach the medium voltage levels (2.1 kV). The same structure has been considered for
the battery integration to the MVDC grid.

The same controller schemes of Figures 4.2 to 4.6, developed for the centralized model,
have also been implemented to the distributed configuration. The main difference is that
separate identical controllers are used to control the power flow of each PV-DAB and
BESS-DAB subsystem. It should be mentioned that the thermal model of this configura-
tion has not been investigated, as for the centralized case. However, a similar procedure
can be followed as for the centralized scenario to obtain the thermal performance.

Figure 4.15: Electrical model for the distributed scenario developed in PLECS
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Chapter 5
Simulation Results

This chapter delivers the simulation results of the electrical and thermal models devel-
oped in PLECS. The electrical simulations, particularly, have been carried out for both
scenarios, the centralized and distributed, whereas the thermal simulations only for the
centralized system configuration.

The first stage in the system operation is the collection of forecasting data. That is,
the solar radiation, which impacts directly the PV power generation and the load power
demand. Figure 5.1 illustrates the daily solar radiation profile [100], which refers to
63026′48.5772′′ N and 10025′18.8616′′ E for the 139th day of the year. In order to verify
the hybrid system operation the stochastic load profile of Figure 5.2 has been considered.
According to [101], the forecasted load profile for one day of operation is assumed to be a
fast electric vehicle (EV) charging station.

Figure 5.1: The solar radiation profile for the 139th day of the year, referring to 63026′48.5772′′ N
and 10025′18.8616′′ E
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Chapter 5. Simulation Results

Figure 5.2: Stochastic load power demand profile for a typical day of the year

5.1 Centralized scenario
Considering the electrical model in Chapter 4 for the centralized configuration of the hy-
brid system and the solar and load profiles of Figures 5.1 and 5.2, the performance of PVs
and batteries is captured in Figure 5.3. When the power generated from the PVs is suffi-
cient to supply the load demand the batteries are in charging mode and, thus, the battery
power (Pbat) is negative. Similarly, when the PV power is not sufficient to feed the load
the batteries supply the additional necessary power and, therefore, they are in discharging
mode with a positive power value, Pbat.

Figure 5.3: PV, battery and load power profiles at a given solar radiation

The devices’ current has also been captured from the electrical simulations. More
specifically, Figure 5.4 illustrates the current flowing through S14 MOSFET, which is
placed in the modularized DAB converter connected to photovoltaics. This is the instan-
taneous value of the current that is captured around 3 PM, when the solar radiation has
its maximum value. At this time instant, the maximum MOSFET current is around 40 A,
which is within acceptable design limits.
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5.1 Centralized scenario

The waveforms of the primary and secondary voltage of one block, as well as the
inductor voltage have been captured for the same time instant and they are illustrated in
Figure 5.5. The phase shift angle δ results in a voltage difference on the inductor, as shown
in the figure. The results verify the correct performance of the modularized converter
connected to PVs and the phase shift controller.

Figure 5.4: Capture of current flowing through one MOSFET of the modularized DAB converter
connected to PVs under maximum solar radiation

Figure 5.5: Capture of the primary, secondary and inductor voltages for the first block of the mod-
ularized DAB converter connected to PVs

Figure 5.6 shows the instantaneous value of the current flowing through the S1 MOS-
FET operating in the DAB converter connected to batteries. This capture is taken around 8
AM, when the battery output power has its maximum value, as shown in Figure 5.3. Dur-
ing this time instant the MOSFET current is approximately 40 A, which is an acceptable
value as already mentioned. It is worth mentioning that the reverse current flows through
the MOSFET channel and not through the body diode due to diodeless operation. This
results in both a lower cost and size of the converter and lower conduction losses, as only
the MOSFET channel is used for the negative current to flow and not the body diode [41].

Figure 5.7 illustrates the primary, secondary and inductor voltage waveforms, which
have been captured for the same time instant. It is observed that the converter connected
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Chapter 5. Simulation Results

to batteries and the phase shift controller operates in an effective way to allow the power
flow in both directions.

Figure 5.6: Capture of current flowing through one MOSFET of the modularized DAB converter
connected to batteries under maximum solar radiation

Figure 5.7: Capture of the primary, secondary and inductor voltages for the first block of the mod-
ularized DAB converter connected to batteries

Figure 5.8 illustrates the response of the PI controller for the daily solar radiation
profile described above. The results show that the control variable does not saturate (< 1),
which is a considerable advantage of the controller. Saturation would limit the speed of the
closed loop performance and might lead to instability if there was no compensation [102].
The same can be observed in Figure 5.9, where the control variable reaches the maximum
value of 0.25 < 1 and does not saturate. Therefore the BESS-DAB controller operates in
an optimal way during the whole day.
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5.1 Centralized scenario

