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Abstract

The collection and transmission of power from offshore wind turbines using
dc have advantages over the ac system. One of the enabling technologies
for deploying dc collection is the dc-dc converter that boosts the dc output
from the turbine to the medium voltage direct current level of the collection
grid. This dc-dc converter should be able to transfer nominal power of at
least 15 MW, boost the voltage from a few kilovolts to tens of kilovolts, have
high power density and efficiency. The dual active bridge (DAB) converter
concept is a suitable candidate for this application. It comprises two active
inverters and an intermediate transformer which provides galvanic isolation
and voltage matching between the low voltage and medium voltage systems.
Its soft-switching capabilities allow an increase in the switching frequency
without deteriorating the efficiency of the converter. Therefore, the size of
passive components can be reduced to achieve high power densities.

Using partial power processing DAB converters for this application has
been studied extensively in the literature, while this document considers bulk
power transmission using multilevel converter topologies focusing on three-
phase topologies. Different aspects of the converters are studied in detail,
including; desired leakage inductance of the transformer; capacitive energy
storage requirement of the converters; the lifetime of semiconductors; the effect
of winding configurations; the flux waveforms inside the transformer core; the
transformer’s core losses; the soft-switching boundaries; and harmonic and
partial load performance. Mathematical models are developed for different
studies and verified by simulations or measurements.

Several converter topologies and winding configurations are studied. As an
example, it is shown that a three-phase DAB with YA winding configuration,
controlled transition bridge converter, and the quasi-two-level modulation is
the best choice for this application. A modulation strategy is proposed to
improve the partial load performance. A loss split calculation showed that
the semiconductor losses decreased by 94 % and 81 % at 5% and 10 % of the
nominal power, respectively compared to the quasi-two-level modulation.

Keywords: Dual active bridge, medium frequency transformer, multilevel
converters, three-phase system, high power-density systems, high-voltage power
converters, soft-switching converters, dc collector network, transformer wind-
ing connection, harmonic analysis, core loss modeling, capacitor sizing.
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Acronyms

2LC
ac
CTB
DAB

FEM
Hv
HVAC
HVDC
IGBT
IGSE
IPOS
LV
LVDC
MFT
MMC
MOSFET
MTAC
MV
MVAC
MVDC

two-level converter

alternating current

controlled transition bridge

dual active bridge

direct current

finite element method

high voltage

high voltage alternating current

high voltage direct current
insulated-gate bipolar transistor
improved generalized Steinmetz equation
input-parallel output-series

low voltage

low voltage direct current

medium frequency transformer

modular multilevel converter
metal-oxide—semiconductor field-effect transistor
modular transition arm converter
medium voltage

medium voltage alternating current

medium voltage direct current
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viii

N2G
NPC
P2G
P2N
P2P
PWM
Q2L
RMS
RMSPE
SiC

SPS
TAC
THD
TUF
ZCS
ZVS

neutral-to-ground
neutral-point-clamped
phase-to-ground
phase-to-neutral
phase-to-phase

pulse width modulation
quasi-two-level

root mean square

root mean squared percentage error
silicon carbide
single-phase-shift

transition arm converter
total harmonic distortion
transformer utilization factor
zero current switching

zero voltage switching



Mathematical symbols

Symbols

1o
3¢

Single-phase system

Three-phase system

Cross-section of MFT’s core

Steinmetz coefficients of core material

a € {0,£27/3} is the phase shift in three-phase waveforms
Magnetic flux density

Steinmetz coefficients of core material

Positive (or negative) dc-link capacitance

Submodule capacitance

The kth submodule capacitance

Ratio of primary dc-link voltage to secondary dc-link voltage

DC ratio where all switches of the primary (or secondary) con-
verter looses ZVS; where j € {p,s}

DC ratio where the first switch from the primary (or sec-
ondary) converter looses ZVS; where j € {p,s}

Approximate dc ratio where the first switch from the primary
(or secondary) bridge loose ZVS; where j € {p,s}

DC ratio where a switch of the primary converter looses ZVS
which is responsible for the k,th transition event of the positive
(4) or negative (-) half cycle in the P2G voltage waveform

DC ratio where a switch of the secondary converter looses ZVS
which is responsible for the ksth transition event of the positive
(4) or negative (-) half cycle in the P2G voltage waveform
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Eq
Eq.
Etot
Jsw

(I)L (wt)
Gy
H

o

ha (wt)
ha(wt)
Gy, (Wh)
o (W)
ige (wt)
ige (wi)
iLs (wt)

fg (wt)
iz (wt)

it (wt)

x

Accumulated damage of switches under a single run of a given
mission profile

Kronecker delta function [see (E)]

Activation energy (SKiM63 model)

Capacitive energy storage capacity of chain-link
Capacitive energy storage capacity of dc-link

Total capacitive energy storage capacity of converter
Switching frequency of converter

Phase shift between primary phase voltage and primary-
referred secondary phase voltage of MFT

Total instantaneous magnetic flux in limbs of MFT

Coefficient used to calculate the optimum L, [see (5.14)]

Harmonic order of waveforms

Piecewise linear periodic function [see 1}
Piecewise linear periodic function [see (A.8)
DC-link’s positive or negative pole capacitor current

The kth submodule capacitor’s current

Positive pole or negative pole dc-link currents

Phase current of phase x of MFT, where z € {A,a,B,b,C,c}
Line current of phase x of MFT, where z € {A,a,B,b,C,c}

Positive (or negative) pole current flowing from (or to) the
de-link to (or from) converter arms

Phase current of converter flowing from the converter to the
ac-link, where x € {A,a,B,b,C,c}

Upper (+) arm or lower arm (—) current of converter, where
x € {A,a,B,b,C,c}



Ncl

Psg

Psp (wi)
P,

QF,. (wt)
Q6.
Q. (W)
Rac

Clamping arm current of NPC, CTB, and T-type converters,
where z € {A,a,B,b,C,c}

Steinmetz coefficient of core material
The Boltzmann constant

Ratio representing the distribution of leakage inductance be-
tween the primary and secondary windings [see (8.2)]

Magnetizing branch inductance of MFT
Total series leakage inductance of MFT

Number of voltage steps (from zero to peak) in a Q2L P2G
voltage waveform

The set of all natural numbers

Number of chain-links of converter

Expected number of cycles to failure (SKiM63 model)
Number of turns of the primary winding of MFT
Number of turns of the secondary winding of MFT

Number of submodules per arm of MMC, TAC, and MTAC
converters (per leg of CTB converter)

Operation domain of converter [see Figure

Angular switching frequency of converter

3¢ active power of converter

3¢ instantaneous power of converter

Average power loss per unit volume of a magnetic material
Converter dc-link capacitors’ instantaneous charge
Average value of dc-link capacitors’ instantaneous charge
The kth submodule capacitor’s instantaneous charge

Series ac resistance of MFT
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R+
St

U (wt)

Odc

Ujm
Vdc
unG (wt)

Ung (W)

xii

Magnetizing branch resistance of MFT

The set of all positive real numbers

Safety margin of the blocking voltage of semiconductors
Duration of each step in a Q2L P2G voltage waveform
Flux linkage of a coil

Deviations in the dc-link voltage of converter from the center
of Oy [see Figure 5.2

Percentage of deviation in the dec-link voltage of converter from
its nominal value in the positive or negative direction

Percentage of deviation in submodule capacitor voltage from
its nominal value

Fundamental period of waveforms

Dead time of switch

Load pulse duration (SKiM63 model)

Transition time from one dc-rail to another

Percentages of 7 per fundamental period (79, £ 7 fs x 100 %)
kth-step phase shift in Q2L waveforms

Junction temperature of semiconductor

Mean junction temperature of semiconductor

Submodule voltage in multilevel converters

Function used in modeling of Q2L waveforms where j € {p, s}
[see (4.20))]

The center of O4 [see Figure where j € {p,s}
DC-link voltage (pole-to-pole) of converter
Primary side N2G voltage

Secondary side N2G voltage



MFT’s primary winding voltage waveform

MFT’s secondary winding voltage waveform
Voltage across semiconductor

Primary side P2G voltage where z € {A,B,C}
Secondary side P2G voltage where x € {a,b,c}
Primary side P2N voltage where z € {A,B,C}
Secondary side P2N voltage where = € {a,b,c}
Primary side P2P voltage where 2y € {AB,BC,CA}

Vgy (Wi Secondary side P2P voltage where zy € {ab,bc,ca}
XQ2L Design factor used to estimated the core losses of an MFT
excited with Q2L voltage waveforms
Z The set of all integer numbers
Zy Series impedance of MFT for the Hth harmonic [see (5.5))]
Superscripts

A)Y  Used for different winding connections; their permutations are
used for transformer configurations

calc The value is obtained from calculation

conv  For conv € {2LC, NPC, T-type, TAC, MTAC, CTB}, the re-
spective converter’s parameter

meas The value is obtained from measurements

nom  Nominal value of the parameter

pu Per-unit value of the parameter

p Used for primary-side-referred secondary bridge parameters

rated Rated value of component
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RMS RMS value of the parameter

sim The value is obtained from simulation
S Used for secondary-side referred primary bridge parameters
Subscripts

19, 3¢ Used to distinguish between 1¢ and 3¢ systems parameters

A, B,C Used for primary side phase parameters

a,b,c Used for secondary side phase parameters

aux Submodules auxiliary switch’s parameters

conv For conv € {2LC, NPC, T-type, TAC, MTAC, CTB}, the re-
spective converter’s parameter

H Hth harmonic component of the parameter where H € N

main Submodules main switch’s parameters

max Maximum value of the parameter

min Minimum value of the parameter

non-opt  Non-optimum value of the parameter

opt Optimum value of the parameter

p,s Used to distinguish between primary and secondary bridge pa-
rameters

o, L Used to distinguish between phase and line parameters

RMS RMS value of the parameter

swk The kth switch parameter
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CHAPTER 1

Introduction

1.1 Background

A glimpse into an offshore wind farms database reveals that nearly 80 GW
of offshore wind farms are operational or under construction, and more than
830 GW of offshore wind farm projects are planned or approved [1]. The same
figures, four years earlier, were 30 GW and 180 GW, respectively [2]. The
figures show a more than four times increase in less than four years.

To maximize the power capture and minimize the visual impacts, it is pre-
ferred to increase the distance of the farms from the shores. For distances
longer than 80 km, the transmission of power with high voltage direct current
(HVDC) is economically advantageous compared to high voltage alternating
current (HVAC) systems [3], [4]. Moreover, the conduction losses can be de-
creased by using direct current (dc) instead of alternating current (ac) due to
the elimination of reactive power flow and the skin effect.

Figure shows a schematic of a classic offshore wind farm with medium
voltage alternating current (MVAC) collection grid. The power is collected
from the wind turbines using an MVAC collection grid to a central offshore
platform. Then the current is rectified and transmitted to the mainland using
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HVDC power cables.

"Offshore platforn;

\

AC

1
|
I
I
|
|
|

1
HVIDC

Figure 1.1: Offshore wind farm with MVAC collection grid.

The collection of power from the wind turbines in the form of dc also has
several advantages over the ac collection 7. Figure shows a schematic
of an offshore wind farm with an MVDC collection grid. As can be seen, dc-
dc converters are needed to boost up the voltage from the low voltage direct
current (LVDCQ) level of the turbines to the MVDC level of the MV grid.
Due to the high transformation ratio of these dc-dc converters @, galvanic
isolation between the MVDC and LVDC links is required.

! Wind farm !

! I

:l' 1 Nacelle rm? !

il | DC C B 1

IOffshore platform /_ e E e : —éf‘@-ﬂ@‘ 1

: : :'\_/— L€ |

[} | DC o . 1
HVDC ! MVDC| i .

| | DC | E : . . !

e 4 N Nacelle rz |

] DC T AC ! i* 1

ii‘ pc \ | |pc © g@j 1

! )

Figure 1.2: Offshore wind farm with MVDC collection grid.

The DAB converter concept, proposed in , is a suitable candidate for
this application due to its inherent galvanic isolation feature and the possi-
bility of achieving an arbitrary transformation ratio. Figure [I.3] shows the
schematic of a DAB converter. Two active bridges invert the dc-links voltages
into alternating voltages, and the intermediate transformer provides galvanic
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isolation and voltage matching between the primary side and the secondary
side [7]. The power flow is controlled by adjusting the phase shift between
the ac-link voltage waveforms. The frequency of the ac-link waveforms can

DC-DC

| AC DC |
LVDC —@— MVDC
ad N

Figure 1.3: Schematic of a DAB dc-dc converter.

be increased to several kHz to reduce the transformer’s size and weight [8].
The former heavy 50 Hz transformer, along with the ac-dc converter inside the
nacelle (shown in Figure|1.1) will now be replaced with a dc-dc converter and
a lightweight MFT. Therefore, potentially the bearing capacity of the turbine
structure can be reduced.

As shown in Figure the DAB is composed of three main components—
two inverters and a transformer. This allows for selecting from a large variety
of options for each component [9]. The ac-link can have a single-phase, 1¢,
or multi-phase configurations. The single-phase and three-phase, 3¢, ac-links
configurations are the most common for DAB converters. However, the 3¢-
DAB is preferred over the single-phase variant for high power applications
[10], |11], due to smaller dc-link filters. A 3¢ ac-link provides extra degrees
of freedom (e.g., winding configurations), which can be used for performance
improvement of the converter.

For the MVDC collection grid of offshore windfarms different voltage levels
spanning from 30kV up to 50kV are considered in the literature |5], [12]-[17].
The conventional 3¢-DAB is composed of two two-level converters (2LCs) and
is unsuitable for these voltage levels. Parallel and series connections of DAB
converter blocks can be used to overcome the voltage issue. Figure 1.4]shows
the schematic of a input-parallel output-series (IPOS) DAB converter, which
is used extensively in the literature to solve this issue.

Even though the IPOS-DAB solves the voltage limitation of the conven-
tional DAB, its power density is debatable. The insulation of the MFT should
be rated to handle the dc offset introduced by the series connection on the
MVDC link. This means that most transformers should be overdesigned to
have full modularity. Moreover, considering connection requirements in high
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.~ DCDC N~ N,
! AC DC J_:

| A0 |

| T DC AC |
o A MFT L -

]

I

DC AC

LvDC Hi* MVDC
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DC AC

AC 32: DC T

AC

1

: E
m¥ AC Dcf
B

DC

Figure 1.4: Schematic of a IPOS DAB dc-dc converter.

voltage levels and excessive interconnection points of this converter, poses
questions on the final power density of the converter.

Multilevel inverter topologies can be used instead of the two-level inverter
to solve the voltage limitation issue of the conventional DAB. Then a sin-
gle bulky MFT can process the full power instead of several partial power
processing units (IPOS topology). Several multilevel topologies are proposed
in the literature, which can be used to form a DAB converter [6], [10], [18].
FEach converter has its own benefits and drawbacks, and selecting a suitable
topology becomes important.

1.2 Aim

The aim of this thesis is to evaluate the performance of multilevel 3¢ DAB
converters for wind turbine applications from different aspects. Also, a target
is to select suitable converter topologies and components, modulation strate-
gies, and winding configurations.



1.8 Identified research gaps

1.3 Identified research gaps

The following gaps are identified for selecting a suitable converter topology.

1]

(1]

[I11]

Non-proper selection of the leakage inductance of the MFT may result
in extremely large reactive currents through the converter due to small
deviations in the dc-link voltages [19]-[21]. Therefore, it is important
in multilevel converters design, as the submodule capacitors should be
overrated to handle excessive currents. It also is crucial in applications
where conduction losses are the main loss component and variable dc-
link voltages are required. Missing in the available literature is the
identification of the value of this leakage inductance for multilevel 3¢
DAB converters.

Besides the MFT, capacitors are other passive components that affect
the power density and cost of the converter. Especially in multilevel con-
verters where each submodule requires a capacitive storage unit. The
higher this requirement, the lower the power density of the converter
and the higher the costs. Q2L modulation was introduced for multilevel
converters in [22], with the aim of reducing the capacitor requirement
and improving the power density. In [23], the cell capacitance design and
comparison for multilevel converters with the Q2L modulation were pre-
sented. However, the dc-link capacitors were not considered, and only
the YY winding configuration was studied. Missing in the available liter-
ature is the energy storage requirement quantification and comparison
for multilevel DAB converters, including both dc-link and submodule
capacitors, and the effects of winding configurations.

One of the advantages of the Q2L modulation is the possibility of using
smaller devices for the auxiliary switches compared to the main switches
[23]. This feature is discussed and investigated for a Q2L-operating
MMC-based DAB in [22], [24]. However, the thermal stresses on the
switches are not quantified.

One of the essential characteristics of a 3¢-DAB dc-dc converter is its
inherent ZVS capability during the turn-oN of the switches. It is es-
sential to identify the ZVS operation range of the converter to ensure
soft-switching at different load levels. The soft-switching boundaries of
3¢ two-level and multilevel DAB converters are studied in the literature
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I7], [24)-[27]. However, available literature has focused on combinations
of specific converter topologies with certain winding configurations. The
effects of having a different number of levels or transition times for the
bridges have not been studied in detail. Furthermore, the effects of wind-
ing configurations on the ZVS operation of the multilevel converters are
not considered.

A few papers have studied different aspects of 3¢ multilevel DAB con-
verters with Q2L modulation [22], [24], |28], [29]. However, the effects of
the modulation strategy on the transformer core losses are not investi-
gated. To estimate these losses, different methods can be used [30], [31].
If research focuses on transformer design, finite element method (FEM)
can be used for detailed and accurate iron loss analysis. However, for
research focusing on the power electronics aspects, FEM analysis is time
inefficient. A closed-form formulation of transformer core losses is miss-
ing in the available literature for the multilevel DAB converters, which
allows for a quick estimate of the losses with high accuracy.

Since the ac-link waveforms of DAB are non-sinusoidal, the transformer
is subjected to harmonics of the fundamental frequency. The higher
the harmonic content of the voltages and the currents, the higher the
losses in the transformer. Thus, it is crucial to study the harmonic
performance of the converter. Studies considering the effects of the
transformer winding connections on the harmonic performance of mul-
tilevel DAB converters are scarce. One such study is done in [24], where
the focus has been on the harmonic content of the phase voltages of
a multilevel 3¢-YY-DAB. However, neither the AY connection of the
windings nor the harmonic content of the phase currents is considered
in the study.

It has been shown in [25], [32] that the 3¢-AY-DAB has poor efficiency
and low transformer utilization in partial loads. This makes the 3¢-
AY-DAB unattractive for applications with recurrent operation at these
points unless the partial load performance could be improved. On the
other hand, the small capacitor requirement of the 3¢-AY-DAB con-
verter is an advantage for high power density applications. This pro-
vides an incentive to improve its partial load performance and reduce
losses. In [33], the authors have tried to improve the performance of a
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three-level AY-DAB. However, the proposed control method results in
complicated switching patterns, has low accuracy in the partial loads,
and has a large no-load current flow in the ac-link, resulting in poor
efficiencies. Missing in the available literature is a proposal for utilizing
the benefits of the 3¢-AY-DAB, while also tackling the problem with
high reactive current at low loads.

1.4 Contributions

The following are the main contributions of the present Ph.D. thesis.

M

(1]

[L11]

Analytical expressions for calculating the desired leakage inductance
value of the 3¢ MFT are derived, and their accuracy is evaluated [see

chapter |5| or paper III ([11.3)) and paper IX (11.9)].

The capacitor requirements of selected converter topologies are quanti-
fied, considering not only the submodule capacitors of the converters but
also the dc-link capacitors. It is also shown that the winding configura-
tion of the MFT has a dramatic effect on this requirement. Finally, the
combination of winding configuration and converter topology, which re-
sults in the minimum installed energy storage, is identified [see chapter@

or paper IV (11.4) and paper VII (11.7))].

The impact of the Q2L modulation on the lifetime of the semiconduc-
tors of an MMC-based DAB converter is quantified and analyzed [see

chapter [6] or paper VIII (T1.8)].

A set of closed-form generalized ZVS boundaries for 3¢ M-level-to-N-
level DAB converters are derived. The derived expressions are inde-
pendent of the topologies of the bridges and can be used for different
converter topologies, including but not limited to 2LC, three-level NPC
converter, T-type converter, TAC, MMC, and CTB converter. The ef-
fect of different winding configurations of the MFT is also considered in
the study. This includes YY, YA, and AA winding configurations. The
impact of the number of levels in the bridges, the transition times, the
dead times, and the winding configurations on the ZVS conditions are
quantified. Additionally, easy-to-implement simplified ZVS boundaries
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are provided, and the effects of different parameters on the simplifica-
tion results are quantified. The derived models are validated with the
experimental results [see chapter [7| or paper I (11.1])].

Closed-form expressions are derived for estimating the core losses of a
3¢ MFT excited with multilevel converters. The impact of different
winding configurations and the converter parameters on the estimated
losses are quantified. Also, analytical expressions are derived to estimate
the flux waveform inside the transformer core. Experimental results
show a perfect match with the derived expressions [see chapter 8| or

paper VI (L1.6)].

The harmonic content of the phase voltages and currents of a 3¢ mul-
tilevel DAB converter is analyzed for different power levels and two
winding configurations. A control method is proposed to improve the
harmonic performance of the AY-connected DAB converter at partial

loads [see chapter [0] or paper V (TL.H)].

Two control strategies have been proposed to minimize the RMS current
and improve the partial load performance of the 3¢-AY converter. The
performance improvement is achieved by introducing a zero-level volt-
age on the Y-side of the converter and (or) reducing the A-side dc-link
voltage. The proposed strategies are validated with measurements [see

chapter [9] or paper II (T1.2)].



CHAPTER 2

Converters Topologies and Modulation

2.1 Introduction

3¢ DAB converters with multilevel bridges are suitable candidates for high-
power, medium- and high-voltage applications. Different aspects should be
considered in the design and topology selection process to ensure high power
density and efficiency for these converters. Multiple multilevel converters are
studied throughout this thesis. Moreover, because of having a 3¢ ac-link,
different winding configurations are considered for the MFT. This chapter
provides theoretical bases for different converter topologies.

DC-DC

AC DC |

Vieo 7;4@7%4 Vi
MFT

Figure 2.1: Schematic of a 3¢-DAB dc-dc converter.

Figure shows the schematic of a 3¢-DAB converter. Two active bridges

11
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invert the dc-links voltages into alternating voltages, and the intermediate
MFT provides galvanic isolation and voltage matching between the primary
side, and the secondary side |7]. The power flow is controlled by adjusting the
phase shift, ¢, between the ac-link voltage waveforms.

2.2 Conventions

The following conventions will be used hereafter:

(i)  The nodes of the primary converter are identified by capital letters A,
B, C, N, and G. Likewise, the secondary bridge nodes are denoted by
lowercase letters a, b, ¢, n, and g. In general, capital letters are used
for derivations that are independent of the converter sides.

(ii) The subscripts p and s are used to distinguish between the parameters
of the primary bridge and the secondary bridge, respectively.

(iii) The subscripts ¢ and L are used to distinguish between the phase and
line parameters, respectively.

(iv) The superscript p is used for the primary-side-referred secondary bridge
parameters. Similarly, the superscript s is used for the secondary-side-
referred primary bridge parameters.

(v)  The superscripts A and Y and their permutations are used for different
winding connections and transformer configurations.

(vi) The superscript nom is used for nominal values of the parameters.

(vii) Single- and three-phase systems are denoted by 1¢ and 3¢, respectively.

(viii) The 1¢ converters are tagged with 1¢-(primary bridge topology)-(secondary
bridge topology)-DAB (e.g., 1¢-MMC-2LC-DAB).

(ix) The 3¢ converters are tagged with 3¢-(primary winding connections,
secondary winding connections)-(primary bridge topology)-(secondary
bridge topology)-DAB (e.g., 3¢-YA-MMC-2LC-DAB).

(x) To refer to general cases, the respective parts are removed from the
names of converters. (e.g., 3¢0-MMC-2LC-DAB refers to a 3¢ MMC-
2LL.C-DAB converter with any winding configuration. Or 3¢-YA-DAB
refers to a 3¢ DAB with arbitrary converters and YA windings.)

Throughout this thesis, it is assumed that the ac-link is a balanced 3¢ system
to simplify the analysis—unless otherwise specified. Thus, it is sufficient to
analyze phase A.

12
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2.3 Windings configuration

The terminals of MFT’s windings can be connected differently [34]. In this
thesis, only YY, YA, AY, and AA configurations are considered. Figure 2]
shows these configurations and related conventions used hereafter. In this

Figure 2.2: Different winding configurations of the MFT. (a) The YY configura-
tion. (b) The AA configuration. (c) The YA configuration. (d) The
AY configuration.

thesis, only phase displacement groups one (YY0, AAQ), three (YAL, AY1)
and four (YA1l, AY11) are studied [34]. To avoid complicated notations
and the involvement of clock-face numbers in the equations, the phase dis-
placement introduced by the windings is compensated by the ¢. The power
is assumed to flow from the primary to the secondary side. Therefore, ¢ is
limited between 0° and 90°; where ¢ = 0° results in zero active power for all
winding configurations. In this way, the studies become independent of the
phase displacement groups. Therefore, notations YY, YA, AY, and AA will
be used without clock-face numbers.

2.4 Inverter topologies and modulation

Similar to different winding configurations, different converter topologies can
be used to form the DAB converter of Figure 2.1] Figure 2.3] and Figure 2.4]

13
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show some of these converter topologies that are studied in this thesis.

Figure 2.3: Two- and three-level converters. (a) 2LC. (b) NPC converter. (c)
T-type converter.

The P2G voltages of a (2M + 1)-level converter are depicted in Figure
These waveforms are used as the basis to generalize the analysis for different
converters and modulation techniques. By adjusting the parameters of these
waveforms, the P2G voltages of each converter of Figure [2.3| and Figure [2.4
can be obtained.

14
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Figure 2.4: Multilevel converters (a) MMC. (b) TAC. (¢) MTAC. (d) CTB con-
verter.

