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Abstract
This thesis is intended to analyze and compare the efficiency of the conventional
2L-DAB with the so-called Multi-Level DAB (ML-DAB) and three-Level DAB (3L-
DAB) for the solar applications. The latter features from the three-level legs both
on the LV and the MV sides; while, the former is a combination of the 2L-legs on
the LV side bridge and the NPC legs on the MV side bridge.

The converters are rated for 1MW power with the LVDC-link and the MVDC-link
voltages of 1.3kV and 16kV respectively. The SiC MOSFETs are utilized as the
power switches to ensure low switching losses in high switching frequencies. The
semiconductor chip-area based comparison algorithm is applied to have a fair com-
parison between the topologies. The definition of average efficiency for the European
solar mix is employed to make the comparison specific to the solar applications. The
switching frequency of the converters is swept from 10kHz to 80kHz to investigate
its effect on the performance of the converters. The chip-area of the MOSFETs
are also varied to explore the efficiency variations with the chip-area change and
therefore, the semiconductor costs.

It has been shown that for the specified modulation parameters and the same op-
erating junction temperature , the 2L-DAB has higher full-load efficiency while, it
requires lower chip-area than the ML-DAB for all switching frequency ranges. It has
also been demonstrated that for the same amount of investment on the semiconduc-
tors, the 2L-DAB can achieve a higher efficiency and a lower operating temperature
for the MOSFETs compared to the ML-DAB. It was also shown that by less than
70% increase in the required chip-area, the full-load efficiency and the average effi-
ciency for European solar mix of all converters can increase more than 2% and 0.7%
respectively for all switching frequency ranges.

Keywords: SST, DC-DC converter, DAB, NPC, Efficiency, Chip area, PV.
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1
Introduction

1.1 Problem Background
The Solid-State-Transformer (SST), also referred as the intelligent universal trans-
former or the power electronic transformer, is a high-power high-frequency isolated
AC-AC converter which provides peripheral functionalists rather than merely volt-
age level transformation. It provides the possibility to mitigate various power quality
issues through advanced control strategies. Availability of the DC link along with
the AC terminals facilitates the connection of various distributed energy resources
which is crucial for the future grid [1].

Figure 1.1 shows the essence of the SST. The front-end converter transforms the
power-frequency MVAC input to a MVDC output. In the second stage, a DC-DC
converter which incorporates a high-frequency medium-voltage transformer and the
power electronic switches performs the isolation and voltage transformation task in
the frequency range of tens of kilohertz. Due to the high-frequency range of the in-
termediate stage, the weight and the volume of the passive components (mainly the
medium-voltage transformer) could be reduced considerably; which makes the SST
a promising substitute for the conventional transformers especially in the weight-
sensitive applications [1], [2]. Finally, in the third stage, the voltage is shaped back
to 50Hz to feed the loads.
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Figure 1.1: General configuration of the solid-state-transformer

The annual energy content of the solar radiation on earth is estimated to be 1800
times the global energy consumption. The solar energy is one of the primary renew-
able energy resources and its direct harvesting has undergone enormous growth and
investment in the last decades. From the year 2000 and on-wards the global installed
solar photovoltaic (PV) capacity has experienced an exponential growth [3]. The
largest installed PV power plant in 2016, was Yanchi solar PV station located in
China with a total capacity of 1GW [4]. However one of the significant challenges of
the PV deployment is its low load factor and enormous capital costs [3], encouraging
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1. Introduction

engineers to design systems with a maximum output from the installed capacity.

The backbone of the PV parks is the collector grid structure. Figure 1.2 depicts
the two possible collector grid configurations, namely the DC configuration and
the AC configuration. The DC collector grid configuration outperforms the AC
configuration by increasing the overall annual energy yield of the PV farms [5], [6].

�
�
�

�
�

�
�

�
�

�
�

�
�

�
�

�

�
~
�

~

PV 
Array

PV 
Array

PV 
Array

PV 
Array

PV 
Array

PV 
Array

PV 
Array

PV 
Array

MPPT 
Converters

1 MW, 1.3/16kV

DC-DC Converter

Cable

Central 
Inverter

DC Collector Bus

MV/HV
Transformer

HV Grid

�

�

�

�

�
�

�
�

�
�

�
�

�
~

PV 
Array

PV 
Array

PV 
Array

PV 
Array

MPPT 
Converters

1 MW, 1.3/16kV

DC-DC Converter

Cable

Central 
Inverter

DC Collector Bus

MV/HV
Transformer

HV Grid

�

�

(a)

Cable

Inverters

AC Collector Bus

MV/HV 
Transformer

HV Grid

LV/MV 
Transformer

�
~
�

~

PV 
Array

PV 
Array

PV 
Array

PV 
Array

�
~

PV 
Array

PV 
Array

�
~
�

~

PV 
Array

PV 
Array

PV 
Array

PV 
Array

�
~

PV 
Array

PV 
Array

Cable

Inverters

AC Collector Bus

MV/HV 
Transformer

HV Grid

LV/MV 
Transformer

�
~

PV 
Array

PV 
Array

�
~

PV 
Array

PV 
Array

(b)

Figure 1.2: Collector grid configurations for the large PV parks (a) DC collector
grid, (b) AC collector grid

As can be seen, the DC collector configuration consists of local maximum power
point tracking converters, a DC-DC converter, and a central MV inverter. In con-
trast to the conventional AC configuration, the LV/MV transformer is incorporated
as a part of the DC-DC converter indicating a direct correlation between the SST
concept and the DC collector configuration for the PV parks. The main function-
ality of the DC-DC stage is the voltage transformation and the galvanic isolation.
Its efficiency will directly affect the total efficiency of the system; Therefore, it is of
crucial importance to have a highly efficient DC-DC converter.

1.2 Literature Review
There are various layouts that could be used to implement the DC-DC converter of
the DC collector grid configuration. One of the promising candidates is the conven-
tional dual-active-bridge with the two-level bridge legs [7]. It has been used in the
DC-DC stage of the solid-state-transformers for the smart grid and the substation
applications [2].
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1. Introduction

Considering the high power, the medium voltage and the high-frequency operation
of the DC-DC converter, one of the major challenges is the ratings of the switches
[8]. To cope with the medium voltage level, one of the possible solutions would
be the series connection of the low-voltage switches [2]. However, this introduces
additional levels of complexity to the system [8].

The NPC-based DAB for the solar applications has been proposed in [9]. This
topology can potentially eliminate the requirement for the series connection of the
power devices due to its inherent lower blocking voltage requirements on the MV side
switches. However, it requires a higher number of switches on each leg compared to
the conventional DAB. It becomes evident that a fair and comprehensive criterion
is required to be able to compare the performance of different converter topologies.
Therefore, a literature review on the topology comparison of various converters was
performed to figure out a suitable comparison basis.

In [10], the authors have compared two converter topologies for the medium-voltage
grid-connected applications. The semiconductor losses have been split into the
switching and the conduction losses. The overall losses are also presented, and
the efficiency of the converters are compared. An economic evaluation has been
performed for the components, and the prices of the semiconductors based on the
installed-switch-power are presented for each topology and included in the compar-
ison.

In [11] and [12], the total installed switch power is used as a comparison basis for the
switches where it is determined iteratively to limit the junction temperature of the
mostly stressed switch in the worst case operating point to a maximum value. The
rated semiconductor currents were adjusted in each step along with the switching
and the conduction losses to reach the maximum junction temperature. The topolo-
gies have been compared based on the semiconductors and the passive components
costs and the efficiency at various switching frequencies.

The main shortcoming of methods mentioned above is that the semiconductor chip-
area requirement of topologies is not considered in the comparison. The total semi-
conductor chip-area is introduced in [13]–[15], as a figure-of-merit (FOM) to contrast
different topologies with one another. The so-called semiconductor chip-area-based
converter comparison (SABC), provides the possibility to select the optimal semi-
conductors with respect to the topology and the operating point. Thus, paving the
way for a fair comparison of different topologies.

1.3 Purpose of Thesis
As mentioned before, the capital costs of the PV farms are enormous, and inexpen-
sive converter layouts with high efficiency are favorable. This document is intended
to provide a fair comparison between the conventional DAB, and the NPC-based
DABs with respect to the efficiency, the total chip-area requirement of the switches,
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1. Introduction

and the total semiconductors costs.
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2
Chip-Area Based Comparison and

Semiconductors

2.1 Power Semiconductors Modeling

To be able to analyze the losses of the power semiconductor switches and thereby the
converter efficiency, a comprehensive modeling of the switches is required. Therefore,
the utilized semiconductors will be modeled both from an electrical and a thermal
point of view in this chapter. A vital source of information for the following chapter
has been [16].