Figure 5.8: Response of the digital PI controller of the DAB converter connected to PVs

Figure 5.9: Response of the PI controller of the DAB converter connected to batteries

Considering the thermal simulations for one block of each modularized DAB con-
verter, as analysed in Chapter 4, the anticipated junction temperature variations (Tjunction)
of one MOSFET has been captured for the whole day. Figure 5.10 shows these temper-
ature swings for one MOSFET of the DAB connected to PVs. The switching device is
stressed at various temperature cycles in the range of ∆T = 15− 300C. Considering the
solar radiation profile and the power generated from the PVs, the current flowing through
each MOSFET increases when the solar radiation and, thus the PV power increases. Dur-
ing the hours that the solar radiation is low, the generated power is reduced and, therefore,
the MOSFET current is lower. The decrease and increase of current result in temperature
variations inside the MOSFET, i.e. the temperature is higher for a higher current and lower
for a lower flowing current. This stress introduces reliability issues, as it is responsible for
the reduction of the expected operating lifetime of the MOSFET.
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Chapter 5. Simulation Results

Figure 5.10: Junction temperature variations of one MOSFET of the modularized DAB converter
connected to PVs due to variations in solar radiation

Figure 5.11: Junction temperature variations of one MOSFET of the modularized DAB converter
connected to batteries due to variations in solar radiation

Figure 5.11 shows the temperature swings of one MOSFET operating in the DAB
block connected to the batteries. These variations are also related to the generated PV
power and load power-demand profiles. The current flowing through the MOSFETs in-
creases when the power flow from the batteries also increases to supply additional power
to the load when the PV power is not sufficient enough. Therefore, the MOSFET tem-
perature increases. On the other hand, the MOSFET current and, thus, its temperature
decreases when the battery power is low and the load is supplied only by the PVs. This
temperature stress of the MOSFET is of great importance to investigate for this case. Since
the temperature cycles are not constant and take load-demand dependent values during the
whole operation of the MOSFETs, PCT reliability test cannot give an accurate lifetime es-
timation due to the ∆T variations. Instead the rainflow algorithm that has been presented
in Chapter 2 can be implemented.

Figure 5.12 shows the temperature cycles as a function of cycle average and cycle
range, which is plotted in Matlab for the case of battery-DAB converter MOSFET. Initially,
the algorithm turns the temperature history into a sequence of reversals. These are the
local maxima and minima where there is a change in sign, as shown in the upper part of
the image. At the end a histogram of cycles is produced according to the lower part of
the figure. For this case, there are 5.5 stress cycles in the range of ∆T = 5 − 500C, as
shown in the histogram. More specifically, there is 1 cycle of 50C, 2 cycles of 100C, 2
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5.2 Distributed scenario

cycles of 300C and half cycle of 500C. The number of cycles and the cycle amplitude are
responsible to trigger a failure in the MOSFET. However, for ∆T = 50C, for example,
the contribution to failure is not considered because the stress is within the elastic limit
and the material resumes its original shape and size without a permanent deformation.

In order to estimate the operating lifetime of the MOSFETs, the simulations need to run
for a longer time under a repetitive stress and a lifetime model needs to be implemented.
The damage of the device due to variable stress can also be determined using Miner’s rule
[66]. However, this is out of the scope of this work and won’t be further analyzed.

Figure 5.12: Rainflow histogram of temperature cycles as a function of cycle average and cycle
range for the case of battery-DAB converter MOSFET

5.2 Distributed scenario

This scenario has been investigated considering the distributed model as analyzed in Chap-
ter 4 only for electrical simulations. The load demand profile of Figure 5.2 has been con-
sidered and two different solar radiation profiles have been plotted as inputs to the PV
arrays. Figure 5.13 illustrates the initial solar radiation (Solar 1) for the 139th day of the
year, referring to 63026′48.5772′′ N and 10025′18.8616′′ E and a stochastic solar profile
(Solar 2) in order to verify the simulations. Two out of three PV-converter blocks have the
“Solar 1” input and the third has the “Solar 2” input. The reason behind this approach is to
verify the independent operation of the converters when a change in solar radiation occurs.
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Chapter 5. Simulation Results

Figure 5.13: Solar 1: The solar radiation profile for the 139th day of the year, referring to
63026′48.5772′′ N and 10025′18.8616′′ E. Solar 2: A stochastic solar radiation to verify the simu-
lations

Figure 5.14 shows the power profiles of the PVs and batteries for the given load de-
mand. It can be observed that when the load demand is higher that the power generated
from the photovoltaics, the batteries are discharging by supplying the additional necessary
power to the load. During the night, in particular, that the PV power drops to zero the
batteries supply power to meet the load demand. Similarly, when PV is sufficient ot feed
the load the batteries are charging either from the grid or the PVs. Therefore, the system
operation is verified also in this scenario.