Two-level converter (2LC)

Figure shows the topology of a 2LC. Each arm can be formed by a series
of switches to block the dc-link voltage. The resultant DAB converter using
2LCs as building blocks is the conventional DAB, introduced in . Single-
phase-shift (SPS) control is used here to modulate the converter. The upper
and the lower arms of each leg are operated with a duty cycle of 50 %, and
the gate signals of the legs are phase-shifted with 120°. The power can be
transferred from the primary side to the secondary side by delaying the gate
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Figure 2.5: The P2G voltages of a 3¢ (2M + 1)-level converter; where w = 27 fow
and fsw is the switching frequency of the converter, M is the number of
steps starting from zero in the positive direction in the waveform, 6y, is
the kth-step phase shift (where k € {0,..., M —1}), U is the amplitude
of each step and 7 is the transition time.

signals of the secondary bridge by ¢ radians with respect to the primary
bridge. Detailed analysis and description of SPS modulation can be found
in [7], [35]. Figure will represent waveforms of a SPS-modulated 2LC if
M=1,60y=0,and U = 0.5V, (where Vg, is the dc-link voltage).

Neutral-point-clamped (NPC) and T-type converters

In these converters, the switches of the upper and lower arms operate with a
duty cycle of less than 50 %. The clamping switches are used to introduce a
zero voltage level on the terminals of the converter. In this thesis, only the
three-level NPC is studied. More information on operating principles of three
and multilevel 1¢-NPC-DAB can be found in [36], [37]. A good source for 3¢-
YY-NPC-DAB and 3¢-YY-T-type-DAB converters is [26]. With M = 1 and
6o € (0,%), Figure will illustrate the waveforms of an NPC or a T-type
converter. Similar to the 2LC, U = 0.5Vj..

Quasi-two-level (Q2L) modulation

In the conventional DAB, the transition between the positive and negative dc-
rails takes place instantly. Instant switching of high voltages is not desirable
for the insulation system of the MFT. The Q2L operation of multilevel DAB

16
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converters was introduced in [22], [24]. In this modulation method, chain-
links of submodules are used to perform a smooth transition between the
positive and negative dc-rails. In this way, the electrical stress over the MFT’s
insulation can be controlled. Compared to the sinusoidal modulation, the Q2L
modulation of multilevel converters also reduces the size of the submodules
capacitors and required semiconductor chip area [22|, [24]. Therefore, the
power density of the converter can be improved.

In this thesis, the Q2L is used to refer to a staircase P2G voltage waveform
where the times spent on each intermediate voltage level (dwell times) are
kept constant. As a result, one can define 1 as

_wr
2M — 1
O =(k+05) ¢ Vke{0,..,M—1} (2.1b)

200 = = (2.1a)

where w = 27 fs and fsy is the switching frequency of the converter, M is the
number of steps starting from zero in the positive direction in the waveform,
0y is the kth-step phase shift (where k € {0,..., M — 1}), U is the amplitude
of each step and 7 is the transition time. As shown in Figure [2.5] it takes T
seconds to transit from one de-rail to the other. Every v /w seconds, a new
submodule is inserted or bypassed to form the stair-shaped waveforms. The
slope of the waveforms can be altered by controlling . The minimum value
of 1 is limited by the switching capability of the switches, and dv/dt stress
on the insulation of the MFT [24]. Its maximum determines the capacitor
requirement of the submodules [24], (28], [29].

Modular multilevel converter (MMC)

Figure[2.4a]depicts the configuration of an MMC with half-bridge submodules.
Complementary switching is used here to modulate the converter. Both arms
are used to perform the transition. During the transition time, the upper and
the lower arms share the current between themselves. When the transition is
over, the arm with the cells switching to OFF-mode clamps the ac terminal to
the respective dc-rail. The other arm’s capacitors are kept inserted, and their
charges get balanced at the instant of clamping to the de-rail [22], [24]. So,
each arm is balanced once per fundamental cycle. For an MMC, M = 0.5 Ngy,,
where Ngp, is the number of half-bridge submodules per arm of the converter.
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According to this definition, the number of submodules should be an even
number. Additionally, U is the nominal voltage of the submodules and can
be related to the dc-link voltage as U Ngy, = V.

Transition arm converter (TAC)

The TAC—shown in Figure @—W&S proposed in |38] to reduce the number
of submodules required for an MMC and potentially decrease the physical
footprint of the converter. This is achieved by replacing one of the chain-
links of each leg with a series connection of switches. Its operation is similar
to an MMC; however, only the arms with submodules conduct the current
during the transition periods. Similar to an MMC, the capacitors’ voltages of
each chain-link are balanced once per fundamental cycle. For TAC converters
M = 0.5Ngp, where Ny, is the number of half-bridge submodules per arm of
the converter. According to this definition, the number of submodules should
be an even number. Additionally, U is the nominal voltage of the submodules
and is related to the dc-link voltage as U Ny = Vye.

Modular transition arm converter (MTAC)

The MTAC was proposed in [23] to eliminate complications with the series
connection of switches and to introduce modularity in the design of the TAC.
Figure [2.4c shows the schematic of the converter and its submodules. One
switch and one half-bridge submodule are series-connected to form a new
submodule topology. The new submodules are evenly distributed between
the upper and the lower arms. For the positive half-cycle of the voltage, the
upper arm conducts the phase current, and for the rest of the period, the
lower arm takes over the current. When the voltage approaches zero, there is
an overlap period where the commutation between the arms takes place, and
the capacitors of both arms get balanced. Therefore, the capacitors of each
arm are balanced twice per fundamental cycle. For the MTAC, M = Ny,
where Ny, is the number of MTAC submodules per arm of the converter. In
addition, U is the nominal voltage of each submodule, and it is related to the
dc-link voltage as U Ny, = 0.5V
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Controlled transition bridge (CTB) converters

The CTB—proposed in [39], [40]—is another high-voltage topology that can
be used to form trapezoidal waveforms on the ac-link. It is a combination of a
two-level inverter and full-bridge chain-links, as depicted in Figure [2.4d. The
chain-links form the voltage waveforms during the transition periods and only
conduct the currents in these intervals. The two-level inverter arms clamp
the ac-link to the dc-poles for the rest of the period. The capacitor voltages
of each chain-link are balanced twice per fundamental cycle when they clamp
to one of the dc-rails. For the CTB converter M = Ng,,, where Ny, is the
number of full-bridge submodules per leg of the converter. In addition, U is
the nominal voltage of each submodule, and it is related to the dec-link voltage
as UNgm = 0.5Vge.
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CHAPTER 3

Study Case Setup

3.1 Introduction

The main aim of this thesis is to examine the design and evaluate the per-
formance of multilevel DAB converters for wind turbine applications from
different aspects. A combination of theoretical analysis, computer simula-
tions, and experimental validations are used throughout the thesis to reach
this goal. An overview of the theoretical models is provided here. Also, sim-
ulation models and experimental setups used for verification are discussed in
this chapter. Detailed theoretical modeling of different parts and analysis of
the results is done in the respective sections.

3.2 Theoretical modeling

As mentioned in Chapter [I} this thesis has mainly focused on bulk power
transfer using multilevel converters with Q2L modulation. Because of the
complexity of the ac-link voltage and current waveforms, Fourier series de-
composition is used as the main modeling tool. Models of these waveforms
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are developed for arbitrary modulation and different winding configurations in
Chapter[4] Consequently, studies depending on the ac-link waveforms are also
done using the Fourier series. The parametric modeling used in the theory
development phase makes the results independent of the system ratings.

Nominal point selection

The first step in the design is to select the nominal operating point of the
converter. This point depends mainly on the phase shift between the bridges
and the leakage inductance of the transformer. The former is the main degree
of freedom to control power flow, and the latter shapes the ac-link current
waveforms. Therefore, the selection of these two parameters goes hand in
hand. In Chapter [5| the selection and optimization of these two parameters
are discussed. The leakage inductance is selected to minimize the RMS current
for a given variation in the dc-link voltage. Subsequently, the phase shift is
selected to transfer the nominal power of the converter.

MFT electrical modeling

For simplicity, the transformer is modeled using the series leakage inductance
for all the studies focusing on the converter. The leakage inductance is selected
using the method described in Chapter [5 for all the subsequent studies. The
transformer’s turn ratio is selected to equal the ratio of the amplitudes of the
first harmonics of the primary and the secondary winding voltages. This is to
minimize the reactive power flow of the fundamental component.

Submodule and dc-link capacitor modeling

Different converter topologies for the primary and the secondary bridges are
compared together from a capacitor requirements point of view in Chapter [6]
The lower the capacitor requirement, the higher the power density. The aim
is to select converter topologies with the lowest capacitor requirements for
further studies. The submodule and dc-link capacitors are modeled with an
ideal capacitor for these studies. They are designed to limit voltage variations
in a predefined range. Firstly, the waveforms of the currents are used to
calculate the charge variations. Then, the capacitance is selected to limit the
voltage variations. The effect of winding configurations is considered using
the respective configurations’ current waveforms.
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Semiconductor and lifetime modeling

To complement the capacitor studies, the converters are also compared from
the total installed switch power point of view. The installed switch power is
calculated using the RMS current of the switch and its voltage rating. In this
stage, the semiconductors are modeled with ideal switches. In a later stage,
the lifetime of semiconductors is studied and compared.

The semiconductors are modeled in two decoupled electrical and thermal
domains for the lifetime study. In the electrical domain, they are modeled
with ideal switches, and in the thermal domain, with a power source and a
fourth-order Foster thermal network connected to a heatsink. The parame-
ters of these models are extracted from the datasheets of semiconductors. The
currents and voltages of the switches are obtained from the electrical domain,
and the total losses are calculated and fed to the thermal network. Only con-
duction and switching losses are considered in the loss modeling. The junction
temperature profile is outputted from the thermal model and is fed into the
SKiM63 lifetime model [41] to estimate the lifetime of the semiconductors.

Soft-switching modeling

It is essential to identify and analyze the soft-switching of the converter at
different load levels. The soft-switching boundaries are studied for combina-
tions of different converter topologies, winding configurations, and converter
parameters to identify the effects of different choices.

Derivation of soft-switching boundaries for a 3¢-ML-NL-DAB is done in
Chapter[7] A current-based method is used to derive the turn-oN ZVS bound-
aries. According to this method, the switch will turn ON with zero voltage
if the antiparallel diode conducts the current during the switching event [7].
The phase currents of the converters in Fourier series form are used to deter-
mine the boundaries. The results are transformed into a closed-form equation
using a special series as discussed in Chapter 7} For these calculations, the
output capacitance of the switches and the switching transients are neglected,
while the effects of dead time are considered. Therefore, the obtained models
describe the minimum requirement for the converter to achieve turn-oN ZVS.
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Harmonic analysis

It is desirable to have low harmonic content in the waveforms of voltages
and currents from a loss point of view. Using the models developed for the
waveforms in Chapter 4] the harmonic content of the voltage and current
waveforms are analyzed at different load levels for different winding configu-
rations in Chapter[9] A control strategy is proposed to eliminate the low-order
current harmonics for the AY winding configuration.

MFT modeling for loss split analysis

Transformer’s core loss is one of the major loss components in the partial
loads. Therefore, it should be modeled and analyzed during the design process.
Equations are derived in Chapter [§| using the improved generalized Steinmetz
equation (IGSE) method to estimate the core losses inside the transformer
core excited with multilevel converter waveforms. The derivations assume
that the flux is homogeneously distributed in the core cross-section. Also,
it is assumed that the flux waveform inside the core depends on either the
primary or secondary winding voltage waveforms.

3.3 Base verification

The largest offshore wind turbine currently available has a capacity of 15 MW.
This thesis is aiming for a full-scale converter with a capacity of 20 MW, a
LVDC rated voltage of 5kV, and an MVDC rated voltage of 50kV. Math-
ematical modeling of such a converter is not an issue. However, extensive
simulation and comparison of different converter topologies pose some diffi-
culties. As an example, an MMC converter with half-bridge submodules rated
for 50kV dc-link and 1.7kV switches requires; 94 switches and 47 capacitors
per arm; and in a total of 564 switches and 282 capacitors. Simulating such a
converter is time and resource inefficient.

For the studies performed in this thesis, the simulated converter can be
downscaled without the loss of generality of the conclusions. Different down-
scaled ratings are used for different studies depending on the nature of the
model. Four main parameters of the converter are the nominal power, Py,
the switching frequency, fsw, and the primary and the secondary nominal

de-link voltages, Vi°t and V", Table F):fl summarizes these parameters for

24



3.4 Simulation models

different studies. Detailed ratings of each model are provided in the respective
chapter. The developed theories are validated with a down-scaled prototype.

Table 3.1: Main specifications of the simulated dc-dc converters

Study topic Chapter Vi Ve Pyg™ fsw

5KV 5KV 2MW  5kHz
5KV 5KV 2MW  [1,20]kHz
5KV 5KV 2MW  5kHz
5KV 5KV - 5kHz
5KV 5KV 2MW  5kHz
5KV 50KV 10MW  5kHz
1V 5KV 2MW  5kHz

Leakage inductance
Capacitor requirement
Semiconductor Lifetime
Soft-switching
MFT core loss
Harmonic content

AY-DAB performance

=N =N 7l B H =N <N K<

3.4 Simulation models

MATLAB and PLECS are the main simulation tools used throughout this
thesis. Three types of models are developed for converters. These include

e scripts that emulate the converters’ response.
e scripts based on developed theory to model the converter.
o PLECS models of the converters.

Simulations of capacitor requirement and semiconductor lifetime studies are
time-demanding. Therefore, scripts that emulate the converters’ behavior are
developed for these studies. Steady-state waveforms of the ac-links are used
as the starting point, and currents and voltages at different branches are back
calculated. Then the charge variations of the capacitors are calculated using
the current waveforms, and capacitors are designed to limit these variations
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in a predefined range. A balancing algorithm is also implemented to handle
the submodule capacitor voltage balancing.

For the lifetime study, the semiconductors are modeled using lookup tables—
a similar implementation to PLECS models. The semiconductor losses are cal-
culated using these lookup tables and are fed into a thermal network model of
the switches. These models are implemented using discrete difference equa-
tions. The junction temperatures of the switches are obtained from these
models and fed back to the loss calculation block to model the transient ther-
mal behavior of the semiconductors.

Certain studies like harmonic content analysis or leakage inductance calcu-
lations directly depend on the waveforms of the currents and voltages. For
these studies, the equations developed in Chapter [ are coded as MATLAB
scripts and used to analyze the converter performance.

PLECS models of the converters are used to validate all of the developed
models and theories. Even the script-based models are first validated with
PLECS models and then used for analysis and design. For pure simulations
(not code generation), the converter and controller are both implemented
using the Simulink PLECS blockset. The transformer is modeled in both
the electrical and magnetic domains of PLECS. A respective model is used
based on the study type. Similarly, the semiconductors are modeled in both
the electrical and thermal domains of PLECS. A digital controller is used
to control the active power flow, generate the references, and perform the
capacitor balancing (in the case of multilevel converters).

3.5 Experimental system

An experimental setup is prepared to validate the developed theories. Fig-
ure shows an overview of the whole system. The prototype is downscaled
3¢ DAB with a 2LC converter on one side and a CTB converter with two sub-
modules per leg on the other. The dc-links are fed from two bidirectional dc
power supplies, and the converters are interconnected with a re-configurable
MEFT. The circuit diagram of the prototype is shown in Figure [3.2
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The data
acquisition system|

The controllers

The Reference
module's supply]

The bidirectional
dc power supplies

Figure 3.1: The down-scaled prototype used for the theory validation.

Components and ratings

The converter is set up using components with different ratings. The 3¢
MEFT is assembled from three custom-made 1¢ transformers. The power elec-
tronics stage comprises three sets of half-bridge and full-bridge submodules,
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Figure 3.2: The circuit diagram of the down-scaled prototype.

PEB8038, PEH2015, and PEB8024, from Imperix power electronics. These
modules are interconnected to build the topology shown in Figure[3.2] The dc-
links of the converter are fed from two bidirectional SM1500-CP-30 dc power
supplies through precharge circuits. The converter and power supplies are
controlled using four B-Box controllers from Imperix power electronics. More
information about these components is summarized in the following sections.

Bidirectional dc power supplies

Two bidirectional SM1500-CP-30 dc power supplies from Delta Elektronika
form the primary and secondary de-links [42] [see Figure [3.1]. These power
supplies can provide up to 15 kW of power at 1.5kV with 30 A. Whenever
either of the limits is reached, these operate with constant power, voltage, or
current depending on the limiting variable. The outputs of the power supplies
are connected to the converters using precharge circuits and are controlled
remotely with a PC using the TCP/IP protocol.

Precharge circuits

Precharge circuits are used to avoid large inrush currents during the initial
charging and final discharging of dc-links’ and submodules’ capacitors. The
input from the dc power supply is fed to Imperix current and voltage sensors
first. These signals are used for control purposes. A power resistor connects
the output of the current sensor to the converter during the charging and
discharging stages. After these stages are finished, the resistor is bypassed
using a contactor and a relay.
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3.5 FExperimental system

Two-level converters

Generally, a 3¢ 2LC converter is formed using three half-bridge legs. Both the
2LC converter and the two-level stage of the CTB converter are made using
three PEB8038 half-bridge submodules from Imperix power electronics [43].
The dc-links of three PEB8038 submodules are parallel connected together
and are fed from the precharge circuit. The ac-links are directly connected
to the terminals of the MFT. Onboard voltage and current sensors feedback
the dc-link voltage and the ac-link current to the controller for control and
monitoring purposes.

These submodules are rated for a dc-link voltage of 800 V, maximum contin-
uous leg current of 38 A at 20 kHz switching frequency, and maximum pulsed
leg current of 80 A. The gate signals are delivered by fiber optics from a
controller, and a minimum dead time of 500 ns are considered.

CTB converter

As mentioned, the two-level stages of the CTB converter are built from PEB8038
half-bridge submodules. The chain-links are made using PEH2015 full-bridge
submodules from Imperix power electronics [44]. Only two submodules are
used per leg of the converter due to the limitation of available pulse width
modulation (PWM) signals. The dc-link voltages are measured using onboard
voltage sensors and are fed back to the controller for capacitor balancing.

These submodules are rated for a dc-link voltage of 200 V, maximum contin-
uous leg current of 15 A at 10 kHz switching frequency, and maximum pulsed
leg current of 56 A. The gate signals are delivered by fiber optics from a
controller, and a minimum dead time of 400 ns are considered.

Reference module

A reference submodule is used to keep track of different measurements, record
exact switching instances, and trigger the data acquisition system consistently.
A PEB8024 silicon carbide (SiC) half-bridge submodule from Imperix power
electronics is used as the reference module [45]. The dc-link of this submodule
is fed with 25V isolated dc power supply, and the ac-link is left open. A min-
imum dead time of 150 ns is considered for the module. Since the submodule
is not feeding any load, the rising edge of the ac terminal to the midpoint of
the dc-link can be used to identify the exact turn-ON instant of the modules’
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switches.

Medium frequency transformer

Figure [3.3| shows the MFT used in the prototype. As can be seen, three 1¢
transformers with ring cores are used inside the box to form the 3¢ MFT. The
transformers are designed for 25 kHz fundamental frequency. The cores are
made of Vitroperm500F—a nanocrystalline material from Vacuumschmelze
[46]. The LV and high voltage (HV) windings have 15 and 30 turns, respec-
tively. Moreover, the HV-side is rated for 700 V dc-link voltage and 50 A RMS

current.

Figure 3.3: Impedance measurement setup of MFT.

As shown in Figure a GW Instek 8110G LCR meter is used to charac-
terize the transformers. The terminals of LV windings are short-circuited one
at a time, and the impedance is measured from the HV side. Assuming that
the magnetizing impedance is infinite, the resulting impedance is the sum of
total leakage inductance and series ac resistance. Figure shows the re-
sults of these measurements. As can be seen, the leakage inductance of phase
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A is lower than the other two phases. This is compensated later with exter-
nal inductors. The impedance of the magnetizing branch is also measured for
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Figure 3.4: Impedance measurements of the MFT shown in Figure E (a) Mea-
sured on the HV-side with the LV-side short-circuited. (b) Measured
on the LV-side with open circuit HV-side.

modeling purposes. This test is done by measuring on the LV side and leaving
the HV side terminals open. Figure shows the results of these tests.

External inductors

The MFTs are designed for 25 kHz fundamental frequency. With this switch-
ing frequency, the dead time of submodules becomes comparable with the
fundamental period. For the CTB stage, the sum of all dead times for the
three phases amounts to 24 % of the fundamental period. To avoid distor-
tion of the waveforms, the switching frequency is reduced by five times. This
means the reactance will be five times lower, and the current will be approx-
imately five times higher (in the worst case) for a given phase shift between
the converters. A set of external inductors are used in series with the MFT's
to extend the phase shift range of the converter and limit the current peak.
Depending on the study, a different set of inductors are used. The inductors
are designed using Ferrite cores with air gaps to avoid saturation and have
low core losses.
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Converter control and modulation

Four B-Box controllers from Imperix power electronics |[47] are used to control
the converter. The controllers are daisy-chained, with one master and three
slaves. The master controller itself is supervised at a higher level using a
PC. The PC sends the reference values to the master controller and gets
feedback on the system status for monitoring. Voltage and current feedback
from different circuit parts are collected using RJ45 cables to these controllers.
The control algorithm runs on the master unit, and the PWM duty cycles and
phase shifts are propagated to the slaves. These electrical signals are converted
into optical and transmitted to the submodules to control the gate drivers.
The basic control algorithm consists of an active power controller, a capaci-
tor balancing algorithm for the CTB converter, and a state machine to observe
and control the converter. Different extra control blocks are added depending
on the nature of the study. The capacitor balancing algorithm is always active,
ensuring that the submodules of the CTB converter are balanced. The state
machine controls the start-up, shut-down and operating stages. Moreover,
several layers of protection are implemented to ensure proper operation.

Start-up stage

The activation command is sent from the PC to the master controller. The
state machine steps to the pre-charging stage and transmits the reference dc-
links voltages to the PC. The PC controls the dc power supplies and slowly
increases the dc-link voltages. When the steady state is reached, the precharge
resistors are bypassed, and the converter is ready to operate.

Shut-down stage

The deactivation command is sent from the PC to the master controller. The
state machine steps to the shut-down stage. The power reference slowly re-
duces to zero. Afterward, the precharge resistors are inserted into the circuit,
and the dc power supplies slowly reduce their output. The converter shuts
down after all the capacitors are discharged.
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Measuring system

Two sets of measuring systems are used. One for controlling the converter
and the other for data acquisition. For the former, the onboard voltage and
current sensors of Imperix submodules are used along with a set of external
current and voltage sensors from the same company. For the data acquisition,
a set of differential voltage and clamp-on current probes are used.

Current sensors

The currents are measured with AP015 current probes from Teledyne Lecroy
[48]. These probes can measure both dc signals up to £30 A, and ac signals
up to 50 A. The probes have a high bandwidth 50 MHz and a sensitivity
between 10 mA /div and 20 A/div.

Voltage sensors

Different differential probes are used to measure voltages. These include
o APO031 700V, 25 MHz high-voltage differential probe [49].
o TA043 700V, 100 MHz differential oscilloscope probe [50].

o TT-SI 9101 700V, 100 MHz active differential probe [51].

Data acquisition unit

An MDARS&05 500 MHz 12-bit 8-channel motor drive analyzer from Teledyne
Lecroy is used as the data acquisition unit. For all the measurements, the
system is triggered on the rising edge of the reference modules’ ac-link voltage.
This ensures that the reference point is independent of the converter load
level. Moreover, the switching instants can be easily identified. The signals
are sampled with 2.5 GS/s without pre-filtering. In the post-processing phase,
a moving average window filter is used to filter high-frequency noise from the
measured signals.

The data is collected from the MDA805, Imperix control system, and the in-
ternal measurement units of the dc power supplies for post-processing. These
measurements are automated. The PC sends the reference values to the con-
verter and the dc power supplies. After a steady state is reached, the data
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acquisition unit activates. Each channel is scaled to fit the full screen to re-
duce noise and increase accuracy. Afterward, a single trigger is used to acquire
data from all the channels.

34



CHAPTER 4

Converters Modeling

This chapter provides theoretical bases and mathematical models for the anal-
ysis of the converters discussed in Chapter [2| The models developed here will
be used in all subsequent chapters. Refer to Chapter [2] for the conventions.

4.1 Voltage waveforms

Voltages of M-level-to-N-level DAB converters (ML-NL-DAB) with different
winding configurations are modeled in this section.

Phase-to-ground voltage waveforms

To simplify the later studies, the waveforms will be represented with Fourier
series. The Fourier series of a square wave with amplitude U, a phase offset
of o, and 46y, zero level, vig (wt), can be derived as

vk (wt) = > (grsin(ﬂ(wt+a))cos(1{9k)> (4.1)
H=1
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where H € {2h — 1|h € N} is the harmonic order. A staircase waveform with
M levels can be represented by a linear summation of M square waves, where
each square wave has 46 (where k € {0,..., M — 1}) duration of zero level
voltage. Therefore, the P2G voltages of Figure. [2.5] v,q, can be expressed in
the form of the Fourier series as

oo M—1
Vi (wt) Z Z ( sin(H (wt + «)) cos(H@k)> (4.2)
H=1 k=0
where H € {2h — 1|h € N} is the harmonic order, « € {0, —27/3,27/3} is the
phase offset of each phase, and (z,a) € {(A,0), (B, —2x/3),(C,27/3)}.

In some multilevel converters (i.e., MMC and TAC with five submodules per
arm), the amplitude of the first step (for g = 0) is half of the others. To take
this into account for these converters M should be redefined as M = [0.5Ngy, |.
Also, should be modified to 6 = ki, where k € {0, ..., M —1}. Finally,
should be modified to

oo M-1
Vi (wt) = Z Z (4:[]1;[7(:550’“) sin(H(wt—l—a))cos(Hﬁk)) (4.3)
H=1 k=0

where dp, is Kronecker delta defined in (A.1). This case will be disregarded
from the derived equations hereafter. Whenever it is necessary, U can be
replaced with U(1 — 0.5dp, ) in the equations to consider this case.