2.1.1 Power Semiconductor Losses

The semiconductor losses can be divided into two parts, namely: the switching losses
Psw, and the conduction losses Pcond which sums up to

Ptot = Pcond + Psw (2.1)

The switching loss is normally given as switching transitions energy in the manu-
facturer datasheets. It can be either presented in the form of total switching energy
loss, denoted here by Etot, or subdivided into the turn-on energy loss Eon, and the
turn-off energy loss Eoff . The switching energy loss is a function of the junction
temperature TJ , the switched current ion, and the blocking voltage vblock which can
be expressed as

Etot(ion, vblock, TJ) = Eon(ion, vblock, TJ) + Eoff (ion, vblock, TJ) (2.2)

Then the switching power loss can be obtained by multiplying the switching fre-
quency fsw, with the total switching energy loss as

Psw = fswEtot(ion, vblock, TJ) (2.3)

On the other hand, the conduction power losses can be calculated using the forward
characteristics voltage uF , which can be extracted from the forward characteristic
figure in the datasheet of respective devices. The forward characteristics voltage is
a function of the junction temperature TJ , the forward voltage drop UF , and the
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2. Chip-Area Based Comparison and Semiconductors

differential forward resistance rF as

uF (i, TJ) =UF (TJ) + rF (i, TJ)i (2.4a)
Pcond =uF (i, TJ)i (2.4b)

2.2 Semiconductor Chip-Area Based Comparison
Different converter topologies can be compared based on the utilized semiconduc-
tors in three general methods. In the first method, a common semiconductor device
which fulfills the ratings of both converters is selected. In this method, the switch
will be over-dimensioned for one of the topologies; which is not favorable from the
cost point of view and will not provide a fair comparison bases. In the second
method, the ratings of the converters are adapted based on the operation point to
limit the maximum junction temperature to the nominal maximum value [13]. In
the third method [11], the installed switch power in each topology is adapted to
limit the temperature of the most stressed switch in each topology to the maximum
junction temperature. The shortcomings of the methods mentioned above are that
either the semiconductor chip-area requirement of the topologies are not considered
in the comparison, or the chip-area of the switches are considered to be equal; which
means that the switches are not optimized based on their position in the electrical
circuit.

The SABC method introduced in [13], [15], [16] ensures that the chip-area require-
ment of the individual semiconductor device is minimized for the converter topology
and the operating point in a way that the maximum junction temperature of each
device remains below a predefined value.

2.2.1 The SABC Algorithm
The SABC algorithm consists of three steps which have been illustrated in Figure
2.1. In the first step, the topology of the converter, the operating point, a compre-
hensive chip-dependent loss model, a thermal model and an electrical model of the
semiconductors are provided as the inputs of the algorithm. Then, the minimum
possible chip-area is provided as the first iteration chip size for all of the switches
to initialize the simulation.
The calculation step is the key part of the algorithm where, iteratively, the semi-
conductor losses and the junction temperature of each switch are calculated. After
each iteration, the junction temperature of each switch is compared with a prede-
fined maximum value. If the junction temperature is below its maximum value, the
loop will stop for that switch. Otherwise, the chip-area will be increased and based
on the semiconductor data provided to the algorithm in the first step, a new switch
model will be generated, and the loop will start again from the beginning.
In the last step after convergence of the algorithm, the total chip-area of the con-
verter, the switching and the conduction losses and the efficiency of the converter
are calculated based on the final switch model.
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2. Chip-Area Based Comparison and Semiconductors
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Figure 2.1: The flowchart of the SABC algorithm

2.2.2 Binary Search Algorithm
Although the main concept of the SABC algorithm was introduced in Section 2.2.1,
it suffers from a slow simulation speed. For instance, consider a case where the chip
requirement of a switch is 20mm2, the minimum allowable chip size is 10mm2 and
the chip size increment is 0.01mm2. It will take 1000 iterations for the algorithm to
converge. To overcome this issue, one can somehow estimate the minimum required
chip size of each switch close to the expected value and initialize the algorithm with
the calculated values [16]. Another alternative would be the so-called binary search
algorithm. This algorithm compares the middle point of the interval with the target
value. If these values do not match, the half of the interval which the target value
cannot lie in is eliminated from the search domain, and the algorithm keeps iterating
on the other half until it converges. This algorithm reduces the number of required
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2. Chip-Area Based Comparison and Semiconductors

iterations form n to log2(n) and also eradicates the need for the chip size estimation.

2.2.3 The European efficiency

Even though the SABC provides an appropriate basis for the converters topology
comparison, another criterion is required to push the envelope of the comparison and
form it specifically for the PV applications. Due to the intermittency of the solar
radiation, PV farms operate below their rated power most of the time. Therefore,
the so-called average efficiency for the European solar mix is considered to compare
the overall efficiency of the converters [17]. The average efficiency for the European
solar mix ηEU , is defined as

ηEU = 0.03η5% + 0.06η10% + 0.13η20% + 0.1η30% + 0.48η50% + 0.2η100% (2.5)

where the subscripts denote the percentage of the nominal power.

2.3 Semiconductors Models

The main requirements of the SABC algorithm is a comprehensive electrical model
and a thermal semiconductor model which can be expressed as a function of the
chip-area to perform the chip variation in the second step of the algorithm. There-
fore, switches with various chip sizes should be modeled based on the data either
obtained from experimental tests or manufacturer datasheets. Since performing the
experimental tests are out of the scope of this thesis, attempts have been made to
find switches with the same semiconductor technology and different current ratings
where the chip size is included in the datasheet so that the chip dependent model
could be created. Four SiC-MOSFETs, namely C2M0160120D, C2M0080120D,
C2M0040120D, and C2M0025120D [18]–[21],from CREE/Wolfspeed with the block-
ing voltage of 1200 volts were selected. These devices feature the same semiconduc-
tor technology and the same package of TO-247-3. The bare die products CPM2-
1200-0160B, CPM2-1200-0080B, CPM2-1200-0040B, and CPM2-1200-0025B are the
same switches without the packaging which also include the chip-area information
in their respective datasheets [22]–[25].

2.3.1 1200V SiC MOSFET Model

Availability of the switches with four chip-areas and the same switch technology
eases the modeling of the switch. The data points are extracted from the datasheet
graphs with a high precision employing image processing methods. Afterwards, the
curve fitting tool of MATLAB was used to derive the current and the temperature
dependency of various switch parameters. Since, the equations modeling the char-
acteristics are complicated, presenting the detailed equations here is irrelevant and
only general functions are denoted in the upcoming sections.
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2. Chip-Area Based Comparison and Semiconductors

2.3.1.1 Conduction States

Since the SiC-MOSFET is a unipolar device with an intrinsic anti-parallel diode,
three different conduction states are expected.

1. MOSFET Forward Conduction
In this conduction state, VDS > 0 and the MOSFET is forward biased. If VGS
become positive, the current will flow only through the MOSFET channel from
the drain to the source. The forward characteristic of the MOSFET uS,F , can be
modeled as

uS,F (TJ , Achip, iS,F ) = rS,F (TJ , Achip, iS,F )iS,F (2.6)

where iS,F denotes the MOSFET forward current. TJ is the junction temperature,
and Achip and rS,F are the switch chip-area and the forward on-resistance of the
MOSFET respectively.

2. Diode Forward Conduction
In this state, the intrinsic body diode is conducting, and VGS is negative. The
current flows from the source to the drain and the MOSFET channel is off. The
diode forward characteristic uD,F , can be modeled as a function of the junction
temperature, the diode forward current iD,F , and the switch chip-area as

uD,F (TJ , Achip, iD,F ) = UD,F (TJ) + rD,F (TJ , Achip, iD,F )iD,F (2.7)

where UD,F and rD,F are the forward voltage drop and the forward on-resistance of
the body diode respectively.

3. MOSFET Reverse and Diode Forward Conduction
In the third quadrant, VGS is positive, and the MOSFET channel is turned on. The
current direction is from the source to the drain so that it can flow from both the
MOSFET channel and the anti-parallel body diode. The third quadrant character-
istic u3rd−quad, can be modeled as

u3rd−quad(TJ , Achip, iS,R) = r3rd−quad(TJ , Achip, iS,R)iS,R (2.8)

where iS,R is the source-to-drain current, and r3rd−quad denotes the third quadrant
resistance of the MOSFET.

2.3.1.2 Switching Losses

The turn-off and the turn-on loss of the MOSFET can be expressed in the form of
functions depending on the semiconductor chip-area, the MOSFET switched forward
current, the junction temperature, and the switched voltage as

ES,on =E(TJ , Achip, iS,F , uS,F ) (2.9a)
ES,off =E(TJ , Achip, iS,F , uS,F ) (2.9b)

9



2. Chip-Area Based Comparison and Semiconductors

2.3.1.3 Thermal Model

The losses occurring in the switch increase the junction temperature which in turn
will affect the switch’s behavior. The thermal model of the MOSFET can be rep-
resented by the equivalent thermal impedance. So, it is required to model the
junction-to-ambient thermal impedance Zth,ja, as a function of the chip-area, to be
able to emulate the thermal behavior of the MOSFET. The Zth,JA can be subdi-
vided into three thermal impedances namely the junction-to-case thermal impedance
Zth,JC , the case-to-sink thermal impedance Zth,CS, and the sink-to-ambient thermal
impedance Zth,SA.