Figure 5.14: PV, battery and load power profiles under the given different solar radiations

The instantaneous values of the MOSFET currents have also been captured and are
presented below. Figure 5.15 illustrates the S141, S142 and S143 MOSFET currents, each
operating in a separate PV-DAB converter. The waveforms are captured at approximately
3 PM, when the solar radiations have a maximum value. It is observed that the peak current
value is around 40 A, which is within acceptable design limits.

At the same time instant the voltage waveforms of the primary and secondary bridges
of one block have been captured and are presented in Figure 5.16. The converter and the
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5.2 Distributed scenario

phase shift controller operates effectively allowing the power to flow from the PVs to the
load. The difference between the primary and secondary voltages appears on the inductor
and, as a result, the power flows from the leading to the lagging bridge.

Figure 5.15: Instantaneous values of currents flowing through the MOSFETs operating in PV-DAB
converters under maximum solar radiation. (a) S141 MOSFET current of PV-DAB block 1, (b) S142

MOSFET current of PV-DAB block 2 and (c) S143 MOSFET current of PV-DAB block 3

Figure 5.16: Capture of the primary, secondary and inductor voltages for the first block of the
modularized DAB converter connected to photovoltaics

Figure 5.17 shows the corresponding MOSFET currents, for MOSFETs S1, S12 and
S13 each operating in BESS-DAB converter blocks. The instantaneous current waveforms
are taken at 8 AM, when the power supplied by the battery is at its maximum. The current
of the switching devices reaches 40 A, which is also an acceptable value. For this case
also the primary, secondary and inductor voltages have been taken into consideration at
8 AM and they are shown in Figure 5.18. It can be observed that the power flows from
the batteries to supply the load, as the PV power is not sufficient. The voltage difference
between the primary and secondary bridge of the block appears on the inductor allowing
the current to flow.

65



Chapter 5. Simulation Results

Figure 5.17: Instantaneous values of currents flowing through the MOSFETs operating in BESS-
DAB converters under maximum battery power flow. (a) S1 MOSFET current of BESS-DAB block
1, (b) S12 MOSFET current of BESS-DAB block 2 and (c) S13 MOSFET current of BESS-DAB
block 3

Figure 5.18: Capture of the primary and secondary bridge voltages as well as the inductor voltage
for one block of the converter connected to batteries

Figures 5.19 and 5.20 illustrate the control variable of the PI controller for the control
of PV and battery power flow respectively. Also for this scenario the variable reaches a
maximum value of 0.25 < 1 during the daily operation, which is within acceptable limits
and it does not saturate.
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Figure 5.19: Response of the digital PI controller of the DAB converter connected to photovoltaics

Figure 5.20: Response of the PI controller of the DAB converter connected to the battery system

From the aforementioned analysis it can be concluded that although both scenarios
are designed and operate in an optimal way the distributed configuration is more reliable.
This is because the converters can operate and can be controlled irrespective of each other.
Therefore, in case of a change in solar power or a fault in PVs or batteries, the system will
not collapse but will be able to operate unaffected by the faults and changes however at a
limited power flow capability.
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Chapter 6
Conclusion and Future Work

In the present work a dual active bridge DC-DC converter is utilized to develop modular-
ized systems in order to interconnect photovoltaics and batteries to the MVDC distribu-
tion grid. An overview of the different modularized converter topologies is presented and
possible connections of PV-BESS systems to the MVDC grid are discussed. In order to
understand the operation of such a converter, thorough analysis has been conducted on the
principles of design and operation, dynamic characteristics and bidirectional power flow
capability of the DAB fundamental block. The converter modeling and control strategy
are also developed based on a single phase shift modulation scheme. In order to intercon-
nect PVs and batteries to the MVDC grid through the modularized DAB converters the
PV model and MPPT control scheme are investigated and a PI controller is implemented
to regulate the power flow from the battery system.

Two different system configurations, in particular, have been developed in PLECS
simulation software. The first is a centralized PV-BESS hybrid system utilizing two 60
kW IPOS modularized DAB converters, each connected to PVs and batteries respectively,
where identical SiC MOSFETs are employed to the converters. In order to verify the sys-
tem operation, a stochastic load profile of a fast EV charging station and variations in solar
radiation have been considered. Both the electrical and thermal models have been devel-
oped for the 139th day of the year, referring to 63026′48.5772′′ N and 10025′18.8616′′ E
coordinates. The electrical results show that the system operates in an optimal way. The
PVs supply the necessary power to the load and the batteries are in charging mode and,
when this is not sufficient, the batteries are in discharging mode, supplying the additional
power to the load. The MOSFETs’ current has also been observed and reaches the value
of 40 A, which is within acceptable design limits. At the same time instant the voltage
waveforms of the primary and secondary bridge of one block as well as the inductor volt-
age have been captured from PLECS. The results verify the efficient performance of the
converter and the phase shift controller. Moreover, the response of the PI controllers for
the control of power from the PVs and batteries during the daily solar radiation profile
have been taken into consideration. The results show that the control variable does not
saturate in both controllers, as the maximum value they reach is 0.25 (< 1). This veri-
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fies the good performance of the controllers within stability design limits. The thermal
results indicate that the MOSFETs are stressed at various temperature cycles in the range
of ∆T = 15− 300C for those connected to PVs and ∆T = 5− 500C for those connected
to batteries. To obtain particularly the latter temperature range, the rainflow algorithm has
been implemented using Matlab.