Phase-to-neutral voltage waveforms

If the converter is connected to a star-connected balanced impedance and
the midpoint of the star connection (neutral) is not grounded, then the N2G
voltage, vna, can be calculated as

vag(wt) + vpa(wt) + vea(wt)
3 .

oNG (wt) = (4.4)

Subsequently, the P2N voltage of phase x, v,n, where z € {A,B,C}, can be
calculated from v,N(wt) = vy (wt) — vng(wt) as

oo -1
vpn(wt) = Z 2 ( sin( wt—l—a))cos(HHk)) (4.5)

H=1 k
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4.1 Voltage waveforms

where H € {2h —1|h €N, 3f2h — 1} and (z,a) € {(A,0),(B,—2x/3),(C,
27/3)}. Equation (4.5) can be written in a closed-form using as

i

-1

(ha(wt + a4+ 0k) + ho(wt + o — 6;)) (4.6)
0

2U

VN (wt) 7

ol
Il

For certain studies, it is necessary to expand (4.6). Due to the quarter-wave
symmetry of (4.6) for « = 0, it is enough to expand it only for a quarter of
the fundamental cycle, which results in

0 0<wt+a<by

ok Op—1 Swt+a <0,
VEe{l,...M -1}

2M Onr— 1<wt+0¢<7—9M71
T —Op—r <wt < Z - Op_i_

ven(wt) = Ldonr 4 {3 T PMop s Wit e sy = Ok (4.7)
3 Vke {l,...,.M—1}

3M %—90§wt+a§§+90

o p JETO Setta<ieo,
Vke{l,...M —1}

AM gHo0y 1 <wt+a<3

where (z,a) € {(4,0), (B, —27/3),(C,27/3)}.

Phase-to-phase voltage waveforms

The P2P voltages can be calculated using P2G voltages as

co M-—1

vay(wt) = 3% < cos( (wt+a— g)> sin(H;r) cos(H&k)) (4.8)

H=1 k=0

where H € {2h —1lh € N, 3)2h — 1} and (zy, ) € {(AB,0), (BC,—27/3),
(CA,2r/3)}. The P2P voltages can also be expressed in piecewise linear form

using (4.8) and (A.8) as
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o N o
i 3
k=0 (4.9)
2
ha(wt + o = Or) — ha(wt + o — O — g))

where (zy,a) € {(AB,0),(BC,-2n/3),(CA,27/3)}. Due to the quarter-
wave symmetry of (4.9) along wt = —7/6 for @ = 0, it is enough to expand
the equation only for a quarter of the fundamental cycle, which results in

0 -5 Swtt+a< =0y
—Op—p Swt+a < —0p—p—1,
{Vk €{l,..M—1}
UM —by <wt+a <6 (4.10)
Mok {ekl <wt+a <0,
Vke{l,...M —1}

2M Oy <wtta<T

k

Ugy (wi)

where (2y, «) € {(4B,0), (BC,—27/3),(CA,27/3)}.

4.2 Current waveforms

For different winding configurations, the MFT is modeled with the series leak-
age inductance either on the primary side, LP, or on the secondary side, L?.

YY-connected DAB
The phase currents of the 3¢-YY-DAB can be calculated as

van (wt) — vP, (wt — )

Y oYY

ipa (Wt) =iga (wi) oLl (4.11a)
. . Ny .

ia (Wb) = igg (wt) = TP (wb) (4.11b)

S
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4.2 Current waveforms

where ¢ € [0,7/2] and N;, j € {p,s} is the number of winding turns. The
primary line currents can be calculated using (4.5)), and (4.11a)) as

oo Mg—

4UsN,, cos(HOy,)

ZLI Z Z (N L cos(H(wt—i—oz—gp)))
H=1 k=0

—Z Z <4UH§‘7’;IL{}?’9 cos(H(wt-i—a)))

H=1 k=0

(4.12)

where H € {2h — 1|h € N, 3f2h — 1}, (z,a) € {(A,0), (B, —27/3), (C,27/3)}.

Y A-connected DAB

The phase currents of the 3¢-YA-DAB can be calculated as

vaN (wt) — v} (wt — )

ith (wt) =iyg (wt) = oL? (4.13a)
N, .
z¢a (wt) = izgﬁ (wt) (4.13b)

ile (wt) = igg (wh) — ig2 (wi)
(4.13c)

= ]]\\ffz (zfﬁ‘ (wt) — ZLA (wt + 27r/3))

where ¢ € [0,7 / 2]. The open form of primary line currents can be calculated

using (| . , and ( m as

oo Mg—1

4UsN,, cos(H6y,) T

= > (wCOS(H(“”“‘@‘G)))
H=1 k=0

M.—
. 4UN,, cos(H6y,) 5
(NSHQﬂ'ng cos| H(wt +a—p— F)

i

Z =
(=

e ﬁw

i (4Up cos(HOy)

H2rwLP cos(H (wt + a))) (4.14)

T
Il

1 k=

[}
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where H € {2h — 1|h € N, 3f2h — 1},(z, @) € {(4,0), (B, —27/3),(C,27/3)}.
Similarly, the open form of secondary line currents can be calculated as

oo Mg—1
ivA = Z Z (12%522(529” cos(H(wt +a—¢p— g)))

H=1 k=0
0o My—
4U, Ny cos(HO),)
Py ( e e ottt +.)) )
H=1 k=0
< COS & -

where H € {2h — 1|h € N, 3 J2h — 1}, (z,a) € {(a,0), (b, —27/3), (¢, 27/3)}.

AY-connected DAB

The phase currents of the 3¢p-AY-DAB can be calculated as

5 5 (Wt) — Van (Wt — )
Y (wt) = qu (wt) = -AB Gols (4.16a)

N,

AY s AY

iga (W) = N, ~lpa (Wi) (4.16b)

iLx (wt) = igA (wt) —ige (wt)
N, (4.16¢)

= N, (i (wt) — Ly (wt + 27/3))

where ¢ € [0,7/2] is the phase shift between the secondary-side-referred pri-
mary side phase voltage (v% ) and the secondary side phase voltage of the
MFT. The open form of secondary line currents can be calculated using (4.5),

([4.8), and as

oo Mg—1
=3 (A (a1 )

4U, N, cos(HOy,)
_ 2o s COSVTOE) os(H
< N H?mwL$ cos(H (wt + a)))
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4.3 RMS value of the currents

o0 Mpf
4U, Ny cos(H6) 2m
———————>cos| H - — 4.1
+ EZI kg:o ( N, H2rw L cos( (wt+ 3 ))) (4.17)

where H € {2h —1|h € N, 3f2h — 1}, (z,a) € {(a,0), (b,—27/3), (c,27/3)}.
Similarly, the open form of primary line currents can be calculated

oo Mg—1
ity Z Z (4NN(§{(;(;S ?gk) cos(H(wt+a —p+ g)))

H=1 k=0
oo Mg—
. ANLUs cos(H6y,) 5m
ZpTs PO TR) H(wt — hadl
by ( NErry S\Premet )

=
|

et (12Up cos(HOy)

H2rw P cos(H (wt + a))) (4.18)

-3

H=1 k=

[}

where H € {2h — 1|h € N, 3J2h — 1}, (z,a) € {(A,0), (B, —21/3), (C,27/3)}.

4.3 RMS value of the currents

The RMS of current i (wt) can be calculated as

Irms = \/ % /0 " (i (wt))? dwt. (4.19)

Let’s define up, and ups as

M;—1

up; = Z (Uj cos(Hby)) , Vi € {p,s}. (4.20)
k=0

Applying (4.19) on (4.12)), (4.14), and (4.18)) results in

2
V3 oo (ump)” + N, N os(Hp)
Thots = 7w % | 2 H
H=1

2
(NpuHs> _ 2NpquuHs c

(4.21a)
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9 Nougs 24N, UHpUHs
| s (T ) e, )
S S
Top.ras =75 * \ ) I’
H=1
(4.21b)
NsuH ? 4f«Z\/vsuH UHs
o | (TR - o
_ P P
Tislats =7 X | 2 i
g H=1
(4.21¢)
where H € {2h — 1|h € N, 3 f2h — 1}, and vg (¢) is defined as
H H
vu (¢) £ sin<;) sin<27r> cos(Hyp). (4.22)

4.4 Instantaneous and average active power

The 3¢ instantaneous power can be calculated from instantaneous phase volt-
ages and phase currents as [52)

Py (wt) = > vge (W) ige (wi). (4.23)
z€{A,B,C}

Using Fryze’s approach, the active power for a 3¢ balanced system can be
calculated as

1 2m 2m
P3¢ = % A P3¢ (wt) dwt = % /0 Ve (wt) i¢I (wt) dwt. (424)

Therefore, the active power for DABs can be calculated from (4.24)) as

2m

P;;Y :% / vaAN (wt) Z},;X (wt) dwt (4.25a)
3 0271'

P;;A =5 /0 vaAN (wt) i;’ﬁ (wt) dwt (4.25b)
3 2

P@Y =5 ; Van (W) ZﬁaY (wt) dwt. (4.25¢)
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4.4 Instantaneous and average active power

Substituting the currents and voltages from (4.5), ) , and (4.17)

and calculating the integrals results in

o0

24N, upplpssin(Hep)
PYY — P P 4.2
¢ " NymwLb szjl H? (4.262)
H H
0o UHpUHs sin(ﬂ) sin<w> sin(H )
pya __ 48N 3 2 (4.26b)
39 T Nyr2wLb HZ:1 H3 '
H H
ASN. oo UHpUHS sin(i;r) sin(27r> sin(H )
Py =—— . (4.26¢c)
Npm2wLs, ] o3

A AA windings connection can be modeled electrically with a YY connection.
If L2 is the leakage inductance of a AA connected MFT, by applying A-Y
transformation the equivalent YY MFT is obtained if LYY = L24 /3. Replac-

ing this value in (4.12)), (4.21a), and (4.26a)) will give the line current, RMS

current and active power of the AA-DAB.
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CHAPTER D

Desired Leakage Inductance Identification

This chapter is based on the following articles

[ B.Khanzadeh, T. Thiringer, M.Kharezy, "Multilevel Dual Active Bridge
Leakage Inductance Selection for Various DC-Link Voltage Spans," Pub-
lished in Energies, vol. 16, no. 2, 2023, issn: 1996-1073.

[II] B. Khanzadeh, T. Thiringer, and M. Kharezy, "Optimum leakage in-
ductance determination for a Q2L-operating MMC-DAB with different
transformer winding configurations,” in Proceedings of 20th Interna-
tional Symposium on Power Electronics (Ee), 2019, pp. 1-6.

5.1 Introduction

Two important factors in the design of a DAB converter are power density and
efficiency. The power density can be improved drastically by reducing the size
of passive components like the transformer and capacitors (in the case of a
multilevel converter). The MFT is not an off-the-shelf product and should be
designed for the specific application to have high power density and efficiency.
The design optimization of the MFT can be combined with the converter
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design [53] or performed stand-alone with the specifications imposed from the
converter side [17], [54]-[61].

The MFT’s leakage inductance directly impacts the current waveforms, the
power factor, and the converter’s performance [7]. Therefore, it can be con-
sidered to be a design requirement for the MFT optimization [17], [19], [20],
[54]-[63]. The value of desired leakage inductance is used as an input for the
optimization of an MFT in [17], [54]-[59]. Its value is selected such that all of
the switches achieve turn-OoN ZVS at the nominal power of the converter for
a given deviation from the nominal dc-link voltages [17], [56]. This method
is suitable for applications where the switching losses make up a substantial
part of the converter’s losses.

If the leakage inductance is selected inappropriately, a small deviation in the
dec-link voltages will give huge reactive currents through the converter |[19)—
[21]. This is important in designing multilevel converters, as the submodule
capacitors must be oversized to handle excessive currents. It also is crucial in
applications where conduction losses are the main loss component and variable
dc-link voltages are required.

In [64], leakage inductance optimization of a 1¢ conventional DAB is stud-
ied for vehicular applications. The phase shift between the two bridges, the
leakage inductance, and the dc conversion ratio are swept to find an optimum
value of the leakage inductance that minimizes the RMS current. A similar
approach is taken in [65] to select the optimum leakage inductance of a 3¢
multilevel DAB for wind turbine applications. [64], [65] uses a brute-force op-
timization method, which is computationally demanding and time-consuming.

A leakage inductance optimization methodology is presented in [21] for a
3¢ conventional DAB and utility applications. It uses the analytical power
and current expressions of the 3¢ DAB with a numerical solver to find the
optimum value. Even though the method used in [21] gives the optimum
leakage inductance value faster than the brute-force method used in [64], [65],
it does not provide a holistic view of the dependency of the leakage inductance
on the design parameters. Moreover, if the topologies of the inverters are
altered, the method should be adapted to the new topology.

An interesting approach is taken in [19] for a 1¢ DAB. A closed-form expres-
sion is derived for the desired leakage inductance, which results in minimum
RMS current for a given variation in the dc-link voltage. This is the fastest
method possible which also gives a holistic view of the dependency of the
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5.2 Formulating leakage inductance optimization

leakage inductance on the converter parameters. Optimized designs with this
method can be found in [62], [63]. Nevertheless, [19] only considers a variation
in one of the dc-link voltages and can not be used for applications where both
dc-link voltages are variable.

Missing in the available literature is a closed-form equation that provides
satisfactory results for the desired leakage inductance of a 3¢ MFT which
results in minimum RMS current for arbitrary variations in both dc-link volt-
ages. Closed-form expressions are derived for the optimum leakage inductance
of two- or multilevel 3¢-DAB dc-dc converters. Moreover, the accuracy of the
solution is evaluated, and the impact of voltage spans on the RMS currents
and the leakage inductance is studied. Additionally, the effect of neglecting
the ac resistance of the MFT on the optimization results are quantified.

5.2 Formulating leakage inductance optimization

3 R Gaep = 0%
= 257 argmin (177, ) . Tacp = —5%
2, L, Odeyp = —10%
n 2+ T Odep = 715%
= <> p=71 - _
;Q‘l 156 __l____) - / ¥ 9 ] Ode,p 20%
NQ N, - _ Odep = *30%
1t —2 T Odep = —40%
e == T I L Udc,p — _50%
0 0.1 02 03 04 05 06 07 08 09 1 _
Odep = 760%
Ly [pu]

Figure 5.1: Dependency of the RMS value of the phase currents on the leakage
inductance for different percentages of deviation in the primary side
nominal dc-link voltage, o4c,p, With constant active power.

Figure depicts the dependency of the RMS currents of a 3¢-YY-DAB,
IZ’}({MS, on the leakage inductance for different percentages of deviation from
the primary nominal dc-link voltage, oq4c,p, While the active power is kept
constant at its nominal value. As can be seen, for the operation with fixed
de-link voltage (0dc,p = 0%), the smaller the value of L., the lower the value
of I(XEMS. Moreover, for any L, € (0,0.6)pu, the converter can transfer
the nominal power without a large increase in the RMS value of the current.

However, for the slightest deviation in the dc-link voltage, huge currents are
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Chapter 5 Desired Leakage Inductance Identification

required to transfer the nominal power if L, is below 0.1 pu. Similarly, if L,
is too large (e.g., larger than 0.6 pu for o4c, < —40 %), the converter must be
derated as the maximum phase shift will be the limiting factor.

For the case shown in Figure L, can be easily selected because devi-
ations exist only on one of the dc-links. As an example, if a deviation of a
maximum of 30 % is expected on the primary side dc-link voltage, the selec-
tion of L, = 0.5pu will ensure that the currents will be kept below 1pu (as
shown in Figure . Finding an optimum L, becomes more complicated for
the cases where deviations higher and lower than the nominal dc-link voltage
exists on both sides. Therefore, it is necessary to formulate an optimization
problem to find the optimum leakage inductance value.

A o percent deviation in the de-link voltage of a converter from its nominal
value will scale the P2G waveforms of Figure by o percent with respect to
their nominal value. Therefore, U will be scaled by ¢ percent. Let’s assume
the converter’s primary and secondary side voltages have variations in a range
of Upo™[(1-0g4.,)s (1 —I—U(TC,p)} and U™ [(1 -0y, ), (1 —l—a&"c,s)], respectively;
where U™ and U™ are the nominal values of U, and Us; aétw., j € {p,s}
are the percentages of deviation in the respective dc-link voltage. Figure [5.2

Us

e

(]- + Udc,s)Usm
rom
s

[]Sm
(1 - o'dc,s)Usm

0

Figure 5.2: The operation region of the converter.

illustrates the operation domain of the converter with the gray-shaded area.
This rectangular domain, O4, can be formulated as
Up—Upm Us—Usm

— <2 5.1
Jdc,pUpm Jdc,sUsm - ( )

Up — UPm + Us — Usm
Udc,pUpm Udc,sUsm
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5.2 Formulating leakage inductance optimization

where (Upm, Usm) is the center of the rectangular domain, and o4c,p and oqe,s
are the deviations from the center given as

nom

of 4o
__bp + - o dc,p
Upm T 9 (2 + Odep — Gdc,p) Ode,p =

—dCP (5.2a)
2+ Udc,p o Jdc,p

+ —
Unom — Odc,s + Odec,s
U, (2 +olf —0o ) Odes =——F7—— 5.2b
sm 2 dc,s dc,s C,8 2+ O_(-;-C,S . O'(IQS ( )

The aim is to find the leakage inductance value that minimizes the RMS
currents, Iy rms, in Oq while transferring the nominal power of the converter,
Pyg™. Therefore, an optimization can be formulated as

arg min <max (I, RMS))
L,eR+ \Up:Us

subject to: (Up, Us) € Oq,
P3¢ _ Pnom'

Active power and ac-link currents

The phase A current of a YY-DAB, iy X (wt), can be calculated as

—  du
irX (wt) = E 7 Ep P sin (Hwt — £ZY;)
T (5.4)
pUHs . P
— —_— H(wt —¢) —2LZ
TN |2y S Wt =) = 225)
H=1

where H € {2h—1|h €N, 3)2h —1}, Z}, is the series impedance of the
MEFT. Moreover,

125 =/ (RR)? + (HwLR)?

(5.5)
LZY =tan~! (HwLP/RP.)

where LY and RE. are the primary-side-referred leakage inductance and ac
resistance of the transformer, respectively. The RMS of the current in (5.4
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Chapter 5 Desired Leakage Inductance Identification

can be calculated as

cos(Hyp)

9 T <NpuHs>2 _ 2NpquuHs
s (5.6)

oo U
Vo = 4|8 Z v N
o = 2 2

and the active power of the converter, P;(;Y, can be calculated as

(o)
24uH N, UH
Py = Z Wwp}}\ (qu cos(LZY) — % cos(Hep + 4Z%)> . (5.7)
H=1

Neglecting the ac resistance

The leakage inductance and the ac resistance are measured on two shell-type
MFT prototypes, one with Nanocrystalline (MFT;) and the other with Ferrite
(MFTs3) cores. The MFTs are rated for 50 kW, 5kHz, and 1kV to 3kV. More
information on the design methodology of MFTs can be found in , . The
leakage inductance and the ac resistance are measured from the secondary
side while the primary side is short-circuited, as shown in Figure [5.3] The
measurements are performed in the frequency range of 1kHz to 40 kHz using
an Agilent E4980A RLC meter.

(b)

Figure 5.3: Test setup for measuring the leakage inductance and the ac resistance.
(a) Test setup. (b) MFTs.

The ratio of the leakage reactance to the ac resistance is calculated from
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5.2 Formulating leakage inductance optimization

the measured leakage inductance and ac resistance and is shown in Figure[5.4
For the fundamental component and operation with 5kHz, the ratio is 43 and
51 for MFT; and MFT,, respectively. The ratio is above 80 for transformers
and the 37, 5" and 7** harmonics.

140 T T T T T T T

120 - — —0— — o __

100 -
< 80 P -
w oF ‘
o0 L MFT,;

of . . . . . — e —MFT,

5 10 15 20 25 30 35 40
Frequency [kHz]

P
ed

wl
4
ac

Figure 5.4: The ratio of the leakage reactance to the ac resistance from impedance
measurements on the two MFTs.

Figure shows the dependency of sin(£Z%) and cos(£Z¥,) on the ratio
of wL® to RE,. With an increase in wLP/RP . the value of sin(£Z¥,) quickly
approaches unity. The rate of decrease of cos(£Z},;) is much lower compared
with sin(£Z};), and for wL2/RP. > 50 it can be approximated to be zero.
Therefore, the series impedance of the MFT can be approximated with the

leakage inductance.

e e i -
10 20 30 40 50 60 70 80 90 100

Figure 5.5: Dependencies of sin(£Z%;) and cos(£Z};) on the ratio of wL) to RE..

As shown, the MFT’s impedance can be approximated with the leakage
inductance assuming wLP/RP > 50. With this assumption (5.6) and (5.7)
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Chapter 5 Desired Leakage Inductance Identification

simplify to and . With the same reasoning, the active power
and RMS currents of the YA-DAB and AY-DAB can be modeled with (4.21b),
(]4.26b[), (]4.2ch and (]4.26(:D. By defining L2A4 £ 3LPYY and applying the
Y-A transformation to the equivalent circuit of the AA-connected MFT, one
can get the same equivalent circuit as the YY-connected MFT. Consequently,
and can also be used to model a AA-DAB. Therefore, AA-
DAB is not analyzed hereafter.

5.3 Numerical solution of the optimization

For each winding configuration, the leakage inductance can be written as a
function of active power using (4.26al), (4.26b), or (4.26¢). Then can be
solved numerically by sweeping Uy, Us, and ¢ inside their boundaries resulting
in a 3D space of operational points. As shown in Figure[5.6] operational points
with equal L, form iso-surfaces inside this 3D space.

90 L” > Loont

0
o~ EAALE

Figure 5.6: The 3D space of {Uy, Us, ¢} with iso-surfaces of L.

The optimum value of the leakage inductance will be the value that, for
the available range of ¢, ensures the coverage of the whole Uy, Us plane; and
simultaneously minimizes the RMS current. As an example, in Figure [5.6] a
value of leakage inductance higher than the optimum value does not cover the
whole Uy, Us range. In the same figure, the values both higher and lower than
the optimum value result in high currents compared to the operation with the
optimum leakage inductance, especially in the corners.
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5.4 Analytical solution of the optimization

5.4 Analytical solution of the optimization

The numerical method is computationally demanding and time-consuming.
Moreover, it does not provide a holistic view of the dependency of the leakage
inductance on the design parameters. It is desired to have a closed-form
equation for the optimum leakage inductance.

First harmonic approximation

Solving (5.3) analytically becomes impossible if all of the harmonics are con-
sidered. However, first harmonic approximation can be used since the RMS

currents (4.21) and active powers (4.26) are inversely proportional to H* and
H3, respectively. Applying the first harmonic approximation and substituting

o from the power equation into the RMS current equation results in

nom \ 2
w24 (News)? [ (2Npupuns ) ? _ (mReLE P
1p N, A 12
=v3

Yy
Iigp rMs = TP (5.8a)
V3N ur. \ 2 203N uipus, 2 [ mRwLhPpom 2
YA \/ufp + (Tl) B \/<Nl> - (TM)
I =V8
1¢p,RMS f FWL(I;-
(5.8b)
2 2 7.|.2w s nom \ 2
e () - (e ()
I, =V8
T¢s,RMS V8 Tl
(5.8¢)
Therefore, (5.3) can be simplified as
arg min | max ([; ,RMS))
LY R+ <Uvas ° (5.9)

subject to: (Up, Us) € Oq.

Solving the optimization problem

Solving the optimization problem will be discussed only for the YY case.
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Chapter 5 Desired Leakage Inductance Identification

Solving the inner optimization

pHYs

Problem ([5.9) contains the sub-problem max (I14p,rRMs), which should be
f all of the local extrema of I 4p rMs are identified, the global

solved first.
maximum should be among these local extrema. Since the set O4 is a convex
set and I14p rMs is a continuously differentiable function, the potential local
maxima of I1 4, rms are the stationary points of the function. It will be shown
here that all of the points in set Oq except p; where i € {1,2,3,4} are either
non-stationary or, if they are stationary points, they are not the global max-
imum [see Figure . A point in O4—excluding its vertices and edges—is
stationary if VIi¢p rms = 0, where

0l ¢p,RMS 311¢p,RMS>T (5.10)

I =
VIi4p,RMS ( ou, UL

Solving VI4p rms = 0 results in WQWLnglgm = 0, which is an invalid expres-
sion. Therefore, I14p rMs has no stationary point inside Oq4. For the edges, a
point is stationary if the gradient is perpendicular to the edge and pointing
outwards from 4. For the edges parallel with the Us-axis, this means

011 4p,RMS

< 0.
Uy

_ _ 2 m2wLy Pyt ’ Ol14p, RMS
=0=Uis =|Uj, + (24U1p > = U,
(5.11)

This means that there are no stationary points on the edge connecting
vertices ps and py, whereas for a given LP, there is a single stationary point
on the edge connecting vertices p; and py. For a given LP, comparing the
value of the current on py with the value of the current on this stationary
point reveals that the current value in point ps is higher irrespective of the LP
value. Therefore, there are no stationary points with the potential of being the
global maximum on the edges parallel to the Us-axis. With a similar approach,
it can be shown that there are no stationary points with the potential of being
the global maximum on the edges parallel to the Uy-axis. Finally, the only
points with the potential to be the global maximum are the points p; where

i€{1,2,3,4}.
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5.4 Analytical solution of the optimization

Solving the outer optimization

It is shown that the potential extrema of I14p rRms subject to constraint (5.1)
are points p; where i € {1,2,3,4} [see Figure 5.2]. Therefore, the value of LY
that minimizes the maximum value of I14, rms on points p; is the solution

to the problem (5.9). For clarification, Figure shows the phase currents
of the MFT on the points p; as a function of the leakage inductance. The

green curve is the maximum of the currents on the operation domain (shown
in Figure . The value of LP that minimizes this curve will ensure that the
phase currents in the whole operation domain will be kept to their minimum
possible values. To solve , the intersections of the currents at the points
p; and p; where {3,j} € {1,2,3,4} and i # j are identified. Subsequently, an
analytical expression is derived at each identified interval. The total number
of intersections is equal to the number of 2-combinations of {p1,p2,ps,ps}

which is six.

4—at py at po at p3 at py Lprus
3?1.4-
‘Tqé
@ a
i_: 1.2}
= 2 L
[y
0.8
0 1.5
Lk

r

o,opt

Figure 5.7: [14p rMs on the points p;, @ € {1,2,3,4} and their maximum value.