The Zth,JC can be extracted from the manufacturer datasheets and will be discussed
in details in the following. However, implementation of the Zth,CS and the Zth,SA
demands modeling of a cooling system which can dissipate the losses reasonably.
The problem can be turned around if it is considered that the cooling system has
been designed in a way to maintain the heat sink temperature at a constant value
Th = 80◦C [10]–[12]. In this way the Zth,SA can be eliminated from the model. Also
the Zth,CS can be removed from the impedance network with the assumption that
the respective values are small and tolerating the consequent errors. One of the
possible errors could be a relatively low junction temperature of the heavily loaded
switch due to neglecting the effect of the local temperature rise.

The transient thermal impedance between the junction and the case of the C2M0xxx-
120D(xxx ∈ {025, 040, 080, 160}) is provided in the respective datasheets as a func-
tion of a square wave pulse duration. The method presented in [26] is used to gen-
erate the thermal model. In this method, the Zth,JC is modeled with a fourth-order
Foster network. The Foster network’s step response can be represented as

Zth,JC =
4∑
j=1

Rth,JC,j(1− e
−t

τth,JC,j ) (2.10a)

Cth,JC,j = τth,JC,j
Rth,JC,j

(2.10b)

where Rth,JC,j and Cth,JC,j are the jth order Foster network thermal resistance and
thermal capacitance respectively. The curve-fitting technique is used to calculate
the Rth,JC,j and the Cth,JC,j values in a way that the resultant curve from (2.10)
fits with the single-pulse transient thermal impedance characteristic provided in the
datasheet. Figure 2.2 represents the thermal network of N switches modeled with
the fourth-order Foster network connected to a same heatsink. The semiconductor
losses P Sw

tot , are represented by the current sources and the heatsink temperature is
modeled with the voltage source Th.
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2. Chip-Area Based Comparison and Semiconductors
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Figure 2.2: The thermal impedance network of N switches connected to a same
heatsink

2.3.2 Chip Scaling Methods
Two methods are used to model the chip dependency of the switches. In the first
method, the dependency of the characteristics on the chip-area was derived by fitting
a surface to match respective curves from the four datasheets. The points between
the maximum and the minimum chip-area were interpolated to fit the shape of the
available curves. Even though the accuracy of this method is high, the modeling
procedure takes lots of effort and the extrapolation is not possible.

The second technique is to use the linear and the inverse scaling laws [27]. In this
technique, a base switch has to be selected firstly. Then new switch models are
created by scaling the characteristic of the original switch. The scalings applied to
the different characteristics can be represented as

RDS,on(Achip) =R∗
DS,on

A∗
chip

Achip
(2.11a)

Zth,JC(Achip) =Z∗
th,JC

A∗
chip

Achip
(2.11b)

ES,on/off (Achip, iS,F , uS,F , TJ) =Achip
A∗
chip

E∗
S,on/off (iS,F

A∗
chip

Achip
, uS,F , TJ) (2.11c)

where the parameters of the original switch are denoted with the ∗ sign.

2.3.3 Semiconductors Cost Model
Based on a database of several power switches, a linear model for semiconductors
cost has been proposed in [28] as

ΣSC = Σpack + (
∑
n

σchip(n)Achip,n) (2.12)
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2. Chip-Area Based Comparison and Semiconductors

where ΣSC denotes the total semiconductor cost. Σpack is the package cost that
depends only on the package type and σchip(n) is the specific price per chip-area. Ac-
cording to the manufacturer datasheets, C2M0xxx120D(xxx ∈ {025, 040, 080, 160})
devices are packed in TO-247-3 packages with the specific cost per unit of 0.55e
[28]; and for the C2M technology the specific price per chip-area is 72.01e.cm−2

[27]. Therefore, the total semiconductor cost ΣMOSFET , for each topology can be
estimated in Euros as

ΣMOSFET = 0.55N + 72.01Achip,total (2.13)

where N is the total number of utilized MOSFETs and Achip,total is the total required
chip-area.
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3
Topologies and Modulation

Schemes

The following chapter is intended to introduce the topologies under comparison
along with the respective modulation schemes. The dual-active-bridge (DAB) con-
figuration with different bridge layouts is to be considered. The full-active-bridge
with the two-level bridge legs and the full-active-bridge with the three-level Neutral-
Point-Clamped (NPC) legs are considered as the primary building blocks.

3.1 The 2L-DAB Topology
The first topology to be considered is the well-known 2L-DAB. It comprises of the
full-active-bridges with the two-level bridge legs on both the LV and the MV sides
interconnected with a medium frequency transformer (MFT).

3.1.1 Configuration and Modulation
Figure 3.1 depicts the configuration of the 2L-DAB. The switches S1,2,...,8 could be
a cluster of series-connected MOSFETs to cope with the DC link voltages. In this
configuration, the total DC-link voltage will appear across the switches in the off-
state. The MFT is represented by a simple equivalent circuit consisting of an ideal
transformer and a leakage inductance.
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5
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�
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�
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Figure 3.1: The 2L-DAB topology with the two-level bridge legs on the LV and
the MV sides

The MOSFETs are switched in a way that phase-shifted square waves are generated
on the terminals of the transformer. Figure 3.2b and Figure 3.2a depict the oper-
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3. Topologies and Modulation Schemes

ating waveforms on the AC-link and the gate signals of the 2L-DAB respectively.
The MOSFETs S1,4 and S2,3 are switched together generating the positive and the
negative portions of the LVAC-link square waveform respectively. The switches S5,8
and S6,7 are gated on in the same manner by φ radians phase shift with respect to
the LV side switches to generate the MVAC-link square waveform.

(a) (b)

Figure 3.2: The 2L-DAB (a) AC-link voltage and current waveforms (b)
MOSFETs gate signals

The anti-parallel diode of the switch must be conducting the current before it gates
on to ensure the ZVS during the turn-on period. Based on the conduction stats of
the MOSFETs, one switching period can be divided into six different segments as
shown in Figure 3.2a. With an assumption that VMV > nVLV , the following analy-
sis could be performed to derive a relation between the transferred power and the
modulation parameter [29], [30].

1. The interval θ0 to θ2
The MOSFETs S6,7 were on and the MOSFETs S1,4 receive the gate signals. The
applied voltage across the inductor of the MFT is nVLV +VMV ; therefore, its current
starts to increase linearly. The current through the inductance of the MFT in this
time interval, can be expressed as

i(θ2) = i(θ0) + φ

ωLs
(nVLV + VMV ) (3.1)

where n and Ls are the transformers turns ratio and the leakage inductance re-
spectively. φ denotes the phase shift between the two bridges and ω represents the
angular switching frequency.

If the current rises from a negative value as shown in 3.2a then the antiparallel
diodes of S1,4 conduct the current during [θ0, θ1]. At θ1, the current reverses its
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3. Topologies and Modulation Schemes

direction and commutates to respective MOSFETs channel ensuring the ZVS. It is
noteworthy that, the MOSFETs S1,4 are operating in the third-quadrant region due
to the negative value of the current when they are gated on.

2. The interval θ2 to θ3

The MOSFETs S1,4 are still on, and S6,7 are gated off, and S5,8 receive the gate
signals. Since the current is positive, the antiparallel diodes of S5,8 freewheel the
current. The inductor current starts to decrease because nVLV − VMV < 0. The
inductor current can be calculated as

i(θ3) = i(θ2) + π − φ
ωLs

(nVLV − VMV ) (3.2)

3. The interval θ3 to θ5

The switches S1,4 are gated off, and S2,3 receive the gate signals, while in the sec-
ondary side S5,8 continue to conduct the current. During the interval [θ3, θ4] the cur-
rent is positive, and the antiparallel diodes of all MOSFETs are conducting. Since
the applied voltage across the inductor is negative(−nVLV −VMV ), the current starts
to decrease. At ωt = θ4 the current reverses direction and commutates from the
antiparallel diodes to the respective MOSFET channel. The inductor current can
be derived as

i(θ5) = i(θ3)− φ

ωLs
(nVLV + VMV ) (3.3)

4. The interval θ5 to θ6

In this segment S5,8 are turned off and the current starts to freewheel in the intrinsic
body diodes and the MOSFET channels of S6,7. The inductor current can be derived
as

i(θ6) = i(θ5)− π − φ
ωLs

(nVLV − VMV ) (3.4)

Due to the symmetry of the current waveform, i(θ3) = −i(θ0). Therefore the initial
inductor current can be calculated as

i(θ0) = 1
2ωLs

[(π − 2φ)VMV − πnVLV ] (3.5)