The second scenario is a distributed system configuration, where the same converters
are utilized and they are separately connected to PVs and batteries at the input and in
series at the output. The operation of the system has been investigated considering the
same load profile and two different solar radiations as inputs to PV arrays at the same
time. The reason is to verify the irrelevant operation of the converters when a change
in solar radiation occurs, as they can be controlled irrespective of each other. For this
configuration only the electrical model has been developed and the results have shown
an optimal operation of the system as in the first topology. The current flowing through
the MOSFETs under maximum solar radiation and maximum battery power reaches 40
A, which is an acceptable value. Also the primary and secondary bridge voltages of one
block of the converters connected to PVs and batteries as well as the inductor voltage have
been captured. The results verify the operation of the converters and their controllers. The
response of the PI controllers have also been considered and they show good performance,
as they do not saturate during the daily operation of the system. It is worth mentioning that
although the two topologies are designed and operate in an optimal way, the distributed
configuration is more reliable. This is because in case of a change in solar radiation or a
fault in PVs and/or batteries the system will keep operating, supplying power (lower than
the rated), and will not collapse.

The system models developed in the present thesis require further work to improve the
overall operation of the converters. Firstly, a different control scheme is to be investigated,
for example a dual phase shift control strategy, to avoid the high circulating currents ap-
peared in the converter. Also, the inrush current issue at the start-up of the converter can
be tackled and the ZVS during the whole operation can be maintained.

It is interesting to develop the thermal model for the distributed scenario, based on the
model presented for the centralized system configuration. The rainflow algorithm can be
then used to obtain the temperature cycles and a lifetime model can be implemented to
estimate the lifetime of the MOSFETs under a repetitive stress. The results from the rain-
flow algorithm along with the use of lifetime models, such as those in [103] or [104] can
be used to estimate the operating lifetime of the switching devices also for the centralized
scenario.

Another aspect that can be further investigated is to examine these system configura-
tions when a fault occurs in the batteries. The employment of the proper protection scheme
in the system will isolate the fault part and it is interesting to see the impact the fault has
on the whole operation of the system.

Last but not least, a construction of the converter in the lab and experimental investiga-
tion of the system operation is of great importance. Also reliability tests of the MOSFETs
can be carried out in the lab to obtain experimental results.
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1 C2M0025120D Rev. B,   10-2015  

C2M0025120D
Silicon Carbide Power MOSFET 
C2M

TM 
MOSFET Technology

N-Channel Enhancement Mode									       
Features

•	 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
•	 Battery Chargers
•	 Motor Drive
•	 Pulsed Power Applications

Package

        TO-247-3	        

Part Number Package

C2M0025120D TO-247-3

  	 VDS      	 1200 V

	 ID @ 25˚C 	 90 A

 	 RDS(on)      	 25 mΩ  

Maximum Ratings (TC = 25 ˚C unless otherwise specified)

Symbol Parameter Value Unit Test Conditions Note

VDSmax Drain - Source Voltage 1200 V VGS = 0 V, ID = 100 μA

VGSmax Gate - Source Voltage -10/+25 V Absolute maximum values

VGSop Gate - Source Voltage -5/+20 V Recommended operational values

ID Continuous Drain Current
90

A
VGS =20 V,  TC = 25˚C Fig. 19

60 VGS =20 V,  TC = 100˚C

ID(pulse) Pulsed Drain Current 250 A Pulse width tP limited by Tjmax Fig. 22

PD
Power Dissipation 463 W TC=25˚C, TJ = 150 ˚C Fig. 20

TJ , Tstg
Operating Junction and Storage Temperature -55 to 

+150 ˚C

TL
Solder Temperature 260 ˚C 1.6mm (0.063”) from case for 10s

Md Mounting Torque 1
8.8

Nm
lbf-in M3 or 6-32 screw
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Electrical Characteristics  (TC = 25˚C unless otherwise specified)

Symbol Parameter Min. Typ. Max. Unit Test Conditions Note
V(BR)DSS Drain-Source Breakdown Voltage 1200 V VGS = 0 V, ID = 100 μA

VGS(th) Gate Threshold Voltage
2.0 2.6 4 V VDS = VGS, ID = 15mA

Fig. 11
2.1 V VDS = VGS, ID = 15mA, TJ = 150 °C

IDSS Zero Gate Voltage Drain Current 2 100 μA VDS = 1200 V, VGS = 0 V

IGSS Gate-Source Leakage Current 600 nA VGS = 20 V, VDS = 0 V

RDS(on) Drain-Source On-State Resistance
25 34

mΩ
VGS = 20 V, ID = 50 A Fig. 