To get a comprehensible analytical expression for the leakage inductance,

it is assumed that %1pm ~ U1sm Where u1pm and uigy are defined as

Mp—1

ulpm é kg pm COS(Hek)) (512&)
N —

ull)sm s 2 smCOS Hak)) (512b)
&2 N I;
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Chapter 5 Desired Leakage Inductance Identification

Solving either Ild’P:RMS’pl = Il¢p,RMS’p4 or Ilqﬁp,RMS’pg = Il¢p,RMS’p4 results
in an invalid expression; meaning that there is no real-valued LP satisfying
these equations. Similarly, solving Il¢p,RMs|p2 = Il¢p,RMS|p4 will result in
LP = 0. This means that there is no L? € RT where the currents in the
points {p1,p2,p3} intersect with the current in the point ps. These can also
be seen in Figure[5.7]where there is no intersection of currents for these points.
Likewise, Il¢p,RMS|p1 = I14p,RMS s results in unacceptable solution. On the
other hand, there exists L? € R such that Ilaﬁp,RMS‘pl = Il¢p’RMS‘p2 or

Ligpruss|,, = TigpRus|,, - Lt ope I8 calculated by solving these two equations
and identifying the regions where each solution is valid.

Closed-from solution

If Uipm ~ Ul for the YY; or uipm &~ v3ul,, for the YA; or v/3uipm =~ ul,,
for the AY, then the solution of (5.9) is given as

2
o 24U,
o,opt 2 nom
mrwPsg

x G (5.13)

o

where G is a gain and is defined as

Vv 9dc,s4/ 2 — Udc,s\/l - 2O'dc,s + O'gc,s - Uﬁc,p v (Udc,pa O'dc,s) SA

VOdep\/2 = Tdep \/1 —20dep T 04cp ~ Odes ¥ (0depsOdes) € T
(5.14)

Gr, =

o

and the subsets Z and J are defined as

I:{(Crdc,p7Udc,s)|0SUdC,pa Udc,péadc,sv Udc,p“"a'dc,sSL Udc,s“l‘\/odc,pSl} (5153)

j:{(odc.p70dc,s)|0§0'dc,57 Udc,sgadc,pa Udc,p+odc.sgl7 O'dc,p+\/0'dc,s§1}- (5~15b)

Figure illustrates the value of G, as a function of oqc , and ogcs. The
sets Z and J are depicted with green and orange dashed lines, respectively.
There is symmetry in the value of G along the identity line (0gcp = Gdc.s)-
A zoomed version of Figure is depicted in Figure[5.8b. In this region, the
iso-lines are almost parallel with the axes, meaning that G, and consequently
Lg,opt
The switching losses also affect the converter’s efficiency for applications

depend mainly on max(ddc,p, Odc,s)-
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Figure 5.8: Visualization of G, given in . The triangle with green dashed
lines corresponds to the set Z given in , and the one with orange
dashed lines corresponds to the set J given in (5.15b). (a) For oac,p <
100 % and ogc,s < 100%. (b) For c4c,p < 11 % and 04c,s < 11 %.

with a high switching frequency. The dashed blue lines in Figure[5.8a]show the
boundaries of the soft-switching region. For the voltage deviations inside this
region, the selection of the leakage inductance from also ensures the soft-
switching in the whole Oq4. As shown in , the soft-switching range drifts
toward large phase shifts with an increase in the transition time. Therefore,
the region marked with the dashed-blue line will shrink for non-zero transition
time values and eventually disappear.

Finally, for clarification, Figure [5.9] shows a flowchart of the optimum leak-
age inductance calculation process.

Inputs Usmg (5.2) calculate If wipm = uhy, for the YY
Jsw, Psg™, Uf,lom Ugom Upm; Usm; Odc,ps Ode,s or V3uipm &~ ub.,, for the AY
M, MS7 O, p, Calculate wipm, Uy OT Uppm ~ V/3ub, . for the YA
Jdc ,p? Udc s C D <J
alculate Ly Calculate G'r,, ]
using (5.13) using (5.14)-(5.15)

Figure 5.9: Optimum leakage inductance calculation flowchart.
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Chapter 5 Desired Leakage Inductance Identification

Sensitivity analysis

The presence of harmonics transmitting active power will affect the value of
L 5’ ,opt*
in the leakage inductance value to validate the relations derived earlier. The

deviation in the LP value, d;r is defined as
L
o,opt ’ o,0pt’

It is essential to investigate the sensitivity of the current to changes

ALP L — P
- o,opt __ ““o,non-opt o,0pt
5[]2 opt — Lp - Lp (516)

o,opt o,opt

where Lg non-opt is the non-optimum value of the leakage inductance. Simi-
larly, the deviation in the RMS current, d7,, s, is defined as

- Il¢p7RMS‘Lp

o,non-opt o,0pt

‘ I ¢p RMS ’L

% 100 %. (5.17)

61 =
1op RS 11 ¢p RMS | P
o,0pt

Figure shows the value of 07, s for the points with the maximum
current in the operation domain when § p = E25 %. The maximum cur-
rent occurs on points p; or p3 for 5Lp = —2 5%. For these points, dr,,, s
is below 2 %, as shown in Flgure Slmllarly, Figure @ shows dr1,, rus
for the point with maximum current when & e, =2 5% (i.e., point ps).
Similar to 5L§70pt = —2.5% case, the deviation stays below 2% for most of
(0de,ps Tde,s) Pairs. However, for certain (04cp,0de,s) pairs, the deviation in-
creases dramatically and even becomes a complex value (where iso-lines dis-
appear). In that region, the phase shift between the primary side and the
secondary side bridges is close to 90°. Therefore, the converter will lose the
capability to transmit the full power at point ps for a small change in LP.
Additionally, for large values of ¢, dl14p rms/dLE increases quickly [see Fig-
ure . Therefore, a small deviation in L} ,  will result in a large deviation
in the RMS value of the current.

5.5 Simulation and verification

An analytical expression is derived for L} ., and sensitivity analysis is per-
formed. However, these are done assuming that the ac resistance of the MFT

and the harmonics can be neglected. A simulation model is developed to in-
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Figure 5.10: 67, pys for different ogc,p and ogc,s values. (a) For dpp =25 %
’ o,0p

on points p1 or p3. (b) For §;» = 2.5% on point pa.
,0p

vestigate the validity of these assumptions and to verify the analytical model.

Case study setup

A MATLAB model, which emulates the behavior of a 3¢ multilevel DAB dc-
dc converter, is developed. The rated power is assumed to be 2 MW, and
both dc-link voltages are assumed to be 5kV. An MMC topology is selected
for both bridges. The number of submodules per arm is selected to be five.
It is assumed that the converter has a switching frequency of 5kHz and the
dwell-time is 2.5 pns. Table summarizes the specifications of the converter.

Table 5.1: The simulated dc-dc converters’ specifications

Parameter Value Parameter Value Parameter Value

Viep' 5kV Nem 5 J/rated 1.7kV
Vacs' 5kV Tde.p [2,35] % Fow 5 kHz
ppom 2MW Tdeys 2,35]% Y= 25ps

The series ac resistance is neglected for this simulation, and the method
explained in Section [5.3]is used to obtain the desired leakage inductance.
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Chapter 5 Desired Leakage Inductance Identification

Study of simulation results

Figure shows the desired leakage inductance of the 3¢-YY-DAB and 3¢-
YA-DAB obtained from the simulations. As can be seen, they have similar
patterns as Figure

120 120

100 —

I 110

= =

0 g3 £

<8 100 £¢

6 = N

I 40 - 90
5 10 15 20 25 30 35 5 10 15 20 25 30 35

ey [70] ey (%]
(a) (b)

Figure 5.11: Numerical solution for LY , , with the converter specifications given

in TableM (a) For the 3¢-YY-DAB. (b) For the 3¢-YA-DAB.

For an MMC with five submodules and dc-links voltages of 5kV, Up°™ and
U2re™ are equal to 1kV. Moreover, 0(‘1’;713 and oy, , are assumed to be equal
(similarly, of., = og.). Using (5.2), one can get oacp = 04, = g
Ode,s = aj'c’s = 05675, and Upm = Ué‘om = U™ = Usm. Additionally, uipm =
Uism = 0.5+ cos(¢)) 4 cos(2¢) kV. Eventually, (5.13) can be used to calculate
Ly o+ Figure shows the percentage of error in the estimation of the
leakage inductance from (5.13]), which is defined as

p,sim _ yp,calc
p,error __ ~“o,0pt o,opt
Lo = = 100 % (5.18)
o,opt

where Lgf,i;g is the value obtained from the simulations (shown in Figure ,

and nggzltc is the value obtained from the analytical expressions .

As can be seen, for most of the region LYo is below 2.5% for the 3¢-
YY-DAB. LYoo increases for the YA case when deviations in the dc-links
are below 10%. This is because the lower the deviations in the dc-links, the
lower the phase shift obtained from LP optimization. The fifth and seventh

harmonics are the dominant components of the current for low phase shifts
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Figure 5.12: L o0 (a) For the 3¢-YY-DAB. (b) For the 3¢-YA-DAB.

for the AY configuration . This makes the first harmonic approximation
invalid for the AY configuration and low phase shift values. Thus, the solution
obtained from the analytical calculations has a higher error in this region.

Figureshows Lyone of the YY-3¢-DAB for three different percentages
of the total transition times per fundamental period (7o, = 7 fsw x 100 %). For
Tdep < 2% or 0ges < 2%, the estimation error increases dramatically. How-
ever, for the rest of the region, ngiiftor is below 3 %. For a given (0dc p, Tde,s)s
an increase in 7y, reduces the estimation error. This is because the total
harmonic distortion (THD) of the phase current reduces with higher transi-
tion times, and accordingly, the accuracy of the first harmonic approximation
increases.

Figure visualizes the deviation in the RMS value of the phase current
for a 3¢-YY-DAB at the nominal power for different percentages of deviation
from the desired leakage inductance obtained from . When the converter
operates with nominal voltages, dry,,s is larger than zero for any ¢ L? >

,opt
0. The maximum value of dyy,,s occurs at ogcp = Odes ~ 23 %, which is

below 1% for 5L5,0pt < 10%. The larger the ‘5L5,0pt ), the higher the |07l
The effect is more pronounced when the converter operates at non-nominal
points—specifically at points p;, i € {1,2,3}. For these points, the higher
the Odc,p = Odc,s, the higher the |0r,,,s|. For example, a 10 % deviation from
the desired leakage inductance value can cause 2% higher RMS currents at
points py or ps in the converter for oqcp, = 0dcs = 11 %. For large enough
Odep = Odes; even a 5% deviation from L .. can cause more than 5%
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Figure 5.13: L2 of the YY-connected 3¢ MFT for different 7o,. In the red-

o,opt
colored region, the error is higher than 3 %.

higher currents in the converter. Therefore, it is important to choose the
leakage inductance value as close to the value given by (5.13) as possible to
avoid extra losses in the converter.

10 T T T T T T T
! i Ll @ nominal point
-¥ ¢ -
'/—._,_J-"'. — — — @ point py
// s | i @ point p; or ps
_4.—--.9-——-0 4q 6Lgupt = —]_5%
=== . i --10%
- —— i
S _: ° 6L5m =—5%
.3.\.‘\ —A + 5[]? = 0%
IS o 6 =5%
\\_\ N Loopt
\\\t\\_ o =10%
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Odep = Ode,s [%}

Figure 5.14: The deviation in the RMS value of the phase current for the 3¢-YY-
DAB at the nominal power for different percentages of deviation from
the desired leakage inductance obtained form (|5.13}.
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Sensitivity study on the ac resistance

In this section, only the YY-DAB is analyzed. To include the series ac resis-
tance in the simulation, the first-order differential equation

p diy Y (wt) (wt)
7 dt

should be solved while ensuring that P34 = P30™ holds. The initial condition
for the current in is unknown. And, LP should be selected such that
the RMS value of i’ (wt) is minimized for a certain range of variations in
the amplitudes of v,x (wt) and v}, (wt —¢). Overall, the problem becomes
time demanding to solve. Therefore, the simulation with the ac resistance
is performed only for a single design where (0dc,p, 0dcs) = (0.1,0.1). The
converter is assumed to have the same specifications as in Table 5.1} RE, is
varied such that the wLP /RP_ ratio is kept close to or higher than the values
shown in Figure for a fundamental frequency of 5kHz.

+ Rgcifz (wt) (wt) = ven (wt) — vp, (Wt — @) (5.19)

wlb wlb wll
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Figure 5.15: The maximum of the currents in the operation domain as a function
of the leakage inductance for different wLE /RE. values obtained from

the simulation model for (c4c,p, 0dc,s) = (0.1, 0.1). The dashed blue

line marks the value of LY , ; from the analytical expression (Lgf)?}f).

Figure depicts the maximum of the currents in the operation domain as
a function of leakage inductance for different wLP/RP. values obtained from
the simulation model. wLP/RP = oo means that the ac resistance is neglected
in the simulation. The current and the leakage inductance are normalized with
respect to the case where RP. = 0. When wLP/RP_ reduces, the error in the
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Chapter 5 Desired Leakage Inductance Identification

L} ¢ value increases. For wL /RP. = 43, the value of LY , is 4.8 % higher
compared with the case without resistance. As seen, 4.8% error in L}
will cause less than 1% error in the RMS value of the current. The value of
Ly ot from the analytical expression is depicted with a blue dashed line. The
error between the Lg;g‘;lf and L‘;Zzi;l\ RP.—0 18 2.2 %, which is the same value as

shown in Figure for (0dcp, 0de,s) = (0.1, 0.1).

5.6 Conclusions and discussion

Analytical expressions are derived to estimate the desired leakage inductance
value of the MFT for a DAB dc-dc converter. The estimated leakage induc-
tance minimizes the RMS current for deviations in the dc-links voltages.

The derived equations are validated with MATLAB simulation models. It is
shown that, in a broad design range, the error in the estimation of the leakage
inductance can be less than 2.5 % for the YY-3¢-DAB. It is also highlighted
that soft-switching can be ensured for specific converter designs using the
presented equations [see Figure .

The importance of selecting the leakage inductance correctly for a given
voltage span is quantified. As an example, it is shown that for 11 % deviations
in the de-links voltages, a 10 % deviation from the desired leakage inductance
value can cause 2 % higher currents in the converter. In addition, the effect of
neglecting the MFT’s ac resistance on the leakage inductance’s optimum value
(and also the RMS current) is quantified. It is demonstrated that including
an ac resistance close to its actual value in the optimization can cause a 5%
difference in the value of the obtained optimum leakage inductance. Moreover,
it is also shown that the estimation error is high for the YA connection when
deviations less than 10 % in the dc-links are expected. This is attributed to the
first harmonic approximation. The main limitation of the proposed method
is high estimation errors when a small deviation (o < 2%) is expected only
in one of the dc-links [see Figure [5.13].
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Capacitor Size, Switch Size, and Lifetime Studies
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Chapter 6 Capacitor Size, Switch Size, and Lifetime Studies

6.1 Introduction

Passive components like capacitors and inductors are the main contributors
to the weight and volume of the converters. Therefore, it is important to
evaluate their size when choosing between different converter topologies.

Q2L modulation was introduced for multilevel converters in [22], with the
aim of reducing the capacitor requirement and improving the power density.
In 23], the cell capacitance design and comparison for multilevel galvanically
isolated dc-dc converters with Q2L modulation were presented. However, the
dc-link capacitors were not taken into account in the comparison. Moreover,
[23] has focused only on quantifying the capacitor requirement for converters
with the YY connection of windings. Another feature of the Q2L modulation
is the possibility of using small devices for the auxiliary switches |23]. This
feature is discussed and investigated for a Q2L-operating MMC-DAB in [22],
[24]. However, the thermal stresses on the switches are not quantified.

This chapter aims to quantify the capacitance requirement of selected mul-
tilevel DAB dc-dc converters operating with Q2L modulation for a range of
switching frequencies and transition times. This study considers not only the
submodule capacitors but also the dc-link capacitors, which so far have not
been presented in the scientific literature for multilevel DAB dc-dc converters.
The share of the dc-link capacitors in the total energy storage requirement of
the converters is presented quantitatively. Furthermore, the combinations of
the switching frequencies and the transition times, where designing the con-
verters will result in oversized capacitors, are pinpointed. Moreover, the effect
of the MFT” winding configurations on the capacitor requirement is quantified.

Another focus of this chapter is on the semiconductor requirements of dif-
ferent DAB converter topologies under Q2L modulation. The total installed
apparent power of semiconductor switches is compared for different topolo-
gies. Also, insight is provided into the thermal cycles of switching devices
with Q2L modulation for wind turbine applications.

6.2 Capacitor and semiconductor sizing

Since the multilevel converters also need capacitors in the submodules, the
capacitor size calculation can be divided into the dc-link capacitors’ size de-
termination and the submodule capacitor size calculation.
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6.2 Capacitor and semiconductor sizing

DC-link capacitor sizing

Considering zero current flow to node G, the currents flowing to the nodes
det and de¢” are enough to calculate the de-link capacitors’ currents [see
Figure and Figure for the node and current direction definitions]. The
instantaneous current flowing to (from) the converter arms from (to) the de-
link can be calculated from the arm currents as

Sty = Y iE(wt) (6.1)

ze{A,B,C}

where iy, (wt) is the positive pole current flowing from the dc-link to the
converter arms; iy, (wt) is the negative pole current flowing from the converter
arms to the dc-link; and if (wt), * € {A, B,C} are the respective phase
arm currents. In steady-state, a capacitor’s average current should be zero.
Therefore, the dc-link capacitors currents, iac, are given by

1 27
i, () = o /O i (wt) dwt — iE (wt). (6.2)

By knowing the capacitors’ currents, the capacitors’ instantaneous charge,
Qac (wt), can be calculated as

QF. (wt) = / % (wt)dt. (6.3)

The de-link capacitors, Cdic, can be designed to limit the voltage oscillations
to £0q.% of the nominal dc-link voltage as

max (Qac (wt) — Qac) min (Qac (wt) — @)

TacVIom x 102 ’ TacVIom x 102

(6.4)

+ _
C3. = max

where dic is the average value of the capacitors’ instantaneous charge. Even-
tually, the energy storage requirement of the dc-link per nominal power of the
converter, F4., can be expressed as

(Cde + Cae) (Vi)

Eac = : 6.5
d 8Py (6:5)
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Chapter 6 Capacitor Size, Switch Size, and Lifetime Studies

Chain-links capacitor sizing

The ac terminals of the converter operating with Q2L modulation are clamped
to one of the dc-rails for most of the fundamental period. Thus, the chain-links
conduct the currents only during the transition intervals. Since the capacitors
are inserted or bypassed at different time instants during the transition period,
they will charge and discharge to different values depending on the current
waveform. To limit all submodule capacitors’ voltages to +o0s,% of their
nominal value, it is necessary to dimension them using the submodule with the
highest voltage oscillation. The kth submodule capacitor’s charge variation
from the balanced state, AQc,, , (wt), can be calculated from the respective
cell’s current, ic,, , (wt), as

smk

smk

t

AQe @) = [ i (@)t (6:6)
tbalanced

where thalanced is the time instant during the transition period, at which all of

the capacitors of the chain-link are balanced. The kth submodule capacitance,

Csmk, can be calculated using (6.6)) as

_ max (AQg,,, (wt))| |min (AQc,,, (wi))
Comi = max ( Tem U™ x 102 |"| gynUmom x 102 (6.72)
Csm =max (Osmla Csta sy CVsmNsm) (67b)

where Cgp, is the submodule capacitance. Subsequently, the required energy
storage for a chain-link per nominal power of the converter, E, is given by

NG (UP™)?

E
o 2Ppo™

(6.8)

Eventually, the total capacitive energy storage requirement of the converter,

Eiot, can be calculated using (6.5) and as

Etot = (Edc,p + Ncl,pEcl,p) + (Edcﬁs + NCI,SECI,S) (69)

where N is the number of chain-links per converter—O0 for the conventional
DAB, 6 for the MTAC and MMC, and 3 for the TAC and CTB.

Note that the method described for the sizing of the capacitors is based on
the maximum capacitors’ charge variation and design requirements on their
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6.2 Capacitor and semiconductor sizing

voltage swings. As long as these variations can be identified, the method can
be used to size the capacitors. As discussed in Section identifying these
cycles is straightforward for converters of Figure2.3]and Figure 2.4 operating
with Q2L or SPS modulations.

Semiconductor sizing

Voltage and current ratings of the semiconductor switches should be dimen-
sioned properly for reliable operation. The design should also ensure a long
lifetime without compromising the cost of the whole system.

Voltage rating of semiconductors

The switches should be selected to block the applied voltage during the OFF-
state without a breakdown. Also, the stray inductance and the voltage tran-
sients introduced during switching should be considered. For circuits with
high stray inductances, a safety margin of 60 % can be considered [67].

The semiconductors of the 2LC and T-type converters should be able to
block the full dc-link voltage. Similarly, the switches of a three-level NPC
experience half dc-link voltage during the OFF-state. Thus, with a safety
margin of S¢ percent, the minimum blocking voltage, V2" can be calculated
as [67]

St

sgirTl‘—type = sirnvigLC = dncom(l + 100) (610&)
wxpo =0.5V4™ (1+ — 6.10b
sw,NPC dc ( + 100) ( )

where V2™ is the nominal dc-link voltage. Then the switch should be selected
such that VJated > ymin, where VXated ig the rated blocking voltage.

For multilevel converters, the rating of the switch should be decided based
on the number of submodules and the nominal dc-link voltage. Alternatively,
the number of submodules can be selected based on the rated blocking voltage
of the semiconductors. The latter is used for the studies in this thesis. The
chain-links of the MMC and TAC converters should be able to block the full
dc-link voltage. On the other hand, only half of the dc-link voltage appears on
the chain-links of the CTB and the MTAC converters. The required number
of submodules per arm of MMC, TAC, MTAC; and per leg of CTB converters
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Chapter 6 Capacitor Size, Switch Size, and Lifetime Studies

can be calculated as

Vncom 14+ St
Nsm,MMC = Nsm,TAC = ’Vd‘/(rateleO)-‘ (611&)
sw
0.5Vom(1 + 35
Nsm,CTB = Nsm,MTAC = ’V dVreSted 100)-‘ . (611b)

Current rating of semiconductors

The terms main and auxiliary switched are used hereafter. The main switch
refers to all the switches in the 2LC converter. For the NPC and T-type con-
verters, the main switch refers to any switch other than the clamping switches.
The switches that insert the submodule capacitors in the current path in the
MMC, TAC, MTAC, and CTB converter are referred to as auxiliary switches.
This is because these switches conduct the current only for a short period of
time during the transition period. the rest of the switches in these converters
are identified as the main switches.

In this thesis, the RMS current is used for dimensioning the semiconduc-

tors. The RMS current of the kth main switch, ISF‘%’Smain, or auxiliary switch,
Igvl\lgiux, can be calculated using the phase currents and duty cycles of the

respective switches. Finally, the switches can be dimensioned based on the
highest RMS current as

RMS _ RMS RMS RMS
Isw,main =1max (Iswl,main7 Isw2,maina i szsm,main) (612&)
RMS __ RMS RMS RMS
Isw,aux =max (Isw17aux7 Isw2,aux7 s szm,,aux) . (612b)

Case study setup

In this section, a case study will be done on a few DAB converters to compare
their capacitive energy storage and switch requirements. The 2LC, MMC,
TAC, MTAC, and CTB converters are selected for this study [see Figure
and Figure . To avoid permutations of different converter topologies, it
is assumed that the primary and secondary bridges have the same topology.
Also, the names of the converters are abbreviated to one of the bridges (e.g.,
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6.2 Capacitor and semiconductor sizing

MMC-MMC-DAB abbreviated to MMC-DAB). For simplicity, it is assumed
that the primary and secondary sides have the same nominal dc-link volt-
age (Vdnc‘?;“ = Vies = 5kV). The blocking voltage of the semiconductors is
set to be 1.7kV, and a safety margin of Sy = 60% is considered in the cell
design. The number of submodules for the multilevel converters and the num-
ber of series-connected switches for the two-level converter is calculated using

(6.10a)-(6.11b). The specifications of the de-de converters used for the study

are summarized in Table [6.1]

Table 6.1: The simulated dc-dc converters’ specifications

Parameter Value Parameter Value Parameter Value
Viep' 5kV Nem 3, 52 yrated 1.7kV
Vics 5kV. Osmp = Osms 10% fsw [1,20] kHz
P 2MW  g4ep = 0des 10% % = % [0.3,4.9] ps

a3 for CTB and MTAC chain-links, 5 for TAC and MMC chain-links.

The switching frequency of the converter is swept from 1kHz up till 20 kHz,
to make the comparison for a range of converter designs rather than a single
design point. To avoid triangular waveforms on the ac-link, 7 should be less
than 1/ (2 fsw). Moreover, the minimum value of the dwell time can change by
the utilized switch technology and the tolerable dv/dt stress. Thus, for the
selected switching frequency range and the switch’s specifications, the dwell
time is selected to be less than 5 ps [65]; and is swept between 0.3 ps and 4.9 pis.

For this analysis, only YY and YA winding configurations are considered.
The turns ratio, IV, : Ny, is selected to be 33 : 33 and 33 : 57 for the YY
and YA configurations, respectively. The MFT is modeled with a series leak-
age inductance. It is selected using the method described in Section to
minimize the RMS phase currents for +£10% deviation in the dc-links volt-
ages. Figure 6.1] shows considered L2, used for different combinations of the
switching frequency and the transition time for both winding configurations.
It is noteworthy to mention that every point in Figure [6.1] corresponds to a
different design of the converter.

Numerical calculations are carried out with MATLAB codes to determine
the capacitor requirement of each converter. The switching frequency and the
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Figure 6.1: Optimum value of LY for different design points. (a) For the YY
configuration. (b) For the YA configuration.

dwell time are swept in the aforementioned ranges. For every combination,

the submodules and the dc-links capacitors are designed using (6.4)-(6.7)) to
confine the voltage ripples to 10 % of their nominal values.

Comparison of the converters’ capacitor requirement

Only YY winding configuration is considered for the study of this section.
Figure [6.2a] depicts the total energy storage requirement of the Q2L-operating
MMC-DAB as a function of the switching frequency and the transition time
expressed in kJ MW 1. For a given fsy (e.g., 1kHz), an increase in 7 increases
FEiot of the converter. The higher the transition time, the higher the deviation
in the capacitor’s charges. Therefore, larger capacitors are required to keep
the voltage oscillations in the desired span.

= X
80 ©
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3 0%
3 oo
Lﬁ 40 E
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f.s'w [kHZ] fsw [kHZ]
(a) (b)

Figure 6.2: The energy storage requirement of the MMC-DAB. (a) The total ca-
pacitor requirement. (b) The chain-links capacitor requirement.