Figure 3.3a and 3.3b represent the current and the voltage waveforms of the LV
bridge and the MV bridge MOSFETs respectively. It can be seen that the MOSFETs
are gated on when the current direction is negative. Therefore, for all of the switches
the antiparallel diode conducts the current during the turn-on period, and due to
the presence of the gate signals, the MOSFETs are operating in the third-quadrant
region. Therefore, the ZVS is achieved in all of the switches.
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3. Topologies and Modulation Schemes

(a) (b)

Figure 3.3: The current and the voltage waveforms of the 2L-DAB MOSFETs (a)
the LV side switches (b) the MV side switches

The analysis mentioned above and Figure 3.3 is derived based on the assumption of
a negative initial current for the inductor (i(θ0) < 0). With this assumption, it can
be ensured that the antiparallel diodes conduct the current initially and therefore
guarantees the ZVS during turn-on. Thus the criteria for the ZVS conditions can
be derived from (3.5) as

φmin >
π

2 (1− nVLV
VMV

) (3.6)

where φmin is the minimum value of the phase shift that the 2L-DAB can retain the
ZVS on all of the switches. The transferred power through the transformer can be
derived by calculating the average current of the leakage inductance and multiplying
it by the primary voltage as

P2L−DAB = nVLV VMV

ωLs
φ[1− φ

π
] (3.7)

The transmitted power is a function of φ and can be controlled by adjusting the
phase shift between the two bridges without varying the switching frequency. It is
also notable from (3.6) that keeping the ratio of nVLV

VMV
close to the unity decrease

the minimum allowable value of φ. Therefore, the converter can operate in a broad
range of the output power while retaining the ZVS property.

3.2 ML-DAB Topology

The second topology considered for the efficiency analysis is the Multi-level Dual-
Active-Bridge (ML-DAB) [9], [31].
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3. Topologies and Modulation Schemes

3.2.1 Configuration and Modulation

Figure 3.4 shows the configuration of the ML-DAB converter. The LV bridge is com-
prised of the two-level bridge legs similar to the 2L-DAB configuration. Therefore,
the voltage ratings and the number of series connected switches for the LV bridge
is the same as the 2L-DAB converter. However, on the MV side, the three-level
active-clamped legs are used instead of the two-level bridge legs. The advantage of
the ML-DAB over the 2L-DAB is that the switches with half voltage ratings can be
used on the MV side. In other words, either the series connection of the switches
on the MV side can be eliminated, or the number of series connected switches can
be reduced.
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Figure 3.4: The ML-DAB topology with the two-level and the three-level bridge
legs on the LV and the MV sides respectively

Similar to the 2L-DAB, the MFT’s leakage inductance is used as an energy trans-
fer element. Figure 3.5a depicts the secondary referred voltage waveforms and the
MFT’s inductor current on the MV side. The MVAC voltage has a five-level wave-
form, and the converter is operating in the boost mode. Two parameters α and β are
used to shape the MV side waveform, and the phase shift between the fundamental
components of the AC-link voltages (φ) is used to control the power flow. Designa-
tion of the ML-DAB refers to the fact that various waveforms can be created on the
MVAC-link depending on the values of α and β. The gate signals of the MOSFETs
for both the LV and the MV bridges are depicted in Figure 3.5b. The switches S5
and S6 on each leg are gated on whenever the respective switches S2 and S3 receive
the gate signals.
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(a) (b)

Figure 3.5: The ML-DAB (a) AC-link voltage and current waveforms (b)
MOSFET gate signals

Depending on the relation of α, β and φ different cases could be considered to
derive the power flow relations [32]. However, only the procedure for the case where
β < φ ≤ π

2 will be presented, and only the final relations for the rest will be provided.
For different time periods relation of the inductor current can be expressed as
for 0 < ωt ≤ (φ− β):

iL(ωt) = nVLV + VMV

ωLs
ωt+ iL(0); (3.8)

for (φ− β) < ωt ≤ (φ− α):

iL(ωt) =
nVLV + VMV

2
ωLs

(ωt− φ+ β) + iL(φ− β); (3.9)

for (φ− α) < ωt ≤ (φ+ α):

iL(ωt) = nVLV
ωLs

(ωt− φ+ α) + iL(φ− α); (3.10)

for (φ+ α) < ωt ≤ (φ+ β):

iL(ωt) =
nVLV − VMV

2
ωLs

(ωt− φ− α) + iL(φ+ α); (3.11)

for (φ+ β) < ωt ≤ π:

iL(ωt) = nVLV − VMV

ωLs
(ωt− φ− β) + iL(φ+ β) (3.12)

With assumption that the DC component of the transformer current is zero (iL(π) =
−iL(0)) the initial current of the transformer can be derived from (3.8) to (3.12) as

iL(0) = 1
2ωLs

[(π − 2φ)VMV − πnVLV ] (3.13)
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In a similar manner as the 2L-DAB, the transferred active power can be calculated
as

PML−DAB = nVLV VMV

ωLs
[φ− φ2

π
− α2

2π −
β2

2π ] (3.14)

Similar procedure can be taken to calculate the power for cases where α < φ ≤ β
and 0 < φ ≤ α. The transferred power for different values of the phase shift between
the two bridges can be summarized as

For 0 < φ ≤ α : PML−DAB =nVLV VMV

ωLs
φ[1− α

π
− β

π
] (3.15a)

For α < φ ≤ β : PML−DAB =nVLV VMV

ωLs
[φ− φ2

π
− α2

2π −
φβ

π
] (3.15b)

For β < φ ≤ π

2 : PML−DAB =nVLV VMV

ωLs
[φ− φ2

π
− α2

2π −
β2

2π ] (3.15c)

It is noteworthy that for all of the three cases the initial inductor current is calculated
as

iL(0) = 1
2ωLs

[(π − 2φ)VMV − πnVLV ] (3.16)

3.3 3L-DAB Topology

The three-level Dual-Active-Bridge (3L-DAB) topology, introduced recently in [33]
and [34], is the third topology under comparison which will be discussed in details
in the following.

3.3.1 Configuration and Modulation

The configuration of the 3L-DAB is depicted in Figure 3.6. Both the LV and the
MV bridges feature three-level active clamped legs, and the switches are required
to block half of the respective DC-link voltage. As for the previous converters the
transformer’s leakage inductance is used to transfer the energy. The analysis will
be performed on the MV-side of the transformer to retain the consistency.
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Figure 3.6: The 3L-DAB topology with the three-level bridge legs on both the
LV and the MV sides

Figure 3.7 illustrates the MVAC-link voltage and the secondary referred LVAC-link
voltage of the 3L-DAB along with the inductor current for a general case.

Figure 3.7: The 3L-DAB MVAC-link and MV-side referred LVAC-link voltages
and the inductor current

The corresponding LV-bridge and MV-bridge MOSFET’s gate signals are depicted
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in Figures 3.8 and 3.9 respectively.

Figure 3.8: The 3L-DAB LV-side MOSFETs gate signals

Figure 3.9: The 3L-DAB MV-side MOSFETs gate signals
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The operation is shown in the boost mode as the MV-side voltage is higher than the
secondary referred LV-side one. The parameters αMV/LV and βMV/LV are used to
shape the waveforms on the transformer’s inputs; while the phase shift between the
two bridges φ, regulates the transferred power. For φ > 0 the power is transferred
from the LV-side to the MV-side. Whereas, for a negative φ the direction of the
power flow is reversed.
The αMV/LV and βMV/LV must be selected such that

0 ≤αMV ≤ βMV ≤
π

2 (3.17a)

0 ≤αLV ≤ βLV ≤
π

2 (3.17b)

Even order harmonics will be eliminated as the voltages have a half-wave symme-
try. Therefore, the AC-link voltages vMV/LV , and the inductor current iLV , can be
represented in the form of Fourier series as [34]

vMV/LV =
∑

h=1,3,5,...
[
∥∥∥VMV/LV,h

∥∥∥ sin(hωt + ∠VMV/LV,h)] (3.18a)

iLV = niMV =
∑

h=1,3,5,...
[‖ILV,h‖ sin(hωt + ∠ILV,h)] (3.18b)

where ω is the angular switching frequency, h denotes the harmonic order, and n is
the turns ratio of the MFT.

∥∥∥VMV/LV,h

∥∥∥∠VMV/LV,h and ‖ILV,h‖∠ILV,h are the phasors
of the h-order harmonic of the voltage and the current respectively which can be
represented as a function of the modulation parameters and the DC-link voltages as

VLV,h =[2VLV
πh

(cos(h(π2 − αLV )) + cos(h(π2 − βLV )))]∠0 (3.19a)

VMV,h =[2VMV

πh
(cos(h(π2 − αMV )) + cos(h(π2 − βMV )))]∠(−hφ) (3.19b)

ILV,h =n
2VLV,h − nVMV,h

j.hωLs
(3.19c)

where VLV and VMV are the LVDC link, and MVDC link voltages and Ls denotes
the MV-side referred leakage inductance of the MFT. With the assumption of a
lossless transformer, the transferred power P , can be calculated as

P3L−DAB = 1
2

∑
h=1,3,5,...