4,5,643 VGS = 20 V, ID = 50 A, TJ = 150 °C

gfs Transconductance
23.6

S
VDS= 20 V, IDS= 50 A

Fig. 7
21.7 VDS= 20 V, IDS= 50 A, TJ = 150 °C

Ciss Input Capacitance 2788

pF
VGS = 0 V

VDS = 1000 V

f = 1 MHz
VAC = 25 mV 

Fig. 
17,18

Coss Output Capacitance 220

Crss Reverse Transfer Capacitance 15

Eoss Coss Stored Energy 121 μJ Fig 16

EAS Avalanche Energy, Single Pluse 3.5 J ID = 50A, VDD = 50V Fig. 29

EON Turn-On Switching Energy 1.4
mJ

VDS = 800 V, VGS = -5/20 V,
ID = 50A,  RG(ext) = 2.5Ω,L= 412 μH

Fig. 25
EOFF Turn Off Switching Energy 0.3

td(on) Turn-On Delay Time 14

ns

VDD = 800 V, VGS = -5/20 V
ID = 50 A,
RG(ext) = 2.5 Ω,  RL = 16 Ω
Timing relative to VDS 
Per IEC60747-8-4 pg 83

Fig. 27
tr Rise Time 32

td(off) Turn-Off Delay Time 29

tf Fall Time 28

RG(int) Internal Gate Resistance 1.1 Ω f = 1 MHz, VAC 
= 25 mV, ESR of CISS

Qgs Gate to Source Charge 46

nC
VDS = 800 V, VGS = -5/20 V
ID  = 50 A
Per IEC60747-8-4 pg 83

Fig. 12Qgd Gate to Drain Charge 50

Qg Total Gate Charge 161

Reverse Diode Characteristics

Symbol Parameter Typ. Max. Unit Test Conditions Note

VSD Diode Forward Voltage
3.3 V VGS = - 5 V, ISD = 25 A Fig. 8, 9, 

103.1 V VGS = - 5 V, ISD = 25 A, TJ = 150 °C

IS Continuous Diode Forward Current 90 TC= 25 °C Note 1

trr Reverse Recovery Time 45 ns
VGS = - 5 V, ISD = 50 A ,TJ = 25 °C
VR = 800 V
dif/dt = 1000 A/µs

Note 1Qrr Reverse Recovery Charge 406 nC

Irrm Peak Reverse Recovery Current 13.5 A

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

Thermal Characteristics

Symbol Parameter Typ. Max. Unit Test Conditions Note

RθJC Thermal Resistance from Junction to Case 0.24 0.27
°C/W

Fig. 21

RθJC Thermal Resistance from Junction to Ambient 40
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Typical Performance

    Figure 1.  Output Characteristics TJ = -55 °C
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Typical Performance
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Figure 19. Continuous Drain Current Derating vs. 
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Test Circuit Schematic

Figure 30. Clamped Inductive Switching 
Waveform Test Circuit 
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Figure 31. Body Diode Recovery Test Circuit
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Package Dimensions

Package TO-247-3

Recommended Solder Pad Layout

TO-247-3

POS
Inches Millimeters

Min Max Min Max

A .190 .205 4.83 5.21

A1 .090 .100 2.29 2.54

A2 .075 .085 1.91 2.16

b .042 .052 1.07 1.33

b1 .075 .095 1.91 2.41

b2 .075 .085 1.91 2.16

b3 .113 .133 2.87 3.38

b4 .113 .123 2.87 3.13

c .022 .027 0.55 0.68

D .819 .831 20.80 21.10

D1 .640 .695 16.25 17.65

D2 .037 .049 0.95 1.25

E .620 .635 15.75 16.13

E1 .516 .557 13.10 14.15

E2 .145 .201 3.68 5.10

E3 .039 .075 1.00 1.90

E4 .487 .529 12.38 13.43

e .214 BSC 5.44 BSC

N 3 3

L .780 .800 19.81 20.32

L1 .161 .173 4.10 4.40

ØP .138 .144 3.51 3.65

Q .216 .236 5.49 6.00

S .238 .248 6.04 6.30

T 9˚ 11˚ 9˚ 11˚

U 9˚ 11˚ 9˚ 11˚

V 2˚ 8˚ 2˚ 8˚

W 2˚ 8˚ 2˚ 8˚

Pinout Information:

•	 Pin 1 = Gate
•	 Pin 2, 4 = Drain 
•	 Pin 3 = Source

T U

WV

Part Number Package Marking

C2M0025120D TO-247-3 C2M0025120
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Copyright © 2014 Cree, Inc. All rights reserved. 
The information in this document is subject to change without notice. 
Cree, the Cree logo, and Zero Recovery are registered trademarks of Cree, Inc.