It is expected that an increase in the switching frequency should reduce the
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6.2 Capacitor and semiconductor sizing

capacitor requirement of the converter. However, for a given 7 after a certain
point, an increase in the switching frequency enhances Fio¢ (negative slope
of the iso-lines). To better visualize this, the area with positive dFEit/d fsw
is illustrated with the checkered pattern. The design of the converter in this
area might not be preferable from the footprint and cost points of view. By
keeping 7 constant and increasing the switching frequency, the percentage of
the clamping period to the dc-links reduces, which makes the voltage wave-
forms more triangular. This changes the ac-link currents waveforms. Conse-
quently, the currents passing through the capacitors and their charge levels
are affected. For the MMC-DAB, on the border of the checkered pattern area,
max(AQc.,.,
results in an increase in either max(AQc,,,, (wt)) or min(AQc¢

smk

(wt)) is equal to min(AQc,,,, (wt)). Moving away from that line
(wt)) and
therefore, an increase in the capacitor size.

Figure[6.2b/illustrates the percentage of chain-links capacitor requirement of
the MMC-DAB. The chain-links capacitors amount to more than 70 % of Ei
in most design points. Thus, the pattern seen in Figure is mainly a re-
sult of the chain-links capacitors. However, by reducing the percentage of the
transition times per period—shown by blue-dashed-lines in Figure [6.2b—the
size of the dc-link capacitors become comparable with the chain-links capac-
itors. Therefore, it is essential to include dc-link capacitors in the capacitor
size evaluation of multilevel converters.

Figure[6.3|shows FEi. of the rest of the converters per-unitized with respect
to Fioy map of the MMC-DAB which is calculated as

ECOHV(fSW 7_*)
Feonv (.f 7_) — tot ’
tot,pul\Jswy Eé\(/)[év[c(fsw, 7_)

(6.13)

where conv € {2LC, TAC, MTAC, CTB}. For the conventional DAB, 7*
equals zero, and for the rest of the converters, 7* = 7.

Compared to the other converters, the conventional DAB—shown in Fig-
ure[6.3a}—has the smallest Eio as it does not have any chain-links. Moreover,
for a given transition time, dEi./dfsy is more pronounced for the conven-
tional DAB compared to the other converters. This is due to the size pre-
dominance of the chain-links capacitors in the multilevel converters at higher
switching frequencies.

Excluding the checkered patterned areas, the TAC-DAB needs higher Ei
than the MMC-DAB as depicted in Figure Because of the complemen-
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tary switching the MMC, the ac-link currents are distributed among the upper
and the lower arms during the transition time. Thus, deviations in the sub-
modules charges are smaller for the MMC-DAB, requiring a smaller chain-link
capacitance than the TAC-DAB. Moreover, the immediate commutation of the
currents from the lower arms to the upper arms before the transition from the
negative dc rail to the positive rail in the TAC converter results in high cur-
rent ripples in the dc-link compared to the MMC. Therefore, the TAC-DAB
requires up to 4 times higher dc-link capacitance than the MMC-DAB.
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Figure 6.3: Fio of the converters per-unitized by Fio of the MMC-DAB shown in
Figure (a) For the conventional DAB. (b) For the TAC-DAB.
(c) For the MTAC-DAB. (d) For the CTB-DAB.

The MTAC-DAB and the CTB-DAB need smaller F;,; than the MMC-
DAB as illustrated in Figure and Figure respectively. The MTAC
capacitors are distributed between the arms. Besides, each arm conducts the
current only for half of the transition time; therefore, the deviation in the
capacitors’ charges is smaller. However, due to immediate commutation of
the currents between the arms—similar to the TAC—the MTAC needs larger
dc-link capacitors than the MMC (and considerably smaller than the TAC).
Since the chain-link capacitors are bulkier than the dc-link capacitors, the
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6.2 Capacitor and semiconductor sizing

resultant overall capacitor demand of the MTAC-DAB is up to 40 % smaller
than the MMC-DAB in a wide design range.

The ac-link currents commutate from the converter’s arms to the chain-links
just before the transition starts in the CTB converter. This results in current
notches in the dc-link. Therefore, the CTB-DAB converter needs an up to
3 times larger dc-link capacitors than the MMC-DAB. On the contrary, the
CTB has a smaller chain-link capacitor requirement for two reasons. Firstly,
the capacitors’ charges get balanced twice per cycle (once per transition time),
similar to the MTAC. Secondly, each cell is required to provide both positive
and negative voltage on its terminals per transition time (due to the full-bridge
configuration of the cells). Consequently, each cell is charged and discharged
per transition interval for a given current direction. Accordingly, the charge
oscillations per capacitor have smaller magnitudes. All in all, the CTB-DAB
converter needs up to 60 % less Eio; compared to the MMC-DAB converter.

250

2 ‘ I MIMC
_ 200} [CITAC
= [ IMTAC
& 150 126131 = [ ICTB
:; Lol 103 94 97 I 2L.C
59 67 72 63 12 63
50 |-
O 1

(1 kHz 4 ps) (1 kHz, 10 us) (10 kHz, 10 us) (20 kHz, 4 us)

Figure 6.4: The energy storage requirement of the converters provided for (fsw,T)
pairs shown by (*) on Figure[6.2]and Figure 6.3] (the highlighted por-
tions of the bars are the amount of energy required for the dec-links).

To better visualize the comparison, Figure|6.4|depicts E}o¢ of the converters
for four (fsw,7) pairs shown by (*) on Figure and Figure 6.3] The lower
the fiw X 7, the higher the percentage of the dc-link capacitors (e.g., for
the CTB-DAB and (1kHz,4 ps) the de-link capacitors are 84 % of the total
required capacitance). Moreover, the comparison between converters for all
of the selected design points shows consistent trends; with the conventional
DAB having the minimum capacitor requirement followed by the CTB-DAB,
MTAC-DAB, MMC-DAB, and TAC-DAB.
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Comparison of the converter’s semiconductor requirement

Only YY winding configuration is considered for the study of this section.
Figure depicts the RMS currents in the main (wide bars) and the auxiliary
switches (narrow bars) of the converters. The RMS currents are calculated
using . There are only slight variations in the RMS currents of the main
switches, which was expected. However, there is a noticeable variation in the
auxiliary switches’ currents among the converters. Isl:\{)vl\,/[a%x for the TAC-DAB
is almost two times higher than that of the MMC-DAB. This is due to the
complementary switching of the MMC-DAB. Each arm of the MTAC conducts
current for only half of the fundamental cycle. Therefore, it has a smaller
ISFSA,%%X than the TAC. Similarly, each radial switch pair in the full-bridge

submodules of the CTB has to carry the current for half of the transition
period. Hence, the CTB and the MTAC have equal IRMS
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Figure 6.5: The RMS currents of the converters’ switches provided for (fsw, 7) pairs
shown by (*) on Figureand Figure (the wide bars and the nar-
row bars represent the main and the auxiliary switches respectively).

Figure shows the semiconductor requirement of the converters in the
form of the total installed apparent power of the switches defined as

RMS rated RMS rated
gPu NSW7maiﬂIsw,mainsz + NSW@UXIsw,aux‘/sw (6 14)

sw,tot =

SS¢,conv

where Ngw main and Ngw aux are the total number of the main and the auxil-
iary switches, respectively; and S3¢ conv is the apparent power of the converter.
The highlighted portions of the bars represent the contributions of the auxil-
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iary switches. As seen, much smaller switches—more than 10 % smaller—can
be used for the auxiliary switches compared to the main switches.

I MMC | | TAC | [MTAC [ JCTB [EE2LC|
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Figure 6.6: ST, ., of the converters provided for (fsw,7) pairs shown by (*) on
Figure and Figure (the highlighted portions of the bars are the
installed apparent power for the auxiliary switches).

A comparison between different design points shows that the higher the
fsw X 7, the larger the RMS currents—especially in the auxiliary switches.
Therefore, semiconductors with larger chip areas are required to transmit the
same active power. Among the five topologies, the conventional DAB has
the minimum S3} ; as it does not require any auxiliary switches. TAC-
DAB requires almost the same semiconductor area as the MMC-DAB, even
though the number of its auxiliary switches is half of the MMC-DAB’s. This
is due to high RMS currents in the auxiliary switches of the TAC-DAB. The
MTAC-DAB and the CTB-DAB need higher S}, compared to the other
converters. For the former, it is due to the extra submodule required to even
out the number of submodules between the upper and the lower arms. While
for the latter, three full-bridge submodules are required to block half of the

dc-link voltages, which increases the required number of auxiliary switches.

Effects of windings configuration

It was shown in the previous section that the CTB-DAB converter has the low-
est capacitor requirements among the considered multilevel DAB converters.
In this section, the effects of winding configuration on the capacitor require-
ment of CTB-DAB and MMC-DAB are studied. The latter is an established
topology in the industry and is used as a base for comparison in this section.
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Figure shows Eiot of the converters in kJ MW ™! for both winding con-
figurations. The grey-dashed lines show iso-lines of 7y = 7,9 = To% Where
T = Tjfsw X 100%, Vj € {p,s}. For a given 7y, increasing the switch-
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Figure 6.7: Eio of the converters. The grey-dashed lines show iso-lines of 7. (a)
For the YY-MMC-DAB. (b) For the YA-MMC-DAB. (c) For the YY-
CTB-DAB. (d) For the YA-CTB-DAB.

ing frequency decreases Fiot for all converters. This is because the current
waveform stays unchanged along a given 79, iso-line. Therefore, by increasing
the switching frequency, the ripple in the capacitors’ charges reduce. Thus,
smaller capacitors can be used to limit voltage oscillations. For a constant
transition time, an increase in the switching frequency results in a reduction
of Fiot until a certain point (e.g., approximately 7o, = 10% for the MMC-
DAB cases). Any further increase in the switching frequency increases the
capacitors’ sizes.

Figure shows the ratio of EY2 to EYY for both MMC-DAB and CTB-
DAB converters. The converters with YA configurations need less energy
storage than the converters with YY configuration, in a wide range up to
T, = 15%. A maximum reduction of 30 % in the total capacitor requirement
can be attained for the MMC-DAB case using the YA configuration instead
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of YY. The improvement in the CTB-DAB case is up to 40 %.
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Figure 6.8: The ratio of the total energy storage requirement between the converter
with YA connection and the converter with YY connection. (a) For

the MMC-DAB. (b) For the CTB-DAB.

As can be seen from Figure the ratio of EY2 to EYY increases by
increasing 7y, where it approaches unity around 7o, = 15%. To explain this,

Figure illustrates the phase A winding voltages and line currents of both
winding configurations for 7o, = 5 %.
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wt [rad] wt [rad]
(a) (b)

Figure 6.9: The phase A winding voltages and line currents. (a) For YY winding
configuration. (b) For YA winding configuration.

One can see from Figure that around wt ~ 7, the value of van(wt) —
vY (wt) (for the YA case) is much larger than the value of van(wt) — 0P, (wt)
(for the YY case). Therefore, the current drops faster for the YA case, and
the chain-links experience smaller currents when they start to conduct at
wt =~ 7. Consequently, the charge variations are less, and smaller capacitors
are required to limit the voltage oscillations. By increasing the value of 7y, the
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THD of the currents reduce for both YY and YA cases, and for 7o, =~ 15 %, the
currents become almost sinusoidal. Therefore, for 74, &~ 15 %, the converters
with YA connection have similar capacitor requirements as the YY variants.

Figure [6.10] shows the share of dc-links’ capacitors for different converters.
For the MMC-DAB and 79, > 5 %, more than 90 % of the total energy storage
requirement belongs to the chain-links. The share of the dc-links increases by
up to 70 % as the value of 7 decreases. On the other hand, de-link capacitors
have a considerable share in the total energy storage requirement for the CTB-
DAB where Ej4. account for more than 40 % of E.; of CTB-DAB with both
YY and YA connections and 7o, < 5 %.

Edc/Etot

0 15 20

Figure 6.10: The ratio of dc-links’ energy storage requirement to the total value.
(a) For the YY-MMC-DAB. (b) For the YA-MMC-DAB. (c) For
the YY-CTB-DAB. (d) For the YA-CTB-DAB.

To sum up, Figure shows the capacitor requirement of the converters
on points marked with (x) in Figure and Figure The share of the
dc-link capacitors is highlighted for each converter. The CTB-DAB needs less
capacitor compared to the MMC-DAB in general. Similarly, the converters
with the YA configuration have a smaller capacitor requirement than the
YY variants. Thus, the YA-CTB-DAB has the smallest, and the YY-MMC-
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DAB has the highest energy storage requirements. For 7o, < 15%, the YA-
connected CTB-DAB can achieve up to 78 % (58 %) less capacitor requirement
compared to the YY-connected MMC-DAB in the best case (the worst case).
Another observation is that the dc-link capacitors amount to a considerable
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-
150 T T T T T T

127
. 105
= L 94 od ]
Z 100
< 81 s 75
= o 63
S 50 31 44 4825 45 2. 4644 |
Y 28
! 7 : I 4 I 15 2 ! E
- l 3 [ ] = — I 2 [ | =

(5kHz,5us)  (10kHz,5us) (20kHz,5us)  (5kHz, 10ps) (10kHz,10pus) (15kHz, 10us)

Figure 6.11: Energy storage requirement of the converters for a few selected points
marked with (x) in Figureand Figure 6.10|(the highlighted portion
of the bars depicts the share of the dc-link capacitors).

share of the total capacitor requirement for the CTB-DAB converter. On the
other hand, the chain-links capacitors are considerably larger for the MMC-
DAB.

6.3 Lifetime of semiconductors

Reliability and long lifetime are two of the main factor in selecting a semi-
conductor for converters [68]. The two major failure mechanisms inside power
devices are bond wire degradation and solder fatigue. According to the study
in |69], the thermal cycling stresses in the range of seconds are mainly re-
sponsible for the former failure mechanism, while the slow thermal cycling
stresses caused by ambient temperature variations are more related to the
latter. Bond wire degradation is considered to be the main failure mechanism
in this thesis.

Different lifetime models for silicon-based power devices have been summa-
rized in [70]. The SKiM63 lifetime model proposed in |41] considers bond wire
degradation as the main failure mechanism. According to the SKiM63 model,
the expected number of cycles to failure Nt is calculated as
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, C+ (ton)” E
Nt = A (AT} (ar) AT HF0) (2 T on) — ) fu 1
f ( J) (ar) C+1 exp k'B x ij fdlode (6 5)

where A is a scaling factor, ATj is the semiconductor junction temperature
swing, ar is the wire bond aspect ratio, t,, is the load pulse duration in s,
E, is the activation energy in eV, Tjy, is the mean junction temperature in K,
Kg is the Boltzmann constant in eV K~!, and fiiode is a factor to consider
the lifetime of diode (fgiode = 0.6204) or switches (fdqiode = 1). Table
summarizes the parameters of SKiM63 model [41].

Table 6.2: The SKiM63 model parameters [41]

Parameter Value Parameter Value

A 3.4368 x 10 ! —4.923

E, 6.606 x 1072eV Bo 1.942

B —9.012 x 1073 K~! c 1.434

Kp 8.617 x 107 %eVK™! 0 —1.208
Jaiode 1, 0.6204*

a1 for switches and 0.6204 for diodes.

The accumulated damage Dy, of switches under a single run of a given
mission profile can be determined by Miner’s rule |71] as

where n is the number of distinct cycles in the mission profile, N; Vj €
{1,...,n} is the number of repetitions of jth cycle in the mission profile, and
Np; is the expected number of cycles to failure for the jth cycle, calculated
from . The parameters n and IV; can be obtained from the mission pro-
file using the rainflow counting algorithms [72]. For a given mission profile,
the repetition rate, N, is defined as the inverse of Dgy,. N, = 1 means that
the switch can only withstand a single run of the mission profile.
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6.8 Lifetime of semiconductors

Case study setup

The temperature swings are affected by the mission profile of the converter.
Therefore, a lifetime analysis of the converter’s switches considering the mis-
sion profile is necessary . In this section, a case study on a Q2L-operating
MMC-DAB for wind turbine applications is performed.

Partial load losses are of significant importance for wind turbine appli-
cations. SiC metal-oxide—semiconductor field-effect transistors (MOSFETS)
have low losses in partial loads compared to insulated-gate bipolar transistors
(IGBTs). Also, low switching losses of SiC MOSFETs make them a suit-
able choice for DAB converters for wind turbine applications. For the SiC
MOSFETs, the research on the lifetime models is still ongoing . However,
existing methods for silicon-based power devices can still provide a reasonable
estimation of the lifetime.

Mission profile of a wind turbine

Wind speed and generated electrical power measurements for 300 days were
available for a 2 MW on-shore wind turbine located in Munkagard area, nearby
Tvaaker community in Sweden . Figure shows the measured wind
speed and generated electrical power from the turbine for 300 days with the
sampling frequency of 1 Hz.
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50 100 150 200 250 300 50 100 150 200 250 300
Time [day] Time [day]
(a) (b)

Figure 6.12: 300 days mission profile of a wind turbine with 1Hz sampling fre-
quency. (a) The wind speed. (b) The generated electrical power.
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Converter modeling

The model of an MMC-DAB is implemented in MATLAB. For simplicity, it is
assumed that the primary and secondary sides have the same nominal dc-link
voltages (Viop! = V3o = 5kV). The converter is rated for 2MW and is
switched with 5kHz. The MFT is modeled with a series leakage inductance.
It is selected using the method described in Section to minimize the RMS
phase currents for +£10 % deviation in the dc-links voltages. Specifications of

the dc-dc converters used for the study are summarized in Table

Table 6.3: The simulated dc-dc converters’ specifications

Parameter Value Parameter Value Parameter Value

Vdrt:?;n 5kV N, sm 5 fsw 5kHz
Viom 5kV Y/ rated 1.7kV LP 92 nH
P;gm 2MW Osm,j = Odc,j 10 %2 T; 10 pns?

@ for j € {p,s}.

The blocking voltage of the semiconductors is selected to be 1.7kV. A
safety margin of Sy = 60 % is considered in the cell design, and the number
of submodules is calculated using . CAS300M17BM2 SiC MOSFET
power modules [76] and C2M0045170P discrete SiC MOSFETs with TO-247-
4-plus packaging [77] from CREE are used as the main and auxiliary switches.
The switches’ thermal behavior is modeled using a fourth-order Foster network
representing the junction-to-case thermal impedance.

The measurement data for the temperature inside the nacelle was unavail-
able. Therefore, the heat sink temperature is set as a fixed value for simplic-
ity. It is assumed that the case temperatures of the switches are constant at
40°C. Therefore, slow thermal cycling stresses can be neglected, and bond
wire degradation becomes the main factor to be considered when conducting
the lifetime analysis. The SKiM63 model is used to estimate the life-
time of the switches. For thermal cycles longer than 1s, it is assumed that
ton = 1s; while for the thermal cycles shorter than 1s, t,, is selected to be
0.07s. Also, it is assumed that ar = 0.31.

Direct simulation of a converter with 5 kHz switching frequency for 300 days
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of mission profile is impossible. Therefore, the study is divided into two parts;
the first is to calculate the life consumption for long-term thermal cycles (i.e.,
longer than one second), and the second is to perform the calculations for
short-term thermal cycles (i.e., shorter than one second). The converter is
simulated at different load levels, and the steady-state junction temperatures
are stored. The average junction temperature profile of the switches is ob-
tained by combining the converter’s power profile (shown in Figure
and the average junction temperatures of the switches obtained from the sim-
ulations. Figure shows the low-pass-filtered average junction temperature
profile for one of the primary-side submodule’s switches.

50 100 150 2 50 100 150 200 250 300
Time [day] Time [day]
(a) (b)

Figure 6.13: T} profile of the primary-side switches. (a) The First submodule’s
main switch. (b) The First submodule’s auxiliary switch.

The rainflow counting algorithm is employed to identify the number of ther-
mal cycles in the junction temperature profile. In addition to the cycle num-
bers, the temperature swings, AT}, and the medium junction temperature of
the corresponding cycles, Tj,,, are extracted. Figure shows the rainflow
counting results for one of the main switches of the secondary side. Np; of
each switch is calculated by using AT} and T}, as inputs to . Finally,
the lifetime of the switches is estimated using and the length of the
mission profile.

Analysis of simulation results

Table [6.4] summarizes the lifetimes of the switches considering only long-term
thermal cycles for one of the inverter’s arms. Since complementary switching
is used and the intermediate 3¢ system is assumed to be symmetrical, the
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cycle number

(a)

x10* cycle number x10*

(b)

Figure 6.14: The rainflow counting results for one of the secondary-side main
switches. (a) ATj of distinct cycles. (b) Tjm of distinct cycles.

same results will be obtained for the rest of the arms.

Table 6.4: Simulation results for the lifetime of switches

Lifetime main switches
[years] #1 42 43 44 5
Primary 552 552 552 552 550

Secondary 2.7 x 10°

25 x10° 2.7x10° 2.6x10° 2.5 x 10°

Lifetime

auxiliary switches

[years] 41

#2 #3 #4 #5

Primary 1.3 x 108
Secondary 5.1 x 10*

23x10% 1.4x10% 2.1x10% 1.1 x 108
59 x 10* 4.9x10* 4.4 x10* 4.6 x 10*

The first observation is the absurdly long lifetime of the switches. This is
due to the low ATj and the average temperature of the switches, as shown in
Figure Nonetheless, there is a variation in the lifetime of the switches
in different submodules of the inverter. The reason is the sorting algorithm;
the submodules are sorted every half-cycle based on their voltages and the di-
rection of the phase currents—irrespective of the junction temperatures. This
causes a slight variation between the junction temperatures of the switches of
the submodules and therefore affecting their lifetime.
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Figure depicts the switch junction temperature profiles of one of the
submodules under full-load operation. The main switches conduct the currents
for almost half a cycle and have moderate temperature swings of 2.6 °C and
0.8°C for the primary and the secondary sides, respectively. However, the
auxiliary switches conduct short pulses of high currents, which results in severe
temperature swings of 2.5 °C and 17 °C for the primary and the secondary side
inverters, respectively.

For most of the conduction period, the primary-side main switches and
the secondary-side auxiliary switches conduct positive currents and operate
in the forward conduction mode. On the other hand, the secondary-side main
switches and the primary-side auxiliary switches conduct negative currents.
Therefore, these switches operate in the third quadrant. The conduction
losses predominate in MOSFETS, and operation in the third-quadrant results
in lower conduction losses. Therefore, the primary-side auxiliary switches
and the secondary-side main switches are less thermally stressed than their
counterparts in the other inverter, as shown in Figure 6.15
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Figure 6.15: The junction temperature of the switches of the first submodule under
full-load operation for ten cycles. The dashed lines are the Junction
temperatures for the case with two C2M0045170P in parallel.

Figure shows one of the submodule’s switches junction temperature as
a function of the converter power. The solid lines show the average junction
temperatures, and the dashed lines depict the maximum and minimum tem-
peratures of the switch. As can be seen, the secondary-side auxiliary MOSFET
is the most thermally stressed switch for all power levels. Considering these
short-term temperature swings, it is not sufficient to assess the stress on the
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switches for the Q2L modulation only with the long-term thermal cycles.
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Figure 6.16: The junction temperature of the switches of the first submodule. The
solid lines are the average junction temperatures, and the dashed lines
are the bounds of the temperature profiles.

To consider these short-term temperature oscillations, the power profile
shown in Figure is binned into 200 power intervals. Figure shows
the duration of the power production from the turbine for each power interval.
The mean value of the power in each bin is considered to represent that
bin, and the temperature profile for the representative power level is used to
calculate the life consumption of the switches.
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Figure 6.17: The power distribution of the wind profile given in Figure

The total life consumption of a switch can be calculated by summing up
the life consumption from the long-term and the short-term thermal cycles.
Since the same mission profile is used to calculate both life consumptions, the
lifetime can be easily calculated by dividing the length of the mission profile
by the total life consumption.

Figure [6.18] shows the lifetime of the primary-side and the secondary-side

88



6.4 Conclusions and discussion

inverters’ first submodule’s switches. The thinner bars are the lifetimes con-
sidering the short-term temperature cycles, and the thick bars are without
them. As can be seen, neglecting the short-term cycles has a negligible ef-
fect on the lifetime of the main switches. The reason is that the temperature
variations are insignificant for the main switches. However, there is a drastic
decrease in the lifetime of the auxiliary switches when the short-term cycles
are considered—especially for the secondary side inverter.

‘-auxiliary switch a [HN auxiliary switch b [ main switch ‘

Lifetime [years]

The primary bridge The secondary bridge

Figure 6.18: Lifetime comparison of the primary-side and the secondary-side in-
verters’ first submodule’s switches (The lifetime considering the short-
term thermal cycles are illustrated with the thinner bars) where
{a,b} € {2 x C2M0045170P, C2M0045170P}.

As shown in Figure[6.18] the secondary side submodules will reach the end of
their life in less than a year if C2M0045170P is used as the auxiliary switches.
Two C2M0045170P in parallel are used instead to solve this issue. In this way,
the lifetime of the secondary side auxiliary switches is extended considerably.
The lifetime of the primary-side auxiliary switches can be extended with the
same approach. However, the main switch will be the weakest link in the
lifetime of the primary-side submodules.

6.4 Conclusions and discussion

The capacitor and semiconductor requirements of selected isolated dc-dc con-
verters for high-power and medium-voltage applications are compared in this
chapter. A numerical comparison is made for a range of switching frequencies
and transition times, considering not only the submodule capacitors of the
converters but also the dc-link capacitors. Likewise, a comparison regarding
the semiconductor requirement is performed for the converters.
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The comparison between the converters revealed that the conventional DAB
requires the minimum amount of capacitance. Among the multilevel convert-
ers, the TAC-DAB needs the highest capacitance, more than 5% higher than
the MMC-DAB. Furthermore, the MTAC-DAB and the CTB-DAB need a
smaller amount of capacitance than the MMC-DAB. It is concluded that by
utilizing the MTAC and the CTB instead of MMC, the amount of required
energy storage can be reduced by up to 40 % and 60 %, respectively.

Also, the effect of winding configurations on the required energy storage is
studied. An MMC-DAB and a CTB-DAB converter are compared for different
winding configurations. It is shown that the YA connection considerably
reduces the capacitor requirements of the converters. In the best case, the
capacitor requirement can be reduced for the MMC-DAB and the CTB-DAB
by 30 % and 40 %, respectively. A comparison between the converters showed
that the YY-MMC-DAB and the YA-CTB-DAB have the highest and the
lowest energy storage requirements, respectively. Moreover, it is shown that
the YA-CTB-DAB can achieve up to 78 % (58 %) less energy storage compared
to the YY-MMC-DAB in the best case (worst case).