‖VLV,h‖ . ‖ILV,h‖ cos(∠ILV,h) (3.20)
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4
Simulation Procedure

The investigation of the converter efficiency requires calculation of switching and
conduction losses. PLECS is a powerful simulation platforms for power electronic
systems which provides a possibility of semiconductor loss calculation. PLECS
Blockset allows simulations to be performed in the Simulink environment. The
inputs can be provided to the system from an M-file, and the outputs can be easily
processed in MATLAB. PLECS Blockset was used to simulate the electrical and the
thermal aspects of the converters. MATLAB was utilized to initialize the circuit
parameters, run the SABC algorithm, perform the parametric sweeps, and do the
postprocessing and the Simulink was used as an interface between PLECS Blockset
and MATLAB to exchange the required data.

4.1 MOSFET Modeling
As mentioned previously in Section 2.2.1, one of the primary requirements in per-
forming the chip-area sweep is the chip dependent model of the MOSFET. A detailed
model of the MOSFET was created based on the manufacturer datasheets as dis-
cussed in Section 2.3.1. This model was implemented in M-files that was based on
the chip requirements of the switches which generated the desired data to initialize
the MOSFET model in PLECS.

The author has faced limitations with the built-in MOSFET model of PLECS which
eventually led to setting up a MOSFET model. The first limitation was that the
electrical characteristic of the MOSFET was modeled with a single on-resistance for
all three conduction states of the MOSFET. Secondly, implementation of both con-
duction losses for the forward conduction of the body diode and the third-quadrant
conduction states was impossible in the built-in model. Finally, as only a single
resistance was utilized to model the on-resistance, the dynamic dependency of the
MOSFET electrical characteristics on the junction temperature and the drain to
source current was neglected. Two MOSFET models with a different degree of
complexity were developed, to tackle the mentioned shortcomings.

4.1.1 MOSFET’s Static Model
The static model refers to the fact that only the first two problems are addressed
in this model, whereas the dynamic changes in the on-resistance are not considered.
Figure 4.1 depicts the static model of the MOSFET.
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Figure 4.1: The static PLCES model of the MOSFET

The characteristics of the third-quadrant conduction state and the MOSFET forward
conduction state for the loss calculations are implemented in an ideal MOSFET. The
ideal-MOSFET was chosen instead of an ideal-MOSFET with an ideal-anti-parallel-
diode, to avoid the particular switching requirements of the latter. The former
conducts the current in both directions between the drain and the source if the gate
is activated [35]. Therefore, if the gate signal was applied and the current direction
was from the drain to the source, the forward characteristics of the MOSFET will
be used to calculate the losses. While for the reverse current direction the third-
quadrant characteristics will be utilized.

The body diode characteristic is applied to an ideal diode which incorporates the
respective forward voltage and the on-resistance. It should be noted that the third
quadrant characteristic includes both the diode and the MOSFET channel con-
duction. Therefore, to avoid conduction of the current from the diode when the
MOSFET is gated on and operating under the third quadrant mode, inverse of the
gate signal is used to connect or disconnect the diode from the circuit.

Since the combination of the diode and the MOSFET is used to model the actual
MOSFET, the thermal description of these components only contain the loss calcu-
lation lookup tables; and the thermal impedance network is implemented separately.
The heatsink models the junction of the MOSFET and gathers the heat generated
in the MOSFET and the diode. The junction-to-case thermal impedance is modeled
with the fourth order Foster network as depicted in Figure 4.1.

4.1.2 MOSFET’s Dynamic Model
The static model was modified to incorporate the dynamic change of the electrical
characteristics of the MOSFET in PLECS and analyze the effect of this dynamic
change in the final results. Figure 4.2a depicts the dynamic model of the MOSFET.
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Figure 4.2: (a) The dynamic model of the MOSFET (b) The resistance matrix of
the dynamic model

Two resistance matrixes were inserted in the current path which gets a feedback
from the junction temperature. These resistance networks approximate the electri-
cal characteristics of the device with a piecewise linear characteristic. The thermal
dependency is approximated by fixed seven number of linear pieces. Whenever tem-
perature exceeds the value specified in the comparing block, the trigger signal is
sent to the respective double switch to change the characteristic. The current de-
pendency of the characteristics is implemented in the piecewise linear resistors which
can be adjusted from the initialization M-files.

It should be noted, since there will be several of these MOSFETs connected in series
and parallel, introducing such complicated network of resistors and switches will
slow down the simulation. Therefore, utilization of either the static model or the
dynamic model must be justified with the converters under simulation.

4.1.3 Series and Parallel Connection
The thermal network of each MOSFET consists of four thermal capacitances. Hence,
an array of S + 1 series-connected MOSFETs and P + 1 parallel-connected MOS-
FETs will add 4(S+ 1)(P + 1) states to the model which in turn will slow down the
simulation. On the other hand, the number of switches will increase dramatically
especially if the dynamic model is utilized. Therefore, rather than merely connect-
ing the modules in series and parallel, simplifications have to be done to reduce the
number of states and increase the simulation speed.
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With the assumption that all the MOSFETs in the array are identical, they will
block an equal amount of voltage and the conduction currents will be the same.
Thus, the losses occurring in the MOSFETs will be identical. Consequently, a single
MOSFET can represent the array behavior if the equivalent electrical circuit of the
rest of the array is connected to its terminals. This concept was utilized to simplify
the series and the parallel connection of the MOSFETs.

Figure 4.3a illustrates the implemented series connection of S + 1 MOSFETs. Each
of the MOSFET blocks in the model is either a dynamic model or a static model as
discussed previously.
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Figure 4.3: PLECS model of (a) the series connected MOSFETs (b) the parallel
connected MOSFETs

The calculation of losses and the junction temperature occurs in the Main MOS-
FET. The thermal network of the Series MOSFET is eliminated which will increase
the simulation speed. On the other hand, to simulate the conduction state of the
array, the electrical characteristic is modified in a way that for the same current
in both MOSFETs, the voltage drop is S times higher for the Series MOSFET. In
the blocking state the resistances Rb and S × Rb guarantee the required voltage
sharing between the MOSFETs. Similarly, the parallel connection of the MOSFETs
was modeled as depicted in Figure 4.3b. The only difference is that the Parallel
MOSFET should conduct P times higher current than the Main MOSFET for the
same forward voltage drop.

Combination of the series and the parallel models will result in a model of (S+ 1)×
(P + 1) array of the MOSFETs as depicted in Figure 4.4. By using the proposed
model, the number of required thermal capacitances are decreased from 4(S+1)(P+
1) to 4. Also, the total number of required switches can be reduced (S+1)(P +1)/3
times. Consequently, the simulation time will decrease tremendously.
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Figure 4.4: PLECS model of the series and the parallel connected MOSFETs

4.2 Converters Modeling
The models of the 2L-DAB and the ML-DAB, introduced in Section 3, are created
in PLECS based on the switches developed in Section 4.1. In the following sections,
the characteristics of each topology including a number of the MOSFETs connected
in series and parallel, the MFT parameters and the modulation parameters will be
described.

4.2.1 MOSFETs Series and Parallel Connection
For circuits with a medium stray inductance, the safety margin of 60% is to be used
to calculate the repetitive peak voltage rating of the switches [36]. Therefore, the
device rating should be higher than 1.6×VDC . The selected SiC MOSFETs blocking
voltage is 1200 volts, and the DC-links nominal voltages are 1.3kV and 16kV. With
assumption that the full DC-link voltage will be applied across the switches during
the turn-off period, it is required to connect two MOSFETs in series on the LV side
and 24 MOSFETs on the MV bridge to cope with the DC link voltages.

For the two-level bridge legs in the blocking state, switches must tolerate the full
DC-link voltage. Whereas, for the three-level bridge legs the maximum voltage
across the switches in the off-state is half of the DC-link voltage. Therefore, the LV
bridge of both the 2L-DAB and the ML-DAB comprises two series connected MOS-
FETs. Where on the MV side, 24 and 12 series connected MOSFETs is required for
the 2L-DAB and the ML-DAB respectively.

Also, the parallel connection of the devices is mandatory to deal with the high cur-
rents, especially on the LV side. However, as the chip-area sweep will be performed,
determination of the parallel connected switches count is not straightforward. The
maximum number of the parallel connected switches is limited by the minimum
possible chip-area. On the other hand, to tackle the maximum chip-area limit, the
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number of parallel connected switches must increase. Since the chip-area sweep is
performed linearly, it can be translated into the parallel connection of the switches.
Therefore, it has been decided to perform the chip-area sweep with the arbitrary
number of parallel connected switches and present the final results in the form of
both the chip-area and the respective number of the parallel connected base switches.