Cree, Inc.
4600 Silicon Drive

Durham, NC 27703
USA Tel: +1.919.313.5300

Fax: +1.919.313.5451
www.cree.com/power

•	 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.

Notes

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 

 



MODEL

KC200GT

KC200GT
HIGH EFFICIENCY MULTICRYSTAL

PHOTOVOLTAIC MODULE

● Water Pumping systems
● High Voltage stand alone systems
● etc.

● Residential roof top systems
● Large commercial grid tie systems

APPLICATIONS

KC200GT is ideal for grid tie system applications.

● MODULE : UL1703 certified ● FACTORY : ISO9001 and ISO 14001

QUALIFICATIONS

Kyocera multicrystal photovoltaic modules have passed the following tests.

● Thermal cycling test  ● Thermal shock test  ● Thermal / Freezing and high humidity cycling test  ● Electrical isolation test  
● Hail impact test  ● Mechanical, wind and twist loading test  ● Salt mist test  ● Light and water-exposure test  ● Field exposure test

QUALITY ASSURANCE

Kyocera
,
s advanced cell processing technology 

and automated production facilities produce a highly efficient

multicrystal photovoltaic module.

The conversion efficiency of the Kyocera solar cell is over 16%.

These cells are encapsulated between a tempered glass cover 

and a pottant with back sheet to provide efficient protection from the severest environmental conditions.

The entire laminate is installed in an anodized aluminum frame to provide structural strength and ease of installation.

Equipped with plug-in connectors.

HIGHLIGHTS OF

KYOCERA PHOTOVOLTAIC MODULES

Current-Voltage characteristics of Photovoltaic 

Module KC200GT at various cell temperatures

Current-Voltage characteristics of Photovoltaic 

Module KC200GT at various irradiance levels

ELECTRICAL CHARACTERISTICS

※1 year limited warranty on material and workmanship
※20 years limited warranty on power output: For detail, please refer to "category IV" in Warranty issued by Kyocera

(Long term output warranty shall warrant if PV Module(s) exhibits power output of less than 90% of the original minimum rated power specified at the time of sale within 
10 years and less than 80% within 20 years after the date of sale to the Customer. The power output values shall be those measured under Kyocera

,
s standard 

measurement conditions. Regarding the warranty conditions in detail, please refer to Warranty issued by Kyocera)

LIMITED WARRANTY

IRRADIANCE: AM1.5, 1kW/ m2
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SPECIFICATIONS

■ Physical Specifications Unit : mm（in.） 

KC200GT
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Maximum Power (Pmax)

Maximum Power Voltage (Vmpp)

Maximum Power Current (Impp)

Open Circuit Voltage (Voc)

Short Circuit Current (Isc)

142W 
23.2V 
6.13A 
29.9V 
6.62A

■ Electrical Performance at 800W/m2, NOCT, AM1.5

NOCT (Nominal Operating Cell Temperature) : 47℃ 

Number per Module 54
■ Cells

Length × Width × Depth

Weight

Cable

1425mm(56.2in)×990mm(39.0in)×36mm(1.4in) 
18.5kg(40.7lbs.) 
(+)720mm(28.3in),(-)1800mm(70.9in)

■ Module Characteristics

Length × Width × Depth

IP Code

113.6mm(4.5in)×76mm(3.0in)×9mm(0.4in) 
IP65

■ Junction Box Characteristics

■ Specifications

Maximum Power (Pmax)

Maximum Power Voltage (Vmpp)

Maximum Power Current (Impp)

Open Circuit Voltage (Voc)

Short Circuit Current (Isc)

Max System Voltage

Temperature Coefficient of Voc

Temperature Coefficient of Isc

200W (＋10%／－5%) 
26.3V 
7.61A 
32.9V 
8.21A 
600V 
－1.23×10-1 V/℃ 

3.18×10-3 A /℃ 

■ Electrical Performance under Standard Test Conditions (*STC)

*STC : Irradiance 1000W/m2, AM1.5 spectrum, module temperture 25℃ 

Reduction 7.8%
■ Reduction of Efficiency under Low Irradiance

Reduction of efficiency from an irrandiance of 1000W/m2 to 200W/m2  (module temperature 25℃)
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Kyocera reserves the right to modify these specifications without notice