Moreover, it was demonstrated that the size of the dc-link capacitors be-
comes comparable with the chain-link capacitors when the percentage of the
transition time per period is reduced. It was shown that an increase in the
switching frequency does not necessarily result in capacitor size reduction. On
the contrary, for a given transition time, an increase in the switching frequency
after a certain point can result in a capacitor size increase for the studied mul-
tilevel topologies with the Q2L modulation. The comparison regarding the
semiconductor requirement revealed that the MMC-DAB requires the small-
est installed switch power, followed by the TAC-DAB and CTB-DAB among
the multilevel converters.

The study of the Q2L-operating MMC-DAB with MOSFETS revealed that
the primary-side main and the secondary-side auxiliary switches have higher
average junction temperatures than their secondary- and primary-side coun-
terparts, respectively. Moreover, it is shown that the auxiliary switches are
more thermally stressed than the main switches due to the impulsive conduc-
tion of currents. It is demonstrated that secondary-side auxiliary switches
cannot endure a single mission profile, While their primary-side counterparts
have an acceptable lifetime. To solve this issue, it is suggested to use two
parallel switches on the secondary-side converter for the auxiliary switches.
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CHAPTER [

Soft-Switching Boundaries of M-Level-to-N-Level DAB

This chapter is based on the following article

[ B. Khanzadeh, T. Thiringer, "Closed-Form ZVS boundaries for three-
phase M-level-to-N-level DAB converters with different winding config-
urations,” Published in IEEFE Transactions on Power FElectronics, pp.
1-16, 2023, doi: 10.1109/TPEL.2023.3260682.

7.1 Introduction

The soft-switching operation region of a 1¢ conventional DAB (2LC) with SPS
modulation is discussed in [7]. It is shown that the converter switches can turn
ON under ZVS under certain conditions. Since then, extensive research has
been done on analyzing and improving the ZVS range of the 1¢ conventional
DAB converter |78]—[84]. The ZVS operation of 1¢ multilevel DAB converters
is also studied to a great extent in literature. This includes: NPC based NPC-
NPC-DAB converter|37], [85], [86], MMC based MMC-MMC-DAB converter
[87], and 2LC-NPC-DAB converter [88].

The ZVS operating range of the conventional 3¢ DAB (2LC-2LC-DAB) with
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YY connection of the MFT windings and SPS modulation is also discussed
in [7]. Similar to the 1¢ conventional DAB, its ZVS operation is limited in
partial loads. Different methods are discussed in the literature to widen the
3¢6-YY-DAB’s ZVS range in partial loads. One way is the duty-cycle control
and asymmetrical operation of the converter as discussed [89]-[91]. Another
solution is to use a winding configuration other than the YY connection [25],
[92]. The impact of winding configurations of the MFT on the ZVS range of
the 2LC-2LC-DAB with SPS modulation is discussed in [25]. It is shown that
the converter with the YA connection of the windings has a wider ZVS range
compared to the YY and the AA variants at partial loads.

The soft-switching operation of 3¢ multilevel DAB converters is also studied
in the literature [24], |26], [27]. In [26], the performance of a YY-type 3¢ DAB
with three-level phase legs is investigated. It is shown that the extra degrees
of freedom provided by the three-level legs can be used to extend the ZVS
operation range of the converter. A DAB converter with a combination of
two-level and three-level inverters (2LC-NPC-DAB) is studied in [27], where
the effect of winding resistance on the performance and the soft-switching
operation of the converter is investigated. The ZVS range of a Q2L operat-
ing 3¢ MMC-MMC-DAB with SPS modulation and YY connection of MFT
windings is discussed in [24]. This study has focused on specific operating
conditions where both bridges have the same transition times, and the phase
shift is limited to specific values.

Available literature has focused on combinations of specific converter topolo-
gies with certain winding configurations. The effects of having a different
number of levels or transition times for the bridges have not been studied in
detail. Furthermore, the effects of winding configurations on the ZVS oper-
ation of the multilevel converters are not studied. To summarize, missing is
a generalized closed-form formulation of ZVS boundaries independent of the
primary and the secondary converter topologies. Where also the effects of
winding configurations of the MF'T, the number of levels in the bridges, tran-
sition times of the bridges, and dead times are considered in a combined way.
The purpose of this chapter is to fill these gaps by

o providing general closed-form ZVS conditions independent of the topol-
ogy of the bridges;

o studying and quantifying the effects of the number of levels in the
bridges, the transition times, and the dead times of the switches;
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o considering the effects of different winding configurations;

The provided closed-form ZVS conditions can be easily implemented in nu-
meric computing platforms for design optimizations. The converter topologies
that the derived boundaries can be used for include (but are not limited to):
2LC, T-type converter, NPC converter, MMC, TAC [38], and CTB converter
[40]. Eventually, a set of approximated ZVS conditions is provided, which can
be a helpful rule of thumb for design engineers.

7.2 Modeling of soft-switching boundaries

In this section, closed-form equations are derived that identify the ZVS bound-
aries of a 3¢0-ML-NL-DAB converter. A current-based method is used to derive
the turn-oN ZVS boundaries. According to this method, the switch will turn
ON with zero voltage if the antiparallel diode conducts the current during the
switching event [7].

Converter specific conditions

Let’s define ijg = z: (wt) as the phase A upper arm current flowing from the
positive dc-link to the phase terminal node. Similarly, i, =i, (wt) is defined
as the phase A lower arm current flowing from the phase terminal node to
the negative de-link. Also, i% = i (wt) is defined as the phase A clamping
leg current flowing from the phase terminal node to the mid-point of the dc-
link. ijg, iy, and i% are illustrated in Figure E and Figure for different
converter topologies. Using the waveforms of Figure 2.5 as a reference, the
ZVS conditions for each converter are denied as follows.

Two-level converter (2LC)

The turn-oN ZVS is achieved when i} (wt = 0) < 0 and i (wt =) <0 [7].

NPC and T-type converter

The lower and upper arms ZVS is ensured when i, (wt =7+ 6p) < 0, and
il (wt = 6p) < 0. To achieve ZVS for the clamping arm i% (wt =7 — ) < 0,
and 9 (wt = 2m — ) > 0 [26].
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Modular multilevel converter (MMC)

To ensure ZVS for the main switches of the upper arm, ijg (wt =0;) < 0 and
it (wt =27 —0)) < 0 where k € {0,...,M — 1}. For the auxiliary switches
of the upper arm i} (wt =7 £ 6;) > 0 where k € {0,...,M — 1}. To turn
ON the main switches of the lower arm under ZVS i, (wt=m+6;) < 0
where k£ € {0,...,M — 1}. Finally, for the auxiliary switches of the lower
arm i, (wt =0y) > 0, i, (wt =27 — 6;) > 0 where k € {0,..., M — 1}.

Transition arm converter (TAC)

To turn ON the main switches of the upper arm with ZVS, i} (wt = ;) < 0 and
it (wt =27 —0)) < 0 where k € {0,..., M — 1}. For the auxiliary switches
of the upper arm ifj (wt =7 £6;) > 0 where k € {0,...,M — 1}. Finally,
iy (wt =7+ 0rp—1) <0 to ensure ZVS for the lower arm switches.

Controlled transition bridge (CTB)

The lower and upper arms ZVS is ensured when i, (wt =7 +6y-1) < 0,
and i}y (wt =0p—1) < 0. To turn ON the switches of chain-links under ZVS
i% (wt = 0k) >0, 1% (wt =7 £0;) <0, and i% (wt =27 — b)) > 0.

General conditions

The ZVS conditions of converters are summarized in Table [l A closer
examination of Table conditions and Figure 2.3] and Figure reveals
that the ac-link currents can be used instead of the arm currents to derive
ZVS boundaries independent of the converter topology. Also, it would be
enough to investigate only half of the ac-link currents due to the half-wave
symmetry. Considering the directions of the currents shown in Figure [2.3]and
Figure the relations given in Table and the interval wt € [—g, g]
as half of the waveform, the ZVS conditions of all of the converters can be
summarized as

ipa (Wt =46;) <0  Vke{0,..,M—1}. (7.1)

The ZVS conditions derived hereafter can be used for any other converter
topology than shown in Figure [2.3] and Figure if its ZVS conditions can

be formulated as ([7.1]).
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7.2 Modeling of soft-switching boundaries

Table 7.1: Turn-oN ZVS conditions of the converters

2LC NPC T-type
it (wt=0)<0 it (wt =6p) <0 it (wt =6p) <0
iy (wt=m) <0 i% (Wt =7 —6) <0 i% (wt=m—6) <0
iy (wt=m+0) <0 iy (wt=m+6) <0

i% (wt =2m —6p) >0 i% (wt =2m —6) >0

MMC? TAC? CTB*
i (wt =£0;) <0 it (wt =£0;) <0 i (wt = £6;) >0
iy (wt=£0;) >0 it (wt=m+0;) >0 it (wt=0p_1) <0

if(wt=m+0,) >0 i, (wt=m+0p_1)<0 Y (wt=7m+0;) <0
iZ(wt:WiQk)<0 iZ(wt:W+0]V[_1)<O

2 for these converters k € {0,..., M — 1}.

Identification of soft-switching boundaries

A common approach for deriving the ZVS conditions of the conventional DAB
is to use piecewise linear equations of currents (7], [25]. A similar approach
is taken in [24] for a Q2L-operating 3¢-YY-MMC-MMC-DAB. However, this
method can not be easily generalized for M-level-to-N-level DAB converters
due to the complexity of the waveforms. An alternate approach is the identifi-
cation of ZVS from the Fourier-decomposed waveforms. This method is used
in [80] for 2LC-2LC-DAB converters. In this method, the sign of current at
the switching events is identified in the Fourier domain. Then the final ZVS
conditions are back-calculated using inverse Fourier calculations. The refer-
ence P2G waveforms used for ZVS calculation of YY and YA configurations
are shown in Figure[7.1
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Figure 7.1: Reference P2G waveforms for ZVS calculations. (a) For YY-DAB. (b)
For YA-DAB.

YY-connected DAB

Considering the references waveforms of Figure the switching events of
the YY-connected converters occur in the interval —0.5wr, < wt < 0.5wTy
for the primary bridge and ¢ — 0.5w7s < wt < ¢ + 0.5wTy for the secondary
bridge. The phase current of the converter is equivalent to the line current of
the MFT. Therefore, the ZVS conditions can be reformulated as

A (wt = +0k,p) <0 Yk, € {0,..., M, —1}  (7.2a)
ita (Wt=pE0) >0 ks € {0,.., M, —1}.  (7.2b)

Y A-connected DAB

The YA connection of the windings introduces a phase shift on the primary-
side-referred waveforms based on the vector group of the winding connection
. In this section, the vector group with +30° phase displacement (YA11)
is used during the derivation process of currents. Regardless, the final results
can be used for any vector group as ¢ € [0,7/2]. Considering the references
waveforms given in Figure [7.1b, the switching events of the YA-connected
converters occur in the interval —0.5w, < wt < 0.5wT, for the primary bridge
and ¢ + 7/6 — 0.5wrs < wt < p+ 7/6 + 0.5w7s for the secondary bridge. The
phase current of the converter is equivalent to the line current of the MFT.
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7.2 Modeling of soft-switching boundaries

Therefore, the ZVS conditions ((7.1) can be reformulated as

irh (wt =£0;,,) <0 Vk, € {0,..., M, — 1} (7.3a)
IS (wt=g@+7/6+0ks) >0 Vks €{0,..., M, —1}.  (7.3b)

Closed-form general soft-switching boundaries

Steps of calculating (7.2) and ([7.3) are discussed in Appendix E Only the
final results are presented here.

YY-connected DAB

Expanding the ZVS boundaries of the primary bridge 4} x (wt = £19,) < 0
where 9, € {0kp, VEk € {0,..., M, — 1}} results in

M,—1

Y (B (Ors F O+ @) +ha (Brs £ 0 — )
NsUp k=0

>
N,Us My—1

Z (hl (Qkp - 1913) +h (ka + ﬁp))
k=0

(7.4)

Similarly, the ZVS boundaries of the secondary bridge i’y (wt = ¢ +¥5) > 0
where Us € {0ks, Vk € {0, ..., Mg — 1}} can be expanded as

Ms—1

Z (hl (eks - 195) + hl (ekb + 195))
NSUp k=0

N,U, My
ST (ha (Orp F 95 — @) + ha (rp £ 05 + )
k=0

where the piecewise linear periodic function hq(wt) is defined in (A.2).
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Chapter 7 Soft-Switching Boundaries of M-Level-to-N-Level DAB

Y A-connected DAB

Expanding the ZVS boundaries of the primary bridge i}'4 (wt = +9,) < 0
where 9, € {0kp, Vk € {0, ..., M, — 1}} results in

M,—1
Z (h1(9ks$19p+30+g) +h1(9k5i’l9p—<p— %)
k=0
N (BT o= ) (O 9y~ o+ )
Us 6 L. (e
N, U, My—1
Z (hl (ka - 1910) +h (ok'p + 191)))
k=0

Similarly, i 2 (wt = ¢ + 7/6 £ 95) > 0 where U5 € {Os, Vk € {0,..., M5 — 1}}
can be expanded as

Ms—1
3 <h1 (aks 9 — g) i (eks 0+ g)

k=0
T T
+h1 (gks _ 795 + g) —+ h1 (eks +195 - g)
- + 20y (Oys — 0s) + 2k (Ogs + 05) -
NyUg Mp—1 T T |
Z <h1(9k-p2|219s+50+6) Jrhl(okp:’:ﬁsiwi g)
k=0
T T
—|—h1(9kp:|:195+@_ 6) +h1(0kp:!:195_§0+6))

Closed-form Q2L soft-switching boundaries

The general ZVS conditions (|7.5)-(7.7)) can be simplified if it is assumed that
the converters are modulated with the Q2L modulation under conditions given
in (2.1). Let’s also assume that

T ([@2.10) T
<wr; < = <O < — k; oy M —1 .
o<on <3 B0, <l whena-1 (78

where j € {p,s}. This assumption ensures no overlap between the transitions
of any two phases of a given converter. Let’s also define D as the ratio of the
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7.2 Modeling of soft-switching boundaries

primary dc-link voltage, Vyc p,, to the secondary dc-link voltage, Vic s as

Do Vo _ MU,
Vdc,s MSUS

(7.9)

YY-connected DAB

The soft-switching conditions of a YY-M,-level-M-level-DAB are given as

ity (wt = £0k,p) <0, Yk, € {0, .., M, — 1}
:>D]:€tp >pr (MsaMp,l/}sﬂ/Jp,|0kpp|,|(p:|20kpp|) (710&)
p N,
ity (wt = @£ ) >0, Vks € {0, ..., M, — 1}
1 NS M 7Msa ) Sy 6 sS| Zte .S 710b
— - N f( P "l}p w | ks |(P ks ) ( )
Dkss Np

where the piecewise function f (My, Ma, 1,112,060, A) is defined in .

Y A-connected DAB

The soft-switching conditions of a YA-M-level-M;-level-DAB are given as

iR (Wt =+ 0p,p) <0, Vky € {0, .., M, — 1}
- D,fpp > Nog (MS’MP’wS’wKT’ [Okop| + |© F Oky|) (7.11a)
itet (wt =@+ 7/6 £ Oj5) > 0, Vks € {0, ..., My — 1}
1 Neg (My, My, thp, ¥s, Or.s| s [ + Or.s]) (7.11b)
— DE > 3N
kss p

where the piecewise function g (M7, Ma,1,12,0, A) is defined in (A.11).
The soft-switching condition of every single switch for any converter given

in Figure[2.3|and Figure[2.4]can be calculated using (7.10)-(7.11). The bound-

aries where at least one of the switches of the primary bridge or the secondary
bridge loses ZVS, Dgi“t where j € {p,s}, can be calculated as

DgrSt < max (Di

o D,jpp) Vky € {0, ..., M, — 1} (7.12a)
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Dt > min (D ,, D}.,) Vks € {0, ..., M, — 1}. (7.12b)
Similarly, the boundaries where all of the switches of the primary bridge or
the secondary bridge lose ZVS, D?“ where j € {p,s}, are given as

il <min (D . D}, ) Vkp € {0, My, — 1} (7.13a)
D' >max (D, D} ) Vks € {0,..., My — 1}. (7.13b)

Effects of dead time

One of the key assumptions in the calculations was analyzing the ZVS con-
ditions under ideal switching transitions. However, the ZVS boundaries can
be compromised due to nonidealities like dead times |93]. Therefore, the ob-
tained ZVS boundaries will provide the minimum requirement for zero voltage
switching of the converters. A methodology for considering the effect of dead
time is provided in [80].

According to [80], for each half-bridge leg, the effect of dead time can be
considered by analyzing the current sign both at the switching instant and
the beginning of the dead time, and, accordingly, considering the worst case.
However, this method has shortcomings. As will be shown in Section
multiple current zero crossings can occur during the dead time. This effect
can be observed especially in multilevel DAB converters where the transitions
of bridges overlap. This simply means that in and , the inequalities
should be queried not only at the turn-oN event (y,; where j € {p,s}) but
also at the beginning and end of the dead time and for all values in between.

YY-connected DAB
The ZVS conditions for the YY case can be updated as follows

it A (wt = +6p,pa) <O, Yk, € {0, ..., M, — 1}

Nof (Ma, My, e, by, [Okopa s |0 T Ok,pa|)  (7-140)
N;

: +
kapd >
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7.2 Modeling of soft-switching boundaries

ir Y (wt = @ =+ 0)_q) >0, Vks € {0,..., My — 1}
1 NS M 7MS) ) 'Sy 9 S ) ie 5 S 714b
— f (M, My, o, s, [Orysal » |9 £ Okosal)  (7-14b)
Dkssd Np

where D,f 4 and D,f 4 are the ZVS conditions during the dead time. Also,
pP S
ijjd = ek]-j + 0.5wtkjj, Vtkjj € {t‘ — Tk;5d <t< tkjjd} (715)

where 0 ; + 0.5wtg;jq is the turn-ON instant of the target switch, 6 ; —
0.5wtg;ja is the turn-OFF instant of the complementary switch, and t,q is
the dead time of the switch. Finally, the ZVS condition of every single switch

can be calculated using (7.14)-(7.15)) as

D;ﬁtpp > maX<Di,pd)’ V@kppd IS {9kpp + 0.5wt| —tkypd ST < tlcppd} (7.16&)

Dkiss < min(Dipd), V0k.sa € {ekss + O.Swt\ —tgsd St < tkrssd}~ (7.16b)

Moreover, (|7.12)) and (7.13]) can be used in conjunction with (7.16)) to identify

boundaries where the first switch or all of the switches lose soft-switching.

Y A-connected DAB

The ZVS conditions for the YA case can be updated as follows

it 4 (wt =% 04 pa) <O, Vk, € {0,..., M, — 1}
o Nog (M, My, vy, [Oypal s | F Oypal) (7.17a)
kppd M
it & (wt = + 7/6 £ O,za) > 0, Vks € {0, ..., My — 1}
1 ng (Mp7Msva7wsa|9kssd|a|S0:|29kSSd|) (717b)
T 3N
kssd b

where D,j;ppd and Disd are the ZVS conditions during the dead time, and
Ok;ja is defined in (7.15). Similar to the Y'Y case, the ZVS condition of every

single switch can be calculated using (7.15)-(7.17)).
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Chapter 7 Soft-Switching Boundaries of M-Level-to-N-Level DAB

Approximated soft-switching boundaries

The ZVS models provided in the previous sections are complicated to analyze
without computing tools. It is useful to have a rule of thumb for evaluating
a performance of a system. Certain assumptions will be made in this section
(even though not necessarily correct all the time) to simplify the ZVS models.
The introduced errors will be quantified in Chapter

Let’s assume that the effect of dead time can be neglected, then it is enough
to analyze and . If it is assumed that the value of v; where
Jj € {p,s} is small, then ®; used in functions f (M, Ma,11,12,0,\) and
g (M, My, 1p1,12,6, \) can be approximated with M; [see definitions in @)
and (A.11)]. This considerably simplifies functions f (M, M2, ¥1, 12,0, \) and
g (M, My, 1p1,9,6,\). Consequently, for the YY configuration will be
simplified to

2”*3‘<P$9k |
g7 P Ups |0 F Orp| < 5

DE >—P Yk, € {0, ..., M, — 1}
pP 7 N. ) 37—6|oFOk,p| 9 P o TP
® 27r730kp;)p 5 <o F O <5
(7.18a)
27 —3| 0k, 5| T
1 N, [EEeEel g <ot <T
o a2 EE ey
as T, 5 Sl =T

(7.18b)

Similarly, (7.11) for the YA configuration will be simplified to

3 s
N, T O§|90:F0kpp|§i
DE TR 2T ® Wk, €{0,.., M, — 1}
kpp N. 97 18|Lp:1:9kpp| T o< 9 < o P p
s Tr =60k, § <l F kol <F
(7.19a)
1 Ny | 57=5%7— 0<|pLtbrs| <%
I >ﬁ {g’z:gi;iek-sl x o0 6271' ks €0,.... My — 1}
Dis Yo | "mmeorss § SloEbhsl <

(7.19b)

Approximated ZVS conditions given in (7.18)) and (7.19) can further be sim-
plified if we assume max (D,;pp,D,jpp) = DLp—l 5 £ Dy, where Dy is the
approximate dc ratio for the primary converter. This simply means that the
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7.2 Modeling of soft-switching boundaries

first switch to lose ZVS from the primary converter is assumed to be the one
responsible for the switching event at the end of the transition (wt = a7, —1,p)
and also defining the ZVS boundary of the converter. Similarly, it is assumed
that min (D,;s, D,jss) = Dy 1s £ D7, where D is the approximate dc
ratio for the secondary converter. This implies that the first switch to lose
ZVS from the secondary converter is assumed to be the one responsible for the
switching event at the beginning of the transition (wt = ¢—60p7,—1 ¢ for the YY
and wt = @ +7/6 — Op._1 5 for the YA) and also defining the ZVS boundary

of the converter. Considering these, (7.18) and (7.19) can be simplified into

21 —3|p—0.5wTp |
o >& SlleDbenel g < lo —0.5wT,| < % (7.20a)
P N. 3m—6]p—0.5wTp| 7 < | — 0.5wr | <2 .
s 27 —1.5wrp 3 S|P~ UowTp| = 73
2r—1.5wr,
Dy <}k {2”_3’“’_(;J5TMS| s (7.20b)
s 2r—1.5wT, 2 '
N 3W—g\¢—0‘f)g—w7—s| % < |90 - 0'5wTS| < ?ﬂ—
for the YY configuration and into
3
D~ >% 27r717.1:’)w‘rp 0< |(‘0 - O'SOJTP| < % (7 21&)
p N. 97 —18|p—0.5wTp | T o< ‘ —05 | < 27 )
s Ir—3wry 6 = |~ VoWTp| = 73
2r—1.5wr,
o <% z=Lbwr 0<|p—05wr| <% (7.21b)
s dr—3wr, 2 .
N | s=6lomtiory 6 <le—0bwr| < 3

for the YA configuration. Substituting 7, = 7, = 0 in and yields
the ZVS boundaries for the conventional DAB converter which matches with
the boundaries reported in [25]. If it is assumed that 7 £ 7, = 7, # 0 and
0 < |p—r7|] <7/3, then simplifies down to the relations reported in
[24] for a Q2L operating MMC-MMC-DAB.

Summary of different ZVS conditions

The ZVS conditions of both winding configurations are summarized in Ta-
ble The respective method can be selected based on the modulation tech-
nique used and the desired complexity of the model. It should be noted that
the approximated boundaries of the Q2L modulation are the conditions where
at least one of the switches of the respective bridge loses ZVS. The rest of the
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Table 7.2: Summary of the ZVS conditions

Arbit dulati For the kpth switch of For the ksth switch of
rotrary mocauiatlon  ihe primary bridge®  the secondary bridge®

Neglecting YY 7.4) at Jp = Ok, p 7.5) at Us = Ok.s
dead time | yA  (76) at 9, =6, 7.7) at 9, = 0y,
Considering YY 7.4) at ¥y, = Ok pa 7.5) at 95 = Ok sa
dead time’ | yA  (7.6) at 9, = ) 0 7.7} at 9, = 00

For the kyth switch of  For the ksth switch of

Q2L modulation the primary bridge®  the secondary bridge®

Neglecting YY evaluate (|7.10a evaluate (|7.10b)
dead time YA evaluate ([7.11a evaluate ([7.11b)
Considering YY 7.16a)) with (7.14a 7.16b) with (7.14b)

. b —

dead time YA (7.16a) with (7.17a 7.16b) with (7.17b)

. The first primary The first secondary

Q2L modulation switch to loose ZVS switch to loose ZVS
Approximated | YY 7.20a) 7.20b
boundaries |y \ 7.21a 7.21b

* where ky, € {0, ..., M, — 1} and ks € {0, ..., My — 1}.
b where Ok,5d = Ok, + 0.5wt, and the conditions with 0, ;q should be
evaluated for all —ty 4 <t <t jq and the worst case should be selected.

conditions in Table are evaluated for every single switch of the converter.
If the boundaries where at least one of the switches (or all of the switches)

loses ZVS are of interest, then (7.12)) or (7.13)) should also be evaluated. A
flow chart to obtain the ZVS boundaries is provided in Figure

104



7.8 Analysis of soft-switching boundaries

Depending on the complexity of the model used, the
ZVS . ‘ Ifyes | inputs to the model are as follows (see Table 7.2).
requirements can
qau Ok;5, Vir Ty tiya, My, Uy Nj, Ve, fswy ©
be formulated as (7.1). .
~ Vk'J € {0, ...7Mj — 1}, Vj e {p,S}

(Check if the converter's

(" If the boundaries where at least one of the Evaluate the soft-switching of every
switches (or all of the switches) loses ZVS switch according to Table 7.2 and
are of interest, then use (7.12) or (7.13). desired complexity for the model.

.

Figure 7.2: The flow chart of evaluating ZVS.

7.3 Analysis of soft-switching boundaries

The ZVS boundaries can be visualized using either D-¢ curves (as done in
[24], [80]) or D-Ps, curves (as done in [25], [26], [89], [90]). The former can
be directly plotted from —. For the latter, the active power should
be calculated from (4.26a) or (4.26D) first, and then — should be

used in conjunction with the active power. Both methods are used here for

visualization.