4.2.2 2L-DAB Modeling
The MFT specifications and the phase shift between the two bridges must also be
determined to operate the 2L-DAB. According to (3.6) to extend the ZVS range of
the converter, it is favorable to have nVLV = VMV . Therefore, n is selected to be 12
to get nVLV as close as possible to VMV . With this selection according to (3.6) the
minimum limit of φ to retain the ZVS is 2.25 degrees. For the case of I0 < 0, the
reactive power in the AC link can be calculated as

Q = nVLV
nVLV + VMV

× [(π − 2φ)VMV − πnVLV ]2
8πωL (4.1)

Since the reactive power increases the losses of the system and does not contribute
to the output power [37], it is favorable to minimize it. Comparing (4.1) and (3.6),
one can conclude that the selection of φ close to φmin minimizes the reactive power
circulation in the system. Selection of the φ equal to 20 degrees in the full load,
ensures that the switches operate under the ZVS even in 20% of the full load, while
a small amount of the reactive power is circulating in the system. With the values
of n and φ determined, the leakage inductance of the MFT can be calculated from
(3.7) as

L = nVLV VMV

ωP2L−DAB,FL
φFL[1− φFL

π
] (4.2)

where the index FL, denotes the full load operation parameters. For all switching
frequencies, the values of n and φFL are kept constant. The value of the leakage
inductance is calculated from (4.2) for each switching frequency. It is noteworthy
that, to investigate the average efficiency for the European solar mix and to trans-
mit the required amount of power, the phase shift between the two bridges should
be varied. The required phase shift φreq, to transmit a certain amount of power
P2L−DAB,req, can be recalculated by substituting (4.2) into (3.7) as

φ2
req − πφreq + P2L−DAB,req

P2L−DAB,FL
[φFL(π − φFL)] = 0 (4.3)

where the only root laying in 0 ≤ φreq < π/2 is an acceptable phase shift.

4.2.3 ML-DAB Modeling
Similar to the 2L-DAB, the modulation parameters and the MFT specifications must
be determined for the ML-DAB too. The transformer turns ratio is selected to be
12 to create enough room for φ variations without losing the ZVS in the LV bridge.
As can be seen in Figure 3.5b, the zero level in the MVAC link is created by the
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phase shift α. α is set to be zero in the simulation to provide a fair comparison with
the 2L-DAB where this zero level was not present. On the other hand, to extend
the ZVS range to partial loads and minimize the reactive power circulation, β and
φ were selected to be 10◦ and 40◦ respectively by trial and error.

For all switching frequencies, the values of φ, α, and β were kept constant, and the
value of the leakage inductance of the MFT was calculated based on the full load
power. Since β < φ ≤ π/2, the leakage inductance can be calculated from (3.15c)
as

L = nVLV VMV

ωPML−DAB,FL
[φFL −

φ2
FL

π
− β2

2π ] (4.4)

where the subscript FL denotes the full load parameters. After the determination
of the leakage inductance, it was kept constant and the phase shift between the two
bridges φreq, was varied to transmit required amount of power PML−DAB,req. It is
important to notice that depending on the relation between φ, α, and β, one of the
(3.15a) to (3.15c) should be used to determine value of φreq. After some calculations,
the relations to derive the value of φreq can be summarized as

For 0 < φ ≤ α : φreq − [ πωLPML−DAB,req

nVLV VMV (π − α− β) ] = 0 (4.5a)

For α < φ ≤ β : 2φ2
req + 2(β − π)φreq + [α2 + 2πωLPML−DAB,req

nVLV VMV

] = 0 (4.5b)

For β < φ ≤ π

2 : 2φ2
req − 2πφreq + [α2 + β2 + 2πωLPML−DAB,req

nVLV VMV

] = 0 (4.5c)

At first, φreq is calculated from (4.5a). If the result lays within the bounds, φreq is
determined. Otherwise, the same procedure will be taken for the second and the
third equation. The process is depicted as a flowchart in Figure 4.5.
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Figure 4.5: The determination process of φreq
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4.2.4 3L-DAB Modeling
As the dynamic behavior of the converter to the load changes is of no interest in
this thesis, such a dynamic controller is not designed for the converter. Due to
the absence of the controller, unbalances may occur between the DC-link capacitors
voltages. To avoid this situation, constant DC voltage sources with half of the re-
spective DC-link voltage is used instead of the capacitors.

For simplicity, it is assumed that the LV-side and the MV-side have similar wave-
forms. i.e., the modulation parameters are

α = αMV = αLV (4.6a)
β = βMV = βLV (4.6b)

To achieve a high power density and have a fair comparison between converters the
zero level is not introduced in the waveforms of the AC-link voltages (or in other
words β = 90◦). To minimize the reactive power circulation and extend the ZVS to
partial loads, α and φFL are chosen to be 80◦ and 30◦ respectively in the full-load
for all switching frequencies using trial and error strategy.

A simplified model of the MFT with only a leakage inductance and an ideal trans-
former is used as depicted in Figure 3.6. The turns ratio is selected to be 12, similar
to the previous converters; The value of the leakage inductance is determined for all
switching frequencies by solving

VLV,h = [2VLV
πh

(1 + cos(h π18))]∠0 (4.7a)

VMV,h,FL = [2VMV

πh
(1 + cos(h π18))]∠(−hφFL) (4.7b)

ILV,h,FL = n2VLV,h − nVMV,h,FL

j.hωLs
(4.7c)

P3L−DAB,FL = 1
2

∑
h=1,3,5,...

‖VLV,h‖ . ‖ILV,h,FL‖ cos(∠ILV,h,FL) (4.7d)

Simultaneously; where the subscript FL denotes the full-load parameters. With Ls
determined in the previous step, the value of the phase-shift φreq, to transfer the
required amount of power P3L−DAB,req, in the partial loads can be calculated by
substituting φreq in (4.7b) as

VMV,h,req = [2VMV

πh
(1 + cos(h π18))]∠(−hφreq) (4.8a)

ILV,h,req = n2VLV,h − nVMV,h,req

j.hωLs
(4.8b)

P3L−DAB,req = 1
2

∑
h=1,3,5,...

‖VLV,h‖ . ‖ILV,h,req‖ cos(∠ILV,h,req) (4.8c)
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4.3 SABC Algorithm and Parametric Sweeps
Four different levels of the parametric sweeps were performed in this thesis in the
form of the nested For loops as shown in Figure 4.6.

Figure 4.6: The parametric sweep algorithm

The innermost loop is the SABC algorithm which determines the optimum chip-
area for individual semiconductors based on the specified switching frequency, the
maximum junction temperature, and the modulation parameters. After the deter-
mination of the minimum chip sizes, the output power of the converter was swept in
the second loop to determine the average efficiency for the European solar mix and
also the loss components of the semiconductors. In the third level, the maximum
allowable junction temperature of the switches are swept from a maximum value to a
minimum value to increase the required chip size of the converter while distributing
the available chip size in an optimum form among the switches. To investigate the
effect of the switching frequency on the performance of the converters the fourth
loop was introduced to the algorithm. This level loops over all of the previous steps
for a predetermined range of the switching frequency.
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5
Comparative Evaluation and

Analysis

The converters discussed in the previous chapters will be compared based on their
efficiencies and their chip-area in the following sections.

5.1 The 2L-DAB Results
Figure 5.1 depicts the full-load efficiency of the 2L-DAB as a function of the total
amount of the chip-area requirement AChip,total, obtained from the SABC algorithm
for various switching frequencies and different maximum junction temperatures.
AChip,total is distributed optimally among the switches so that the junction temper-
ature of all of the switches are kept below Tj,max.

Figure 5.1: The 2L-DAB full-load efficiency versus the total amount of chip-area
requirement obtained from the SABC algorithm for various switching frequencies

and different maximum junction temperatures

Each solid line represents the efficiency of the 2L-DAB for a constant switching
frequency. The asterisks with the same color denote the trajectory of the full-load
efficiency for a constant MOSFET junction temperature. The dark green and the
dark purple solid lines correspond to the 10 kHz and the 80 kHz switching frequencies
respectively. The dark red asterisks mean that the MOSFET’s junction temperature
in the full-load operation condition is equal to the maximum allowable junction
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5. Comparative Evaluation and Analysis

temperature or 150◦C. As the junction temperature decreases, the asterisk’s color
shifts toward the dark blue.
The dark red asterisks represent the minimum possible chip-area for the switches.
By increasing fsw, AChip,total increases. Meanwhile ηFL decreases. For 70 kHz in-
crease in fsw, ηFL decreases from 96.31% to 95.48% and AChip,total enlarges by 7.5cm2.