Please contact our office for further information

298 Tiong Bahru Road, #13-03/05
Central Plaza, Singapore 168730
TEL:(65)6271-0500 FAX:(65)6271-0600

●  KYOCERA Asia Pacific Pte. Ltd.
CORPORATE SOLAR ENERGY DIVISION
6 Takeda Tobadono-cho
Fushimi-ku, Kyoto
612-8501, Japan
TEL:(81)75-604-3476 FAX:(81)75-604-3475
http://www.kyocera.com

■  KYOCERA Corporation Headquarters

Fritz Muller strasse 107, D-73730 Esslingen, Germany
TEL:(49)711-93934-917 FAX:(49)711-93934-950
http://www.kyocerasolar.de/

●  KYOCERA Fineceramics GmbH

7812 East Acoma Drive
Scottsdale, AZ 85260, USA
TEL:(1)480-948-8003 or (800)223-9580 FAX:(1)480-483-6431
http://www.kyocerasolar.com

●  KYOCERA Solar, Inc.

Level 3, 6-10 Talavera Road, North Ryde
N.S.W. 2113, Australia
TEL:(61)2-9870-3948 FAX:(61)2-9888-9588
http://www.kyocerasolar.com.au/

●  KYOCERA Solar Pty Ltd.

Av. Guignard 661, Loja A
22790-200, Recreio dos Bandeirantes, Rio de Janeiro, Brazil
TEL:(55)21-2437-8525 FAX:(55)21-2437-2338
http://www.kyocerasolar.com.br

●  KYOCERA Solar do Brasil Ltda.

Room 801-802, Tower 1 South Seas Centre, 75 Mody Road,
Tsimshatsui East, Kowloon, Hong Kong
TEL:(852)2-7237183 FAX:(852)2-7244501

●  KYOCERA Asia Pacific Ltd.

10 Fl., No.66, Nanking West Road, Taipei, Taiwan
TEL:(886)2-2555-3609 FAX:(886)2-2559-4131

●  KYOCERA Asia Pacific Ltd. Taipei Office

19F, Tower C HeQiao Building 8A GuangHua Rd.,
Chao Yang District, Beijing 100026, China
TEL:(86)10-6583-2270 FAX:(86)10-6583-2250

●  KYOCERA(Tianjin) Sales & Trading Corporation

LIE/I09M0703-SAGKM



Hi-Flow® 300P consists of a thermally 
conductive 55°C phase change compound 
coated on a thermally conductive polyimide 
film.The polyimide reinforcement makes 
the material easy to handle and the 55°C 
phase change temperature minimizes  
shipping and handling problems.

Hi-Flow® 300P achieves superior values in
voltage breakdown and thermal performance
when compared to its competition.The
product is supplied on an easy release liner
for exceptional handling in high volume  
manual assemblies. Hi-Flow 300P is  
designed for use as a thermal interface 
material between electronic power devices 
requiring electrical isolation to the heat sink.

Bergquist suggests the use of spring clips to
assure constant pressure with the interface
and power source. Please refer to thermal
performance data to determine nominal
spring pressure for your application.

Note: To build a part number, visit our  
website at www.bergquistcompany.com.

Hi-Flow® 300P

TYPICAL APPLICATIONS INCLUDE
• �Spring / clip mounted 
• Discrete power semiconductors and modules
CONFIGURATIONS AVAILABLE
• Roll form, die-cut parts and sheet form, dry both sides
We produce thousands of specials. Tooling charges vary  
depending on tolerances and complexity of the part.

PDS_HF_300P_1113

FEATURES AND BENEFITS
• �Thermal impedance: 0.13°C-in2/W  

(@25 psi)
• �Field-proven polyimide film 

- excellent dielectric performance 
- excellent cut-through resistance

• �Outstanding thermal performance in  
an insulated pad

PRODUCT DESCRIPTION
Electrically Insulating,Thermally Conductive 
Phase Change Material

November 2013

PROPERTY IMPERIAL VALUE METRIC VALUE TEST METHOD
Color Green Green Visual
Reinforcement Carrier Polyimide Polyimide —
Thickness (inch) / (mm) 0.004 - 0.005 0.102 - 0.127 ASTM D374
Film Thickness (inch) / (mm) 0.001 - 0.002 0.025 - 0.050 ASTM D374
Elongation (%) 40 40 ASTM D882A
Tensile Strength (psi) / (MPa) 7000 48 ASTM D882A
Continuous Use Temp (°F) / (°C) 302 150 —
Phase Change Temp (°F) / (°C) 131 55 ASTM D3418
ELECTRICAL
Dielectric Breakdown Voltage (Vac) 5000 5000 ASTM D149
Dielectric Constant (1000 Hz) 4.5 4.5 ASTM D150
Volume Resistivity (Ohm-meter) 1012 1012 ASTM D257
Flame Rating V-O V-O U.L. 94
THERMAL