Parameter definitions

To generalize the analysis, D and Ps4 are per-unitized. Also, the transition
times are presented as a percentage per fundamental period, 7,y as

VIIOII]

Dpu 2 D x 285 (7.22a)
Vdc,p

Tivs = Tjfow x 100%, Vj € {p,s} (7.22b)

where Dy, is the per-unitized value of D, and Viep and Vot are the nominal
dc-links voltages. The base powers for the converters are defined as the ac-
tive power transferred using the conventional DAB with respective windings

connection, D = 1, and ¢ = 7/2rad. In addition, the number of turns of the
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windings is selected as

N nom
for YY connection to be —> ~ —9%8
Np o Vi
' 7.23)
N. \/gvnom (
for YA connection to be —= ay —— 98
N nom
p de,p

Effects of winding connections and converter topology

For the studies of this section, the ZVS boundaries of the conventional DAB
are provided with solid black lines as a reference. It is noteworthy that for
medium to high-voltage applications, it is impossible to use a single switch in
the conventional DAB; instead, several switches must be connected in series,
and active balancing circuits are needed during turn-oN and turn-orF. This
will lead to a slower switching transition and a limited ZVS range for the
conventional DAB. An alternative would be the input-series output-parallel
(ISOP) converter configuration as studied in [94], eliminating the abovemen-
tioned issue. Only the case of using a single switch enabling a quick switching
transition is studied here.

2 2
1.5 1 1.5
2 o —Q\’D?rst y |
Q Q
(TP%7 Ts%) (Tp%7 Ts%)
0.5 — — —(0%,5%) 0.5 — — —(0%,5%)
. - (0%, 0%) . - (0%, 0%)
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Py [pu] Py [pu]
(a) (b)

Figure 7.3: Turn-ON ZVS boundaries of a 2LC-CTB-DAB converter. (a) For the
YY windings configuration. (b) For the YA windings configuration.

Figure [7.3] shows the ZVS operation range of a multilevel DAB converter
with the two winding connections. The primary bridge is a two-level converter,
and the secondary bridge is a CTB converter with five submodules (2LC-CTB-
DAB). The region where the primary bridge is hard switched is depicted with
a purple-colored patch. Similarly, the hard-switching region of the secondary
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7.8 Analysis of soft-switching boundaries

bridge is depicted with a grey-colored patch. The white-colored area is where
the ZVS can be achieved for all of the switches on both of the bridges.

One can see from Figure that the ZVS range of the primary bridge of
the 2LC-CTB-DAB is slightly wider compared to the conventional DAB at the
proximities of (0.4, 0.5) and (0, 1). These two proximities in D-¢ domain corre-
spond to phase shifts, p; = [0, 0.5w7s] and @2 = [7/3 — 0.5w7s, /3 + 0.5w7],
respectively. For all ¢ € q, the transitions of the primary phase A voltage
and the secondary phase A voltage overlap. Similarly, for all ¢ € o, the
transitions of the primary phase A voltage and the secondary phase B voltage
overlap. Since the secondary voltage is reduced due to the trapezoidal wave-
form during the transitions, the ZVS conditions can be satisfied with a further
reduced primary voltage compared to the conventional DAB. Therefore, the
ZVS range expands slightly for ¢ € {¢1,¢2}. On the other hand, the ZVS
range for the secondary bridge is smaller for the whole power range due to the
introduction of the transition period. Starting from the boundary Df™' and
moving toward the boundary D! (the area marked with light gray color), the
secondary bridge switches lose ZVS one at a time. So, a partial ZVS can be
achieved for the secondary bridge in this region. A similar pattern can be seen
for the YA-connection of the windings in Figure 7.3b. The ZVS range of the
primary bridge is marginally wider at the proximity of the point (0.4, 0.8),
while the ZVS range of the secondary side is narrower in the whole power
range. As for the YY case, operation in the area with light gray color results
in partial ZVS of the secondary bridge switches. The expansion of the pri-
mary side ZVS range is due to a similar reason as the YY case. However, the
region corresponds to ¢ € [7/6 — 0.5w7s, 7/6 + 0.5wT;] due to the 30° phase
shift introduced by the winding connection.

Figure [7.4] shows the ZVS range of a CTB-2LC-DAB converter, where
the CTB has five submodules. Compared to the conventional DAB, the
soft-switching range of the secondary bridge is increased in small regions,
which correspond to ¢ € [7/6 — 0.5wT,, 7/6 + 0.5wT,] for YA type and ¢ €
{[0,0.5wTp], [7/3 — 0.5wT,, /3 + 0.5wT,]} for YY type—due to similar rea-
sons as before. In contrast, the hard-switching range of the primary bridge
has widened considerably for both winding types. The areas with light purple
color mark the region where the partial ZVS can be achieved for the primary
bridge.

It is shown in [25] that the YA connection of the windings can provide
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15 15
st pall -
Qg 1 s ° Qg_ P — Dfirst = pall
> (To%» Ts%) (7% Ts%)
0.5 - (5% ,0%) 05 A |- (5% ,0%)
0 Diirst (0% 70(%3) 0 D#‘rst (O% 7O‘%)
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Py [pu] Py [pu]
(a) (b)

Figure 7.4: Turn-ON ZVS boundaries of a CTB-2LC-DAB converter. (a) For the
YY windings configuration. (b) For the YA windings configuration.

a wider ZVS range at low powers for the conventional DAB. This can be
seen in Figure and Figure where two parallel lines (Dp, = 1.155
and Dy, = 0.866) extend to low powers. One can see from Figure and
Figure [7.4Db] that the 2LC-CTB-DAB and the CTB-2LC-DAB converters with
YA type MFT also can achieve ZVS in partial loads and a dc ratio close to
unity. However, the ZVS gap is narrower than the conventional DAB. The
ZVS gap closes from the side where the transition time is introduced (i.e.,
from the primary side for the CTB-2LC-DAB and the secondary side for the
2LC-CTB-DAB).

2

15 15
: ST D SN e
8 /‘) (Tp%7 Ts%) . (Tp%v Ts%)
0.5 P - (5% ,5%) 05 A7 |- (5% ,5%)
0 ! Dirst (0% ,0%) 0 ~ Dpiist (0% ,0%)
0 02 04 06 08 1 0 02 04 06 08 1
Py [pu] Py [pu]
(a) (b)

Figure 7.5: Turn-oN ZVS boundaries of a CTB-CTB-DAB converter. (a) For the
YY windings configuration. (b) For the YA windings configuration.

Figure shows a case where a CTB converter with five submodules is
used as both primary and secondary bridges. The CTB-CTB-DAB shows
a combined behavior of the converters 2LC-CTB-DAB and CTB-2LC-DAB.
The ZVS range of the CTB-CTB-DAB is smaller than the conventional DAB
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7.8 Analysis of soft-switching boundaries

for both winding types. However, there are regions—shown by light color
patches—where partial ZVS can be achieved for either of the bridges. The
soft-switching is lost for the powers below 0.3 pu for the YY-connection of the
windings, whereas it is retained in a narrow band for the whole power range
with the YA-connected windings due to the constant flow of reactive currents.

Effects of transition times and number of levels

According to (7.10)-(7.11), the transition times of the bridges affect the ZVS
boundaries. Figure [7.6]illustrates the effect of the transition time on the ZVS
boundaries of a CTB-CTB-DAB converter with five submodules per arm of
the converter. For the simplicity of visualization, the partial ZVS boundaries
are not depicted in the figure, and it is assumed that the transition times of
the bridges are equal (i.e., 7,/ = 7, = 7). The area confined to the y-axis
and 7,5 = 0% lines show the hard-switching region for 7,,; = 0%. If the
transition times are increased to 2.5 %, the ZVS will be lost in at least one of
the bridges in the areas confined to the lines 7,/ = 0% and 7,/ = 2.5 %. As
can be seen, the higher the transition time, the larger the hard-switching area
for both winding types.

Tp/s% 2.5% — 7.5% Tp/s% 2.5% —o— 7.5%
0% 5% ——10% 0% 5% ——10%
2 2
1.5 1.5
g1 S
0.5 0.5 pelt 4
o ) pgr s
0 ‘ : ‘ : 0 : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Py [pu] Py [pu)
(2) (b)

Figure 7.6: Effect the transition times (7,/s = 7p = 75) on the turn-oN ZVS bound-
aries of a CTB-CTB-DAB converter with M,,; = 5. (a) For the YY
windings configuration. (b) For the YA windings configuration.

Similar to the transition times, the number of levels of the bridges affects
the ZVS boundaries. Figure shows the effect of the number of levels on
the ZVS range of a CTB-CTB-DAB converter. For the sake of simplicity, it
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is assumed that the bridges have the same transition times, 7, /s = 10 %, and
the same number of levels (i.e., M, /s = M, = M).

* pis =1 — M, =10 — M, =1 My =10
—_— p/s = 2 Mp/s = 100 +Mp/s = 2 Mp/s = 100
2 T T T - 2 ' ' :
Dl:ll Dall
1.5 ] L5} £
QQ ' Dall D‘{m Q& ' ) Dgi;
051 “» D 05+ Dy Dt
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Py [pul Pg; [pu]
(a) (b)
Figure 7.7: Effect of number of levels (M,;s = M, = M;) on the turn-oN ZVS

boundaries of a CTB-CTB-DAB converter with 7,,; = 10%. (a) For
the YY windings configuration. (b) For the YA configuration.

One can see from Figure that the ZVS operation region shrinks slightly
as the number of levels increases (e.g., from 1 to 2). Reduced regions cor-
responds to ¢ € 7/3 + [0.5w(, — 75),0.5w (7, + 75)] for the primary bridge
and ¢ € /3 + [0.5w(7s — 7p), 0.5w(Tp + 75)] for the secondary bridge of the
YY type. For the YA type, these bounds should be shifted by 30°. However,
the ZVS boundaries of the converter with M, = 10 nearly overlap with the
boundaries of the converter with M,/ = 100. The higher number of levels for
a given transition time, the lower the dwell time. Therefore, the P2G voltages
approach a trapezoid, and the effect of short dwell times can be neglected in
the waveform of the current.

Effects of dead time

Two converter topologies are considered to study the effects of dead times.
Table tabulates the parameters of these converters. Additionally, both
winding configurations are studied, resulting in four different cases.

Figure and Figure show the effects of dead times on the ZVS
boundaries of the YY and the YA cases, respectively. For simplicity, only
the boundaries D' and Df*** are visualized. The boundaries are depicted
for two cases without a dead time and with a dead time of #3,;q = 1ps. As
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7.8 Analysis of soft-switching boundaries

Table 7.3: Specifications of the converters for dead time studies

Converters o Ts M, M tg;ja @
CTB-2LC 5% 0% 5 1 [0, 1] ps
2LC-CTB 0% 5% 1 5 [0,1] s

Winding type fsw L, Vier  Vaes Np:Ns
YY 5kHz 92pH 5kv 5kV 33:33
YA 5kHz 92pH 5kv 5kV  33:57

® where j € {p,s}.

can be seen, for both the winding configurations and converter topologies, the
ZVS operating region of both bridges shrinks by considering the dead time.
This is because the current should be negative during the dead time instead
of only at the switching instant, which expands the hard switching region.
In Figure [7.8¢c, the low-power regions are magnified. The ZVS operating
region shrinks even at low powers (phase shifts) where the transition of bridges
overlaps.

In Figure the effects of different dead times on the ZVS boundaries at
operating points (a)-(d) (shown in Figure are depicted. Points (a) and
(b) are plotted for constant Dy, whereas for points (c) and (d), the power
is kept constant. For these points, the inequalities and are only
evaluated at the start and end of dead time instead of for all points between
these two boundaries.

As expected, the higher the dead time, the more pronounced the reduction
of the ZVS range at points (a) and (b) as shown in Figure 7.9a] However,
at point (c) (which shows the secondary bridge boundary), the value of Dy,
decreases up to tsg = 0.5ps and then increases [see Figure E] Similarly,
at point (d) (which shows the primary bridge boundary), the value of Dy,
increases up to tp,q = 0.25ps and then decreases. This means evaluating

(7.14) and (7.17) for points (c) and (d) only at the beginning and end of
the dead time results in the reduced soft-switching region at first and then
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increased soft-switching region after specific dead time.
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Figure 7.8: Effect of dead time on the turn-oN ZVS boundaries. Thick lines with
filled markers illustrate D{™*, and the thin lines with non-filled markers
are used for ng. The cases with dead time are depicted with dashed
lines. (a) For the YY-connected MFT windings. (b) For the YA-
connected MFT windings. (¢) Magnification of low powers for both
winding configurations.
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Figure 7.9: Case studies of the effect of dead time on the turn-oN ZVS boundaries
of YY type. (a) At points (a) and (b) shown in Figure [7.8¢ (b) At
points (c) and (d) shown in Figure |7.8cl
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7.4 Simulation validation

Figure [7.10] shows the ac-link waveforms of the YY type 2LC-CTB-DAB
converter operating on point (c¢) given in Figure [7.8c. As can be seen, the
secondary line current has six zero-crossings. Out of these, the ones marked

with a green circle happen in a shorter time than 0.5 ps.

Therefore, for a given dead time of 4, ;q, evaluating (7.14) and (7.17) only
on at the start and end of dead time is not sufficient to ensure ZVS due to
the possibility of multiple zero-crossing of the current. Consequently, for a

given dead time of ¢y, ;jq, (7.14) and (7.17) should be evaluated at all 0y, ;q €
{0k, +0.5wtk, ;| —tr,ja < tr;; <tr,;a} and the worst case should be selected.
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= double zero .
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0 /3  2m/3 ™ /3 57/3 2«
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Figure 7.10: The ac-link waveforms of the YY type 2LC-CTB-DAB converter op-
erating on point (c) given in Figure 7.8cl

7.4 Simulation validation

A simulation model of a CTB-CTB-DAB with ideal switches is developed in
MATLAB to verify the derived ZVS boundaries. Extracting the ZVS bound-
aries from a simulation is a time-consuming process. Therefore, three key cases
are considered for verification. Table summarizes converter parameters for
these three cases.

The secondary side dc-link voltage is kept constant at its nominal value of
5kV, while the primary side dc-link voltage is swept between 0 and two times
the nominal value (i.e., 10kV). The phase shift between the two bridges is
swept between 0° and 90°. After identifying the ZVS boundaries, the precision
of the parameter sweeping has increased at the proximity of the boundaries.
This process has been repeated several times to achieve smooth ZVS bound-
aries with low simulation times.
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Table 7.4: Specifications of the simulated dc-dc converter

Cases Tp% Ts% M, My  fow
A 5% 5% 3 3 5kHz
B 16.67 % 1% 3 1  5kHz
C 1% 16.67% 1 3 5kHz

Closed-form Q2L soft-switching boundaries

Figureshows the ZVS boundaries (D-¢ curves) obtained from simulations
and analytic relations — for both windings types. The simulation
results are depicted with markers. As can be seen, there is a perfect match
between the simulation results and the calculations for all three cases and
both winding types. This was expected as no simplifying assumptions have
been made during the derivation process.

(Tp%’Ts%’]upaﬂjs) e (16-7%7 1%7 37 1)

(To%> Toer My, M) —a— (16.7%, 1%, 3,1)
——(5%,5%,3,3) —o—(1%,16.7%,1,3)

—+—(5%,5%,3,3) ——(1%,16.7%,1,3)

2 o 2
15
<
R 2o
0.5
oL oL
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
¢ [deg] ¢ [deg]
(a) (b)

Figure 7.11: Comparison of the turn-oN ZVS boundaries obtained from simula-
tions (shown by markers) and calculation for a CTB-CTB-DAB. (a)
For the YY windings configuration. (b) For the YA windings config-
uration.
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7.4 Simulation validation

Approximated soft-switching boundaries

Figure shows a comparison between the approximated (obtained from
or (7.21)) and accurate (obtained from or (7.11))) ZVS bound-
aries for a CTB-CTB-DAB converter. It is assumed that both bridges have
five submodules per leg and the same transition times (i.e., 7,/s = 7, = 7).
The boundaries obtained from the simplified relations are depicted with mark-
ers. One can see that the approximated boundaries mismatch with the actual
boundaries in certain regions. The difference between the actual and approxi-
mated boundaries is patched with the respective color. It can be seen that for
both winding types, the higher the transition times, the larger the mismatch
region. However, the approximate boundaries match well with the accurate
ones for most operating points. Additionally, for both winding types, the
approximate expressions are conservative in predicting the ZVS range of the
converter.

Ty = 0% ———— Ty = 2.5% Tyt = 0% ———— Ty = 2.5%
Ty = 5% Tps% = 1-5% Ty = 5% Tpyst = 1.5%
2 —— 2
1.5} 1 1.5
= =
S )
Q! Q!
0.5} ] 0.5}
0 0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
¢ [deg] ¢ [deg]
(a) (b)

Figure 7.12: Comparison of the turn-ON ZVS boundaries obtained from approxi-
mate (shown by markers) and accurate calculations for a CTB-CTB-
DAB. (a) For the YY configuration. (b) For the YA configuration.

The approximated boundaries for the YY configuration mismatch with the
actual boundaries for only small and large values of . If the ZVS range of
both bridges is of interest, then the small ¢ regions will be out of the ZVS
range anyway. Therefore, the only introduced error on the whole ZVS range of
the DAB converter by the approximated boundaries is in the high ¢ regions.
As shown in Figure[7.12b, the approximation error is concentrated in the knee
regions for the YA connection of the windings, and there is a perfect match
for the other operating points.
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The conditions where the ZVS gap of the YA-connected DAB converter
closes can be calculated with the help of the approximate expressions as

DY < DX = 3T < 21 — 1.5wTy
P 27 — 1.5wT, ™ (7.24)
(47 — 3wr,) (47 — Bwry) > 1272
With equal transition times for the bridges, the limit is 7,/ = 2_T\/§ X

100 % = 8.93 %. It can be seen from Figurel@that for 7,5 = 10 % > 8.93 %
the gap is already closed and the converter operation is under hard switching.

The accurate ZVS conditions or are functions of at least eight
parameters. Moreover, the soft-switching region of the DAB converter de-
pends on both the primary and secondary converters’ conditions. considering
all the parameters and comparing them accurately with approximate bound-
aries is impossible in two dimensions. To overcome this limitation and perform
a comparison for different parameter values, root mean squared percentage er-
ror (RMSPE) will be used [see the definition of RMSPE for four functions in
@)] As an example, the output of RMSPE(Ds® D~ Di*st D) is a sin-
gle number showing the error between approximate and accurate ZVS models.
DgrSt and D7 are compared together. Similarly, Dfrst and D7 are compared
and the cumulative error is quantified.

The quantification of the mismatch between the approximated expressions
and the accurate ones will be limited to the region where both bridges operate
under ZVS (i.e., Dist < Dfirst)  Additionally, it is assumed that dc-link
voltages have a maximum of 10 % deviation from their nominal values (i.e.,
0.82 = };8:} < DK 14_—8:1 = 1.22). These correspond to the phase shifts
below 60° and 30° for the YY and the YA configurations, respectively.

Figure|7.13|shows RMSPE(DE™", Dy, Df*s*, DY) of a CTB-CTB-DAB con-
verter for both winding types and three different number of submodules (M, /s =
M, = M;). For the YY type, the approximation error is the highest when
one of the bridges has a high transition time while the other has a small one.
In contrast, for the YA type, the approximation error is the highest when
the transition time of both of the bridges is high. For both winding types,

the higher the number of levels, the lower the approximation error. This was
expected because the higher the number of levels, the lower the . Therefore,
the assumption of small ¥ for simplification of ZVS bounds is justified.
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Figure 7.13: The RMSPE of the approximated expressions (a) For the YY-
connected MFT windings. (b) For the YA-connected MFT windings.

7.5 Experimental validation

The down-scaled converter prototype shown in Figure is used to validate
the proposed analytical solutions. See Section [3.5|for more information about
the experimental setup. The three different converter configurations used for
validations are a 3¢-YY-2LC-CTB-DAB, 3¢-YY-CTB-2LC-DAB, and 3¢-YA-
CTB-2LC-DAB. Two values (5% and 10 %) are considered for the transition
time of the CTB converter for each configuration, resulting in six different
case studies in total. The specifications of these converters are summarized in
Table [Z.5l

In order to change the dc-link voltage ratio, the CTB-side’s dc-link voltage
is kept constant at its nominal value, and the 2LC-side’s dc-link voltage is
varied between 50 % and 150 % of its nominal value in steps of one volt for
all case studies. Three 80 pH external inductors are series connected with the
2LC-side of the MFT to avoid extreme current surges in the ac-link due to the
large operating span of the 2L.C-side dc-link voltage. These inductors are kept
in the circuit for all operating points to be consistent in the measurements.

The phase shift between the converters is swept in a large range to identify
the ZVS conditions at different operating points. The ac-link currents and
voltages are recorded at each operating point for post-processing. The turn-
ON switching currents, the currents in the middle of the dead time, and the
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Table 7.5: Specifications of the converter prototype

Converters o Ts M, M tpd tsd
CTB-2LC 5% 0% 2 1 0.4ps  0.5ps
CTB-2LC 10% 0% 2 1 0.4ps  0.5ps
2LC-CTB 0% 5% 1 2 0.5pus  0.4pus
2LC-CTB 0% 10% 1 2 0.5ps  0.4ups

Winding type  fsw Ly Vier  Viesw Np:Ng

YY(2LC-CTB) b5kHz 3.6pH 100V 200V  15:30
YY(CTB-2LC) 5kHz 144pH 200V 100V  30:15
YA(CTB-2LC) 5kHz 14.4pH 346V 100V 30:15

where t;q (j € {p,s}) are the dead time of the switches.

current at the turn-OFF instant of the complementary switch are extracted
using the phase current and the switching instants at each operating point for
each switch of the converters. If these three currents are negative, the soft
switching will be maintained for the respective switch.

The measurement results for the six cases are summarized using these cri-
teria in Figure The analytical solutions are plotted using dashed or solid
lines, and the measurement results are illustrated with markers. Each marker
corresponds to one of the switching instants (i.e., one of the switches) and
highlights the operating point where the soft-switching is lost for the respec-
tive switch. As can be seen, the analytical solutions match the measurement
results for all six cases. There is a slight difference, which was expected.
Firstly, due to the discrete one-volt steps taken during the measurements.
Secondly, due to nonidealities that are not considered in the analytical solu-
tion. These include the voltage drop across the switches and the oversimplified
model used for the MFT.
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7.6 Conclusions and discussion

In this chapter, analytical ZVS boundaries for 3¢ M-level-to-N-level DAB
converters are derived, analyzed, and validated with MATLAB simulations
and experiments. The region where the converter can achieve partial ZVS is
identified. In addition, the effects of having different transition times and the
number of levels on the ZVS range of the converter are studied. It is shown
that the ZVS operation region shrinks slightly for a given transition time as
the number of levels increases. It is also shown that the higher the transition
time, the narrower the complete ZVS range and the wider the partial ZVS
range of the converter.

The effects of the winding configurations are considered in the analysis.
It is demonstrated that, as the transition time of the bridges increases, the
converters with the YY connection of the windings lose the ZVS capability at
partial loads, and the dc ratios close to unity. However, the converters with
the YA connection of the windings can retain the ZVS capability at partial
loads in a narrow region where the dc ratio is between 0.87 and 1.15. An
interesting result is that the ZVS gap starts to close as the transition time
increases. A 9% transition time is a limit where the YA connection loses this
benefit.

The effect of dead time on the ZVS boundaries of the multilevel DABs
is formulated. For a few case studies, it is shown that introducing a dead
time results in a reduction of the ZVS operating region of both the primary
and secondary bridges, independent of the winding configuration. It is also
established that evaluating the sign of the phase current in the whole dead
time region is mandatory due to multiple zero-crossing in a short time frame.

Additionally, approximations of the ZVS boundaries are provided that are
easy to implement and provide conservative ZVS boundaries. The error intro-
duced by the approximations of the ZVS boundaries is quantified. The effect
of the transition times and the number of levels on the approximation error
is visualized. It is concluded that the approximated expressions can identify
the ZVS boundaries of the YY and YA configurations with high accuracy for
phase shifts below 60° and 30°, respectively.
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CHAPTER 8

Magnetic Flux and Core Loss Modeling

This chapter is based on the following articles

[ B. Khanzadeh, Y. Serdyuk, and T. Thiringer, "Evaluation of core
losses in transformers for three-phase multilevel DAB converters,” in
Proceedings of 24th European Conference on Power Electronics and Ap-
plications (EPE’22 ECCE Europe), 2022, pp. 1-11.

8.1 Introduction

Improving the power density and evaluating the overall efficiency of the con-
verter is one of the main design steps of DAB converters. In this regard,
evaluating the losses of the transformer is crucial in the design process. One
of the main components of transformer losses is iron losses. To estimate these
losses, different methods can be used [30], [31]. If research focuses on trans-
former design, FEM can be used for detailed and accurate iron loss analysis.
However, for research focusing on the power electronics aspects, FEM analysis
is time inefficient. Nonetheless, the impact of power electronics characteris-
tics (e.g., any modulation technique or control strategy) on the core losses
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should be considered. A practical solution is empirical methods [95]. One
such empirical method is the so-called IGSE [96]. According to IGSE [96], the
time-average power loss per unit volume of a magnetic material, P,, can be

calculated from
_ 1 [T
P, == k;
v
k

ki - o (Slb)
(2m) L / lcos(8)|° 28— o
0

[e3

db (AB)P~dt, (8.1a)

dt

where «, 8, and k are the Steinmetz coefficients of the core material; AB is the
peak-to-peak magnetic flux density; and T is the fundamental period of the
flux waveform. It has been shown that IGSE tends to be a good compromise
between the accuracy of the model and the number of parameters required
to model the losses [95]. The three required Steinmetz coefficients can be
extracted from the material datasheet or experiments, and the flux waveforms
can be used to estimate the losses using .