If one wants to operate the MOSFETs at a lower junction temperature, for the same
amount of the transferred power the chip-area of the switches must be increased.
Figure 5.1 shows that for fsw = 10kHz, reducing the operation temperature of the
switches from 150◦C to 100◦C requires an increase of 24.31cm2 in AChip,total that
consequently results in 1.95% enhancement of the efficiency. Which is a substantial
improvement for the high power applications.

However, as discussed earlier, the PV farms do not operate in the full-load hundred
percent of the time. Therefore, it is crucial to investigate the aforementioned effects
on the European-efficiency ηEU . Figure 5.2 illustrates the dependency of ηEU on
AChip,total, fsw and Tj,max.

Figure 5.2: The 2L-DAB European-efficiency versus the total amount of
chip-area requirement obtained from the SABC algorithm for various switching

frequencies and different maximum junction temperatures

It can be seen that ηEU for a specific fsw and Tj,max is much higher than ηFL. Also,
the rate of decrease in the efficiency as fsw increases is lowered which means that
higher switching frequencies can be used without affecting the overall efficiency that
much. However, the rising trend of ηEU with reduction of the maximum junction
temperature for a constant switching frequency is declined. (e.g., designing of the
converter for Tj,max = 100◦C rather than 150◦C will result only in 0.72% enhance-
ment of the overall efficiency).

It can be seen from Figure 5.2 that regardless of the switching frequency, reduction
of the junction temperature from 105◦C to 100◦C requires more chip-area increment
than the same amount of reduction from 150◦C. This is due to the fact that the
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heatsink temperature is assumed to be constant at 80◦C and as the junction tem-
perature approaches this value, the amount of the chip-area to reduce the thermal
impedance increases dramatically.

The SABC algorithm was applied to the 2L-DAB for three different heatsink tem-
peratures to investigate the effect of the heatsink temperature on the efficiency and
the chip-area as illustrated in Figure 5.3.

Figure 5.3: The average efficiency for the European solar mix of the 2L-DAB
versus the total amount of required chip-area for fsw = 10kHz and three different

heatsink temperatures

As can be seen, the amount of increment for the chip-area to decrease the junction
temperature for a certain value has been diminished as the heatsink temperature
is lowered. The reduction in the chip-area requirement is more evident in the low
junction temperatures because the closer the junction temperature is to the heatsink
temperature, the higher the chip-area required to reduce the junction-to-case ther-
mal impedance and the losses.

On the other hand, comparing these three lines for the same amount of the chip-
area reveals that higher efficiency and lower junction temperature can be achieved
by reducing the temperature of the heatsink.

The total semiconductor cost of the converter can be investigated by applying the
semiconductor cost model introduced in Section 2.3.3 to the outputs of the SABC
algorithm. Figure 5.4 depicts ηEU of the 2L-DAB as a function of the total semi-
conductor cost ΣMOSFET , in Euros. It can be seen that to increase the switching
frequency from fsw = 10kHz to fsw = 80kHz by keeping the junction temperature
of the MOSFETs at constant value of 150◦C requires only 540e more investment in
the semiconductors.
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A more important point to notice is that for a constant switching frequency(e.g.
fsw = 10kHz) with 1830e more investment on the semiconductors, not only the
junction temperature of the MOSFETs will reduce from 150◦C to 100◦C but also the
average efficiency for the European solar mix will increase by 0.72%. The increment
in the efficiency will pay back higher initial costs of the semiconductors in a short
time.

Figure 5.4: The 2L-DAB European-efficiency versus the total switch costs for
various switching frequencies and different maximum junction temperatures

Another noticeable thing in the figure is a small break on the lines around Tj,max =
115◦C points where the rate of cost rise, increases between Tj,max = 120◦C and
Tj,max = 115◦C points. It happens because, at Tj,max = 120◦C the chip-area of the
switches approaches its maximum value. Therefore, it is required to increase the
number of parallel connected MOSFETs to reduce the junction temperature even
more and consequently the package cost will rise which will affect ΣMOSFET .

5.2 The ML-DAB Results

Figure 5.5a and 5.5b shows ηFL and ηEU of the ML-DAB respectively as a func-
tion of AChip,total, obtained from the SABC algorithm for various fsw and different
Tj,max. AChip,total is distributed optimally among the switches so that the junction
temperature of all the switches are kept below Tj,max.

36



5. Comparative Evaluation and Analysis

(a)

(b)

Figure 5.5: (a) The full-load efficiency, (b) the European efficiency; of the
ML-DAB versus the total amount of chip-area requirement obtained from the

SABC algorithm for various switching frequencies and different maximum junction
temperatures

By increasing fsw, AChip,total grows whereas ηFL and ηEU decrease. For 70kHz raise
in fsw from 10kHz, ηFL experience a rapid decline from 95.87% to 94.97% and
AChip,total enlarges by 7.74cm2. However, the reduction rate of ηEU is not as steep
as ηFL where it drops only by 0.5% for a increase of fsw from 10kHz to 80kHz.
This indicates that similar to the 2L-DAB, the switching frequency can be increased
without a substantial effect on the overall efficiency.

Following the same trend as the 2L-DAB, ηFL and ηEU start to rise as the operating
junction temperature is diminished. The enhancement in ηFL is more evident than
for ηEU ; which means that for the solar applications increasing the chip-area would
not affect the overall efficiency of the ML-DAB that much.
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To explore the primary causes of the efficiency improvement by the chip-area in-
crement, the LV bridge and the MV bridge conduction and switching losses are
plotted against the total chip-area. Figures 5.6 and 5.7 depict the conduction and
the switching losses, respectively, for both bridges and the two switching frequencies.
It can be seen that the MV bridge follows the same trend as the LV bridge in both
the conduction and the switching losses.

Figure 5.6: The MV bridge and the LV bridge conduction losses of the ML-DAB
for two switching frequencies fsw = 10kHz and fsw = 80kHz

As expected, the conduction losses are the main factor contributing to the efficiency
improvement by the chip-area increment for both switching frequencies. For in-
stance, with the switching frequency of 10kHz, a 66% increase in the chip size from
the minimum value results in 53% reduction in the conduction losses. This is due to
high on-resistance of the MOSFETs that varies inversely proportional to the chip-
area.

It is noteworthy that the effect of the switching loss reduction on the efficiency
improvement becomes more pronounced as the switching frequency increase, while
its effect is negligible compared to the effect of the conduction losses for the low
switching frequencies.
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Figure 5.7: The MV bridge and the LV bridge switching losses of the ML-DAB
for two switching frequencies fsw = 10kHz and fsw = 80kHz

The efficiency versus the semiconductors cost of the ML-DAB is depicted in Figure
5.8. Since the relation between the cost and the chip-area is linear, the graphs have
the same trend as Figure 5.5b. Due to higher chip requirement of the ML-DAB than
2L-DAB, the total semiconductor cost is slightly higher for ML-DAB.

Figure 5.8: The ML-DAB European-efficiency versus the total switch costs for
various switching frequencies and different maximum junction temperatures

5.3 The 3L-DAB Results
Figure 5.9a and 5.9b shows ηFL and ηEU of the 3L-DAB respectively as a function of
AChip,total, obtained from the SABC algorithm for various fsw and different Tj,max.
Because of convergence issues in the SABC algorithm for this topology, the results
are obtained for Tj,max ± 3◦C instead of Tj,max. Due to, the maximum variation of
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3◦C in the maximum junction temperature, comparing the results of this converter
with other topologies is not possible, and it won’t be presented here. However, as
can be seen from the figures, by less than 70% increase in the chip-area, the full-
load efficiency and the average efficiency for European solar mix of 3L-DAB can be
improved by more than 2% and 0.7% respectively for all switching frequency ranges.

(a)

(b)

Figure 5.9: (a) The full-load efficiency, (b) the European efficiency; of the
3L-DAB versus the total amount of chip-area requirement obtained from the

SABC algorithm for various switching frequencies and different maximum junction
temperatures

5.4 Converter Topologies Comparison
Figure 5.10a shows the full-load efficiency of the 2L-DAB and the ML-DAB as
a function of the switching frequency for the MOSFETs junction temperature of
150◦C. The dashed blue and the solid red lines represent the 2L-DAB and the
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ML-DAB efficiencies respectively. The 2L-DAB outperforms the ML-DAB in the
full-load operation. There is a difference of 0.44% between the full-load efficiencies
at fsw = 10kHz which increases to 0.51% at fsw = 80kHz.

(a) (b)

Figure 5.10: (a) The full-load efficiency, (b) The European efficiency; of the
2L-DAB and the ML-DAB as a function of the switching frequency for the

junction temperature of 150◦C

The average efficiency for the European solar mix of the converters is shown in Fig-
ure 5.10b. The investigation of the average efficiency for the European solar mix
shows that not only the disparity between the converter’s efficiencies is reduced,
but also they intersect each other at fsw = 40kHz. In switching frequencies below
40kHz, the 2L-DAB is superior. Whereas above 40kHz, the ML-DAB performs
better.