Thermal Conductivity (W/m-K) (1) 1.6 1.6 ASTM D5470
THERMAL PERFORMANCE vs PRESSURE

Pressure (psi) 10 25 50 100 200

TO-220 Thermal Performance (°C/W) 0.0010" 0.95 0.94 0.92 0.91 0.90
TO-220 Thermal Performance (°C/W) 0.0015" 1.19 1.17 1.16 1.14 1.12
TO-220 Thermal Performance (°C/W) 0.0020" 1.38 1.37 1.35 1.33 1.32
Thermal Impedance (°C-in2/W) 0.0010" (2) 0.13 0.13 0.12 0.12 0.12
Thermal Impedance (°C-in2/W) 0.0015" (2) 0.17 0.16 0.16 0.16 0.15
Thermal Impedance (°C-in2/W) 0.0020" (2) 0.19 0.19 0.19 0.18 0.18

1) This is the measured thermal conductivity of the Hi-Flow coating. It represents one conducting layer in a three-layer laminate.The
Hi-Flow coatings are phase change compounds.These layers will respond to heat and pressure induced stresses.The overall conductivity
of the material in post-phase change, thin film products is highly dependent upon the heat and pressure applied.This characteristic is
not accounted for in ASTM D5470. Please contact Bergquist Product Management if additional specifications are required.
2) The ASTM D5470 test fixture was used and the test sample was conditioned at 70°C prior to test.The recorded value includes
interfacial thermal resistance.These values are provided for reference only. Actual application performance is directly related to the
surface roughness, flatness and pressure applied.

TYPICAL PROPERTIES OF HI-FLOW 300P
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Disclaimer
Note:
The information provided in this Technical Data Sheet (TDS) including the
recommendations for use and application of the product are based on our
knowledge and experience of the product as at the date of this TDS. The product
can have a variety of different applications as well as differing application and
working conditions in your environment that are beyond our control. Henkel is,
therefore, not liable for the suitability of our product for the production processes
and conditions in respect of which you use them, as well as the intended
applications and results. We strongly recommend that you carry out your own
prior trials to confirm such suitability of our product.
Any liability in respect of the information in the Technical Data Sheet or any other
written or oral recommendation(s) regarding the concerned product is excluded,
except if otherwise explicitly agreed and except in relation to death or personal
injury caused by our negligence and any liability under any applicable mandatory
product liability law.
In case products are delivered by Henkel Belgium NV, Henkel Electronic
Materials NV, Henkel Nederland BV, Henkel Technologies France SAS and
Henkel France SA please additionally note the following:
In  case Henkel would be nevertheless held liable, on whatever legal ground,
Henkel’s liability will in no event exceed the amount of the concerned delivery.
In case products are delivered by Henkel Colombiana, S.A.S. the following
disclaimer is applicable:
The information provided in this Technical Data Sheet (TDS) including the
recommendations for use and application of the product are based on our
knowledge and experience of the product as at the date of this TDS. Henkel is,
therefore, not liable for the suitability of our product for the production processes
and conditions in respect of which you use them, as well as the intended
applications and results. We strongly recommend that you carry out your own
prior trials to confirm such suitability of our product.
Any liability in respect of the information in the Technical Data Sheet or any other
written or oral recommendation(s) regarding the concerned product is excluded,
except if otherwise explicitly agreed and except in relation to death or personal
injury caused by our negligence and any liability under any applicable mandatory
product liability law.
In case products are delivered by Henkel Corporation, Resin Technology
Group, Inc., or Henkel Canada Corporation, the following disclaimer is
applicable:
The data contained herein are furnished for information only and are believed to
be reliable. We cannot assume responsibility for the results obtained by others
over whose methods we have no control. It is the user’s responsibility to
determine suitability for the user’s purpose of any production methods mentioned
herein and to adopt such precautions as may be advisable for the protection of
property and of persons against any hazards that may be involved in the handling
and use thereof. In light of the foregoing, Henkel Corporation specifically
disclaims all warranties expressed or implied, including warranties of
merchantability or fitness for a particular purpose, arising from sale or use
of Henkel Corporation’s products. Henkel Corporation specifically
disclaims any liability for consequential or incidental damages of any kind,
including lost profits. The discussion herein of various processes or
compositions is not to be interpreted as representation that they are free from
domination of patents owned by others or as a license under any Henkel
Corporation patents that may cover such processes or compositions. We
recommend that each prospective user test his proposed application before
repetitive use, using this data as a guide. This product may be covered by one or
more United States or foreign patents or patent applications.
Trademark usage
Except as otherwise noted, all trademarks in this document are trademarks of
Henkel Corporation in the U.S. and elsewhere. ® denotes a trademark
registered in the U.S. Patent and Trademark Office
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