As the full-load performance of the ML-DAB is inferior to the 2L-DAB, the reason
for intersection in ηEU should be in the partial load operating conditions. Figure
5.11 depicts the decomposition of the converters efficiencies in the partial loads for
two frequencies; one above and one below the intersection point.

(a) (b)

Figure 5.11: The converter’s efficiency decomposition for the partial loads (a)
fsw = 10kHz , (b) fsw = 80kHz

In the partial loads below 50% of the rated power, the ML-DAB has higher effi-
ciency than the 2L-DAB for both frequencies whereas, in the full load, the 2L-DAB
outperforms the ML-DAB. It is noteworthy that 80% of contribution to the average
efficiency for the European solar mix comes from 5% to 50% of the rated power range
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where the ML-DAB is superior. In high frequencies, the gap between the efficiencies
of the two topologies increases in this power range which results in a crossing point
in the European efficiency.

Figures 5.12 and 5.13 show the decomposition of the loss components for different
loading conditions of the converters at fsw = 10kHz and fsw = 80kHz respectively.
The losses are represented as a percentage of the transmitted power; which itself is
denoted by the superscript of PM/2L−DAB on the x-axis.

Figure 5.12: The decomposition of the loss components for the partial-loads and
the full-load operation of the converters at fsw = 10kHz

Excluding the conduction losses which are the primary factor in reducing the total
efficiency (particularly at low frequencies), the main differentiating loss component
in the partial loads and the high frequencies is the MV-side switching losses. It
can be seen that the MV-bridge switching losses of the ML-DAB are lower than the
2L-DAB in both of the frequencies. However, this difference becomes more evident
as the switching frequency increases. Since this difference also exists in the full load,
it can not be due to the loss of the ZVS during the turn-on period.
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Figure 5.13: The decomposition of the loss components for the partial-loads and
the full-load operation of the converters at fsw = 80kHz

Figure 5.14 illustrate the current and the voltage waveforms of the MOSFETs of the
2L-DAB in the full-load, Tj,max = 150◦C, and fsw = 80kHz. The left axis depicts
the voltage across the switch, and the current is shown on the right axis. All of the
MOSFETs turn on under the ZVS condition.
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Figure 5.14: The 2L-DAB MOSFET’s current and voltage waveforms in the
full-load and fsw = 80kHz

Figures 5.15 and 5.16 shows the current and the voltage waveforms across the MOS-
FETs of the ML-DAB in the LV bridge and the MV bridge respectively in the
full-load, Tj,max = 150◦C, and fsw = 80kHz. Inspection of the waveforms shows
that all of the switches retain the ZVS during turn-on. However compared to the
2L-DAB counterparts, the MV bridge’s MOSFETs of the ML-DAB are snapping
lower currents during the turn-off; which results in lower switching losses at the
MV-side of the ML-DAB.
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Figure 5.15: The ML-DAB LV bridge MOSFET’s current and voltage waveforms
in the full-load and fsw = 80kHz
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Figure 5.16: The ML-DAB MV bridge MOSFET’s current and voltage waveforms in the full-load and fsw = 80kHz45



5. Comparative Evaluation and Analysis

To see how the losses are distributed among the switches, the decomposition of the
loss components and the required chip-area for each MOSFET of the 2L-DAB is
depicted in Figure 5.17. The switching frequency is 10kHz, and the junction tem-
perature is confined to 150◦C. The MOSFETs marked with the same outline and
color have similar losses and chip-area.

The diagonal MOSFETs in each bridge conducts the same currents; as the bridges
are operating with 50% duty cycle. On the other hand, the outputs of both bridges
on the AC link are symmetrical waveforms which means that on the positive and
the negative cycles of the AC-link voltage, the respective MOSFETs will conduct
identical currents as was shown in Figure 5.14. Therefore, all MOSFETs in each
bridge have similar losses and require the same chip-area.

Figure 5.17: The required chip-area and the switching and the conduction losses
of each switch in the 2L-DAB for Tj,max = 150◦C, and fsw = 10kHz (the shapes

with the same outline and color have similar parameter).

Figure 5.18 shows the switching and the conduction losses for the MOSFETs of the
ML-DAB for the switching frequency of 10kHz and the junction temperature of
150◦C. Because of the same reasons as mentioned for the 2L-DAB, the LV bridge
MOSFETs have the same parameters. However, the situation is different on the
MV side. To form the intermediate level of the voltage waveforms, leg A and leg B
MOSFETs do not switch at the same time(As depicted in Figure 5.16) which results
in different losses and needed chip-area for the two legs.
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5. Comparative Evaluation and Analysis

Figure 5.18: The required chip-area and the switching and the conduction losses
of each switch in the ML-DAB for Tj,max = 150◦C, and fsw = 10kHz (the shapes

with the same outline and color have similar parameter).

Even though the ML-DAB is superior efficiency-wise in the switching frequencies
higher than 40kHz, it requires higher chip-area than the 2L-DAB as depicted in
Figure 5.19. If the total chip-area of the 2L-DAB in fsw = 10kHz is considered
as a base value, designing a 2L-DAB for fsw = 80kHz will require 20.3% higher
chip-area. While for the ML-DAB, these values are 13.3% and 14% higher.

(a) (b)

Figure 5.19: The total chip-area requirement of the 2L-DAB and the ML-DAB
for different switching frequencies and the junction temperature of 150◦C

Figure 5.20 shows the average efficiencies for the European solar mix of the 2L-DAB
and the ML-DAB versus the switching frequency for two values of the total required
chip-area. The markers colors denote the maximum junction temperature. For the
same amount of total chip-area, the 2L-DAB outperforms the ML-DAB both from
the efficiency and the junction temperature points of view. In other words, the 2L-
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5. Comparative Evaluation and Analysis

DAB can achieve higher efficiency and lower junction temperature in all switching
frequencies for the same amount of total chip size.

Figure 5.20: The average efficiency for the European solar mix of the 2L-DAB
and the ML-DAB as a function of the switching frequency for Achip1 = 50cm2 and

Achip2 = 60cm2

Figure 5.21 depicts the average efficiency for the European solar mix of the converters
versus the switching frequency for two semiconductor costs of 3900e and Cost2 =
4700e. The trends are quite similar to the case of constant chip size(Figure 5.20),
and identical conclusions can be made.

Figure 5.21: The average efficiency for the European solar mix of the 2L-DAB
and the ML-DAB as a function of the switching frequency for Cost1 = 3900e and

Cost2 = 4700e
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6
Conclusions and Future Work

The 2L-DAB and the ML-DAB 1MW DC-DC converters are compared based on
their efficiencies and the total required chip-area for the PV applications. The chip-
area of the MOSFETs is optimized such that the junction temperature is confined
to 150◦C. The switching frequency is swept from 10 kHz to 80 kHz. The chip-area
of the MOSFETs is also varied to achieve lower operating junction temperatures.

6.1 Results From Present Work
It has been shown that for the considered ratings, the operating conditions, and the
same operating junction temperature for all MOSFETs the 2L-DAB outperforms the
ML-DAB efficiency-wise in the full load while it requires less chip size. However, it
was observed that due to a better performance of the ML-DAB in the partial loads
and high switching frequencies, higher average efficiency for the European solar mix
could be achieved for the ML-DAB in the switching frequencies greater than 40 kHz.

It was also demonstrated that for the same amount of total chip size (or the same
amount of initial investment on the semiconductors), the 2L-DAB can achieve higher
full-load efficiency and average efficiency for European solar mix, while the operat-
ing junction temperature of the MOSFETs are lower than the ML-DAB ones.

Another observation was that, for the LV bridges of both the 2L-DAB and the ML-
DAB, only one type of MOSFET is required in order to reach the same junction
temperature on all of the switches. The same is true for the MV bridge of the
2L-DAB; whereas to operate the MV-side MOSFETs of the ML-DAB in the same
junction temperatures, six types of MOSFETs with different chip-areas are needed.

It was also shown that by less than 70% increase in the required chip-area, the
full-load efficiency and the average efficiency for European solar mix of all three
converters can increase more than 2% and 0.7% respectively for all switching fre-
quency ranges.

6.2 Future Work
• Other topologies than the compared ones and their three-phase counterparts

can also be considered for the comparison in the future.
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6. Conclusions and Future Work

• A simple model without the losses was considered for the MFT while for an
accurate analysis it is also required to model the MFT.

• The modulation parameters were selected based on a trial and error method.
As the SABC algorithm is highly dependent on these parameters, it is advised
to perform an optimization on them, before making the comparison.

• It was assumed that the cooling system was keeping the heatsink temperature
at a constant value, whereas, it is suggested to be modeled in the future.

• The MOSFETs were the only utilized switches in this thesis. It would be inter-
esting to contrast different topologies or even a single topology with different
switches (e.g., IGBTs or a combination of both).
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