A few papers have studied different aspects of 3¢ multilevel DAB converters
with Q2L modulation [22], [24], [28], [29]. However, the effects of the modula-
tion strategy on the transformer core losses are not investigated. An option for
this study is IGSE. Nonetheless, direct implementation of in the power
electronics design optimization is time inefficient. In this chapter, closed-form
expressions are derived to tackle this issue. The accuracy of these simpli-
fied expressions is evaluated and compared with direct calculation from IGSE
and flux waveforms. The derived expressions can be applied to core-type 1¢
transformers connected in 3¢ configuration or E-core 3¢ transformers. Also,
they can be used to estimate the losses inside limbs of Hexa-core and E-cut
core transformers. In addition, a set of equations are derived to estimate the
flux waveform inside the transformer core for different winding configurations.
The models are verified with simulations and experiments.

8.2 Flux and core loss modeling

The total instantaneous flux linkage in the core is a complex function of voltage
waveforms of both windings, leakage fluxes, winding resistances, and the core
geometry.
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8.2 Fluz and core loss modeling

Simplified flux model

Modeling can be simplified if the flux is assumed to be distributed homoge-
neously across the core cross-section and remain homogeneous along the core.
Furthermore, the voltage drop across the resistance of the windings can be ne-
glected if their value is small. With these assumptions, the total instantaneous
flux in the limbs, ®r,(wt), can be calculated as

vs(wt)
Ny

L,
Ly, + L,

APy, (wt) _k vp(wt)

o ]-_ko'
at N, Tk

- (8.2)
where vp(wt) and vs(wt) are the primary and secondary winding voltages,
respectively; L7 is the primary winding’s leakage inductance referred to the

secondary side, and L¢_ is the secondary winding’s leakage inductance.

YY-connected DAB

The P2N voltages appear on each winding of a YY-connected MFT. Therefore,

(8.2) can be rewritten as

VzN

Np

(1= k) 2 Y(a,y) € {(A,a), (B,b),(C,e)}.  (8.3)

‘I)E,;{ - ka Ns 5

Then the flux in the limbs can be calculated by substituting v,x and vy, from
(4.5)) in (8.3) and integrating the result as

ko oo M 4U,, cos(H Oy
Np H=1 k=0

—ky —

Y

H=1 k=0

(8.4)

i

o= <4U s cos(HOy,)

e cos(H (wt + a — w))) .

Y A-connected DAB

For a YA-connected MFT, the P2N and P2P voltages appear on the Y- and
A-side windings, respectively. Therefore, (8.2) can be rewritten as

. Vg Vyz
P = ko + (L—ko) 2 V(a,y2) € {(4,ab), (B,be), (Crca)}. (85)

P s
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Then the flux in the limbs can be calculated by substituting v,;n and v, from

(4.5) and (4.8) in (8.5) and integrating the result as

o0 1
—ks 4U, cos(H6},)
02 )= 2 355 ()
H=1 k=0
1—ky o= S 4T cos(HOy) ™
- ho s k
N2 (mCOS(H@”“@&))
H=1 k=0
oo Ms—1
11—k, . 4U, cos(HOy,) 5
s COTIR) cos( H(wt +a—o— 2)) ).
’ Ns HZ:1 k=0 < H2mw COS( rea—y 6)>)

(8.6)

AY-connected DAB

For a AY-connected MFT, the P2P and P2N voltages appear on the A- and
Y-side windings, respectively. Therefore, (8.2]) can be rewritten as

SR = ko L+ (1= ko) 5, Wy, 2) € {(AB,a), (BC.b), (CA,0)}. (87)
P s

Then the flux in the limbs can be calculated by substituting v,, and v., from

(4.8) and (4.5) in (8.7) and integrating the result as

! AU, cos(HOy,)
H?7mw

cos(H (wt + a)))

0 1
ko AU, cos(H6y,) 27
+sz=: Z <pH27rwcos<H(wt+a—3)>>

k
oo Mg—1
1— ks - 4U, cos(H0y,) T

AA-connected DAB

For a AA-connected MF'T, the P2P voltages appear on both windings. There-
fore, (8.2) can be rewritten as
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8.2 Fluz and core loss modeling

. V.
SAA = 2 4+ (1—k,
L N +( )

p

,  V(zy, zw) € {(AB,ab), (BC,bc), (CA,cA)}.

(8.9)
Then the flux in the limbs can be calculated by substituting v,, and v, from
(4.8) in and integrating the result as

<
=Sk

oo Mp—
ko 4U,, cos(HOy,)
PLEA (wit) = -2 < cos(H (wt + )
L: N, froe] kg H3mw
ko =R (AU, cos(HOy) 2
o k T
+Fp Z Z < T2 cos<H(wt+a 3))>
H=1 k=0
0o M.—1
11—k, > <4U cos(HOy)
- SN - cos(H(wt +a-— <p))>
N H=1 k=0 Hemw
oo Ms—1
1—k, . 4Uj cos( H&k 27
+ . Z < cos<H(wt+a—<p—3)>).

By
I
-
B
Il
<

(8.10)

Approximated flux model

To further simplify the flux model, one can assume that only one winding is
excited (the extreme cases of k, € {0,1}). Then, the flux linkage of a winding,
U (t), can be calculated from the applied voltage on its terminals, v (t), as

AW (t)

vt =~

:>\I/(t):\11(0)+/tv(t’)dt'. (8.11)

Y-connected 3¢ windings

The P2N voltages appear on each coil of Y-connected 3¢ windings. Thus, the
flux linkage of a Y-connected balanced 3¢ windings exited with the voltages
given in Figure WY (wt), can be calculated using (4.5) and (8.11) as

0o M-1
UY(wt) = )+ Z Z (4UCOS Hb) (1 — cos(H (wt + a)))) (8.12)

H2rw
H=1 k=0
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where H € {2h — 1|h € N, 3f2h — 1}, (z,a) € {(A,0), (B, —27/3), (C,27/3)}.
Due to the half-wave symmetry of the waveforms WY (7) = —¥Y(0). Thus

(8.12) can be simplified as

v (wt) f: Z (Wcos(ﬁ[(wt+a))>. (8.13)

H=1 k=0

The extremum of WY (wt) occurs at wt = nm + a for n € Z. Among these
points, the maximums are located at wt = nw + o for n € {2k — 1|k € Z}.
Therefore, the maximum flux linkage, ¥Y__ can be calculated as

M—1 oo M 1
4 cos(HOy) [@2) U
Vhax = T (nm+a) = 37 — > — 5" E 1(6,)  (8.14)
k=0 H=1 k=0

which can be expanded using the time-domain definition of hy(wt) from (A.2)
and assuming 0 < 0, < 7/3 as

M—-1

Yo = Z <4U17;(27r — 30k)) = % <27rM -3y 0k> . (815)
k=0

k=0

Equation (8.15]) can be used for arbitrary values of 6y for a general staircase
waveform. However, it can be simplified further for a Q2L waveform excitation
defined under the conditions mentioned in (2.1]) as

M—1
2U oMU
Y = oM — (k —1.50M). 1
max 9w< 3;70 +05)1/)> oo (2m — 1.5y M).  (8.16)

For all converters shown in Figure [2.3]and Figure [2.4) MU = 0.5Vq. therefore

oY = Vi; (2m — 1.5¢)M) . (8.17)

max 9

A-connected 3¢ windings

The P2P voltages appear on each coil of A-connected 3¢ windings. Thus, the
flux linkage of a A-connected balanced 3¢ windings exited with the voltages

126



8.2 Fluz and core loss modeling

given in Figure U2 (wt), can be calculated using (4.8) and (8.11) as

A () — (8.18)
co M-1
4Ucos 4U cos(HOy) (COS (H(m ta)— 21;”) — cos(H (wt + a)))
W
H=1 k=0

where H € {2h —1|h € N, 3)2h — 1}, (z,) € {(4,0), (B, —27/3),(C,27/3)}.
The extremum of U2 (wt) occurs at wt = nr+57/6+a for n € Z. Among these
points, the maximums are located at wt = nw + 57/6 + « for n € {2k|k € Z}.
Therefore, the maximum flux linkage, ¥4, can be calculated as

Ua =V (n7 + 57/6 + ) (8.19)
:M 12[](%(}05( (ek—i—ﬂ'/ﬁ +iCOS k—7T/6))
k=0 w H=1 H=1
i cos(H (0 +57T/6 ) i cos(H 9k —57/6))
H=1 H=1 )
MlQU(h O+ T+ (O — ) = (5 + 20— (05— )
— o w 1\YEk 6 1\VEk 6 1\VEk 6 1\VEk 6

which can be reduced using the time-domain definition of h;(wt) from
and assuming 0 < 0, < /6 into
RN _ 2MUr mu= 0-5Vge ~ Vae

max 3w max - 6fsw .

(8.20)

Simplified core loss model

Assuming that the flux distribution is homogenous in a core with a cross-
section of A, which is excited using a coil with N number of turns, the flux
linkage inside the core can be written as ¥ = N® = NBA. Therefore, (8.11]
can be reformulated as

(8.21)
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A fundamental period of the voltage waveforms applied on the transformer
windings can be divided into two sections. A monotonically increasing half-
cycle and a monotonically decreasing half-cycle. This means, there will be no
minor loops in the hysteresis curve of the core. Therefore, K; and AB terms
can be moved out of integration in . Considering these, can be
reformulated as

) B—a  pT ) B—a  pT
g:%/{) |v(t)|adt:%/o P (822)

where Bpax is the maximum flux density.

Y-connected 3¢ windings

Let’s assume a set of Y-connected 3¢ coils excited with a converter generating
P2G voltage waveforms similar to the ones shown in Figure Moreover,
let’s assume that the waveforms are Q2L meeting the conditions mentioned in
. The maximum magnetic flux density inside the limbs of this core can

be calculated using (8.16)) and (8.21)) as

BY _ Ul 2MU

max = NA T 9N Aw

(27 — 1.5y M) . (8.23)

Moreover, the magnetic loss density inside the limbs of this core can be cal-

culated from (8.22)) as

ki (2BY,)"7°

max

Y-
M (NA)* 27

2m
/ |van (wt)|* dwt (8.24)
0

which can be further simplified considering the quarter-wave symmetry of
(4.7) along wt = 0, and non-negative values of van(wt) for 0 < wt < 0.57 as

oY ki 2Br¥ax e H o

The integration in (8.25) can be divided into intervals where vn(wt) is con-
stant using (4.7) and then evaluated. By doing so, and plugging BY,, from
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(8.23), and reducing the obtained expression results in

Pf\}( =4k (BrYnax)ﬁ SQWXEQL (8268‘)

M-1 2M—1
e 5@ 0 +o( X ()" X 0 )
Y k=1 k=1
XQQL - o 27
(%ﬂ - @) /O lcos(6)[* df

(8.26D)
For ¢ =0 models a core loss of 2LC-DAB simplified as

BY =k (BY..)" 2 x 212 (8.27)

sSwW a—1 o .
2
<7T> / |cos(#)|* df
3 0

A-connected 3¢ windings

Let’s assume a set of A-connected 3¢ coils excited with a converter generating
P2G voltage waveforms similar to the ones shown in Figure Moreover,
let’s assume that the waveforms are Q2L meeting the conditions mentioned in
. The maximum magnetic flux density inside the limbs of this core can

be calculated using (8.20) and (8.21)) as

BA _ wa _ 2MU~

max = N A 3NAw'

(8.28)

Moreover, the magnetic loss density inside the limbs of this core can be cal-

culated from (8.22)) as

A kl 2Brﬁax fre 2 «
PA ENA)Q;F /0 lan (wb)| dwt (8.29)

which can be further simplified considering the quarter-wave symmetry of
(4.10)) along wt = —m /6, and non-negative values of vgp(wt) for —/6 < wt <
m/3 as

(SE

(2BA )P«
A :’m /_ (van(wt)® dwt (8.30)

s
6
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The integration in (8.30]) can be divided into intervals where v4p(wt) is con-
stant using li and then evaluated. By doing so, and plugging B2, from
(8.28)), and reducing the obtained expression results in

_ B o

P =4k (Biw)” faxGor (8.31a)

2M—1

g_(M_0.5)w+¢ I; (;;4)“

XGor, = — (8.31b)
(3) /0 lcos(6)|* df
For ¢» =0 models a core loss of 2LLC-DAB simplified as
PA =4k (B2,)" 2, x ! (8.32)

(§)°H /0% cos(B)|* o

8.3 Analysis of developed models

Flux waveforms

According to , the instantaneous flux in the core of an MFT with YY, YA,
AY, and AA configurations can be calculated using , , , and
, respectively. Figure shows the phase voltages and flux waveforms
of a 3¢ multilevel DAB converter for different winding configurations and
¢ = 7/6. The flux inside the core is depicted for different values of k,. When
ks = 0, there is no leakage flux from the secondary winding, or one can say
that only the secondary winding is excited. Thus, the flux waveform inside
the core depends just on the secondary phase voltage. Similarly, if k, = 1,
there is no leakage flux from the primary winding (or one can say that only
the primary winding is excited). In this case, the flux waveform inside the
core depends only on the primary phase voltage.

In reality, there will be leakage flux from both windings, and &, € {0,1} are
two extreme cases. Therefore, the flux waveform will depend on the primary
and the secondary voltages and the phase shift between them. As can be
seen from Figure the higher the k., the closer the flux waveform to the
case where only the primary winding is excited. Similarly, the lower the k.,
the closer the flux waveform to the case where only the secondary winding is
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excited.

0 ) . 0 0.4 0.8
——vay —+ = Pyy —a—vap — 4+ —Ppp —— —Pxn — ——Pxa

X X 0.2 0.6 1
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(b)
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()

o

Figure 8.1: Phase voltages and flux waveforms, ®*, of a multilevel DAB converter
at ¢ = /6 for different values of k,. (a) YY configuration. (b) AA
configuration. (c) YA configuration. (d) AY configuration.

Simplified core loss model

One can use the extreme cases of k, € {0,1} and assume that only one wind-
ing is excited. Then the voltage applied to the energized winding terminals
determines the core’s flux shape. This is an impactful assumption, and its ef-
fects are quantified here. The loss models developed based on this assumption

are given in (8.26) and (8.31).

Effect of Q2L modulation

The core loss density modeled by (8.26) and (8.31]) depends on the coefficient
Xqor, which is a function of Steinmetz coeflicient o, number of levels in the
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waveform and the dwell angle. Figure visualizes X52L and X82L for three
values of a € {1.5,1.75,2}. As seen from Figure the value of XEQL reduces
with increasing « for a given M and . On the contrary, larger o results in
higher XCA22L' In Figure [8.2c and Figure the iso-lines of w7 are also

plotted. The higher the w7, the higher the value of X52L' Consequently,
Y

max
increase is marginal because a decrease in the core cross-section compensates
for the reduction in ®Y to keep BY, constant. On the other hand, XéQL
reduces considerably by increasing w7 as shown in Figure[8.2ff This is because

NABA,  A? is independent of wr. Therefore, increasing w7 only reduces

the loss density in the core increases if B is kept constant. However, the

X

dBA / dt, resulting in lower loss density.

20

Y 1.2
il @XQ?L

=D wr [deg]

15 fi

[

0 5 10 15 20 0 5 10 15 20
¥ [deg] v [deg]

(e) )

Figure 8.2: XEQL and X82L as a function of M and . (a) xE;QL for « = 1.5. (b)
XEQL for « = 1.75. (c) XEQL for « = 2. (d) xé% for « = 1.5. (e)
X82L for a« = 1.75. (f) XéQL for a = 2.

Quantification of the simplification error

In the derivation of and , it is assumed that k, € {0, 1}. However,
in practical applications, there is a leakage flux from both sides (k. € [0,1]),
and the losses depend on the distribution of the leakage inductance. A model
of a DAB converter is developed in PLECS to verify the assumptions and
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8.8 Analysis of developed models

quantify the introduced error.

Simulation case setup

The primary bridge is assumed to be a two-level converter (M, = 1, 6y, = 0),
and the secondary bridge is an CTB with three submodules per arm (Mg = 3).
The primary side switches are modulated with a 50 % duty cycle, and the
secondary bridge is modulated with the Q2L modulation technique. The
primary and the secondary dc-links nominal voltage are selected to be equal
for simplicity (Vdncc’);“ = Vies = 5kV). The converter has a nominal power
of Pygm = 2MW and a switching frequency of fsw = 5kHz. A controller
regulates the active power flow by adjusting the phase shift between the two
bridges. The specification of the simulated converters is presented in Table[8.1]

It is assumed that the transformer has a 3¢ E-core structure. The core is
modeled in the magnetic domain of PLECS with linear magnetic permeances.
Different winding configurations are realized by electrical connections in the
electrical domain of PLECS. It is assumed that the primary winding has a
resistance value of R, = 10 m{2. The primary-side-referred secondary winding
resistance is also assumed to be RY = 10 m{2.

Table 8.1: Specifications of the simulated dc-dc converter

Converter fsw Py M, M Bop g
2LC-CTB 5kHz 2MW 1 3 0 3.6°%
Winding type Viop Vi "o Ly R, =Ry N, : N
YY 5kv. 5kV 20° 84.2pH 10m& 11: 11
YA 5kv. 5kV 20° 80.2pH 10 m©2 11:19
AY 5kV. H5kV 20°  240.6pH  10mQ 19:11
AA 5kV  5kV 20°  2524pH  10m© 19:19

awhere Oy s = (ks + 0.5)¢s, Vks € {0,...,(Ms — 1)}.

A nanocrystalline magnetic material, VITROPERM 500 F [46], from Vac-
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uumschmelze is selected as the core material for this study. The Steinmetz
coefficients of the material are extracted from the typical loss curve provided
in the material datasheet as o ~ 1.8, 8 ~ 2.09, k ~ 0.0093Wm™3. The
core cross-section is assumed constant throughout the study and is selected
as A = 100 cm?.

The value of the leakage inductance for each winding configuration is se-
lected such that the nominal power of the converter is transferred at "™ =
20°. It is important to note that designing the converter with high values of
¢ is undesirable due to high reactive power flow. The value of total leakage
inductance, L., is kept constant while its distribution between the primary
and secondary sides is altered to validate the assumptions. This is done by
tuning the leakage permeances of the primary and secondary windings. The
values of the total leakage inductances and the turn ratios of the windings for
different winding configurations are provided in Table

The waveforms of the fluxes in different parts of the core are captured in
steady-state periods and are saved for post-processing. Eventually, is
applied to the obtained waveforms from the simulation to calculate the loss
density. The loss density is also estimated for two extreme cases of k, € {0,1}
using and . As mentioned earlier, when k, = 0, there is no flux
leakage from the secondary side winding. Therefore, the secondary bridge
waveforms should be used to estimate the losses. Similarly, the primary bridge
waveforms should be used to estimate the losses when k, = 1. The estimation
error, AP,; (where j € {p,s}), is defined as

Psim _ Pcalc
v

AP,; = Pimvf x 100 % (8.33)

where W is the loss density obtained from applying on the flux wave-
forms of PLECS; and Pg3' (where j € {p,s}) is the loss density calculated
from and . As an example, if the primary winding is Y-connected,
then P\‘,’SIC is calculated from 1' using the primary bridge parameters.

YY and AA winding configurations

Figure depicts AP, ; at different load levels, PJ', for YY and AA winding
configurations. The primary bridge parameters are used to calculate the losses

for Figure and Figure [8.3c, whereas for Figure 8.3b and Figure [8.3d, the
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parameters of the secondary bridge are used. It can be seen that the estimation
error is zero if there is a leakage flux only from one of the windings (i.e., k, €
{0,1}). This is because and are derived under these assumptions,
and they are the most accurate when k, =~ {0,1}. Using the primary bridge
parameters for both winding connections and k, 5 0.7 overestimates the
losses. Thls is because of hlgher €2 and (or) higher Bpax when k, &~ 1 [see

i
Figure and Figure|8.1D].

| = |AP,| ©=>APR,
1

| - |APM| -APLS

0 20 40 60 80 100 0 20 40 60 80 100
PP % 100 (%) PP % 100 (%)
(a) (b)
| @ [aP,| &P, | - |AP,,5\ &S AP,
1
. _,.4 12
S 08 — 10 5
- . 06 8
B 6 ]t
W 04p 4
a4 0ol ~9 , 4
: 0
0 20 40 60 80 100 0 20 40 100
PP x 100 [%)] PP x 100 [%
(c) (d)

Figure 8.3: The estimation error of core loss density. (a) AP,y for YY configura-
tion. (b_) AP, for YY configuration. (¢) AP, for AA configuration.
(d) AP, for AA configuration.

For the YY configuration, increasing load (increasing ¢) reduces Bpax [see
Figure [8.1a/ E On the other hand, for the AA conﬁguration Biax remains
constant while 4 E reduces as load increases [see Figure . Therefore,
the higher the load (or ¢), the higher the estimation error for both winding
configurations. This effect is more pronounced when k, = 0.5, as shown in
Figure

The value of |AP,,| is larger than |APy| for most of the points in the plots
(excluding the cases where k, is close to 1). To highlight this further, the
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primary bridge is changed to a CTB with three submodules per arm. The
dwell angles of both bridges are swept between 0° and 12° for three cases
where (kg,P?f’(;) € {(0.4,1),(0.5,1),(0.6,1)}.

Figure [8.4| depicts |AP®in| £ min(|AP,,|, |APy|) for both winding config-
urations. The points where |[AP,,| < |AP,| are marked with a checkerboard
pattern. For both winding configurations and all three conditions, the bound-
ary |AP,,| = |APy| is identified as wr, = w7s. The values of the Steinmetz
coefficients are altered to see whether they impact the boundary wm, = wr
or not. Simulation results established that the boundary is independent of
Steinmetz coefficients value for the YY and the AA winding configurations.

’ - ‘APmm - APm)n ‘ - ‘APmm - APmm ‘ - ’APmm - Apmm
10 5 . 10 & S
8§ 8§ —
6 |z 6 |g F
4 & 4| &
2 a4 2 4 <
0 0
0 10 20 30 40 50 0 1020304000 0 10 20 30 40 50
wry [deg] wry [deg] wry [deg]
(2) (b) (©)
’ - ‘Apmm - APmm ’ - |APL|,nin AW | - ‘APJnin APmin
| - - — = —
Al = < <
S o ﬁf ‘55 Sy
< < <
0 0 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
wT), [deg] wT, [deg] wT, [deg]
(d) (e) (f)

Figure 8.4: The value of [AP™"| at Py}’ = 1pu. (a) For YY and k; = 0.4. (b)
For YY and k, = 0.5. (c) For YY and k- = 0.6. (d) For AA and
ks = 0.4. (e) For AA and k, = 0.5. (f) For AA and k, = 0.6.

As seen from Figure[8.4] using the primary bridge parameters results in less
estimation error when wr, > w7s. Looking at Figure and Figure
one can see that the flux waveform obtained from the bridge with higher
w7t is a smoother and better representative of the actual flux in the core.
Therefore, the estimation error is less when the parameters of the bridge
with the highest w7 are used for the loss density estimation. As seen from
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Figure the maximum estimation error is below 7.5 % for most parameter
combinations and the AA winding configuration. This value is 11.5 % for the
YY configuration. The higher estimation error of the YY configuration is due
to pronounced flux peaks, especially at low wr.

YA and AY winding configurations

Figure shows |AP,| for YA and AY winding configurations. Similar to
the YY and the AA configurations, the estimation error is lower when the
value k, is close to 1 or 0, and the waveforms of the winding with the lowest
leakage flux are used.

| @ |AP,| ©&=AP, | @ [AP,| &AP.,
. 1

1
== 12 12
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0.6 8 06 3 8
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Figure 8.5: The estimation error of core loss density. (a) APy, for YA configura-
tion. (b) APy for YA configuration. (c) APy, for AY configuration.
(d) APy for AY configuration.

For the YA winding configuration and the cases where k, diverges from
0 or 1, an estimation using the A-side waveforms gives a considerably lower
error. However, for the AY configuration, |AP,,| ~ |AP,s| when k, diverges
from 0 or 1. To investigate this further, the topology of the primary bridge

137



Chapter 8 Magnetic Flux and Core Loss Modeling

is changed to a CTB with three submodules per arm. The dwell angles of
both bridges are swept between0® and 12° for three cases where (k,, P3;) €
{(0.4,1),(0.5,1),(0.6,1)}.

Figurei shows APMn 2 min(|AP,,|,|APy|) for YA and AY winding
configurations for the three cases. The domain where |AP,,| < |APy| is
marked with a checkerboard pattern. The boundary where |AP,,| = |APy|
is identified as wTa ~ 1.4wTy — 22.4°. This boundary remains unchanged for
phase shifts below 20°. Using the waveforms of the A-side results in lower
estimation error for both winding configurations and wra > 1.4wry — 22.4°.
Moreover, the maximum estimation error is below 8.5% for both winding
configurations. For these two winding configurations, the boundary where
|AP,,,| = |AP,| is dependent on the values of the Steinmetz coefficients. The
larger the o, the smaller the domain where |AP,a| < |AP,y|. This domain
also reduces with a decrease in 5. Nonetheless, using the waveforms of the
A-side still results in lower estimation error for most of the points shown in

Figure
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Figure 8.6: The value of [AP™"| at P}’ = 1pu. (a) For YA and k, = 0.4. (b)
For YA and k- = 0.5. (c¢) For YA and k, = 0.6. (d) For AY and

ks = 04. (e) For AY and k, = 0.5. (f) For AY and k, = 0.6.
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8.4 Experimental verification

An experimental setup is prepared to measure the flux waveforms and vali-
date —. The measurements are done on a Hexa-core 3¢ transformer.
Figure |8.7| shows the measuring setup. The primary and the secondary wind-
ings have 57 and 33 turns, respectively. The transformer is connected to the
converter shown in Figure and the windings are excited with 3¢-DAB
waveforms. A set of test winding is wound on different parts of the core to
measure the induced voltage.

Figure 8.7: The experimental setup for measuring flux waveforms.

Two cases are considered for measurements. A YY-connected CTB-2LC-
DAB and a AY-connected 2LC-CTB-DAB. For both cases, the CTB has two
submodules and is Q2L modulated with 5% transition time. For both cases,
the nominal operating point is considered at 20°. Moreover, the power flow is
from the 2LC side to the CTB side, and the converter is switched with 2 kHz.
Table summarized the converter parameters.

Models — are used to calculate flux waveforms. The number of
winding turns and k, are the only required transformer parameters in these
models. The primary and secondary leakage inductances are measured using
a GW Instek 8110G LCR meter. Afterwards, k, is calculated using .
Figure [8.8] shows the measurement setup and the value of k, for different
phases. As can be seen, there is a small difference between the phases. This
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Table 8.2: Specifications of the converter prototype

Converters o Ts M, M prom
YY-CTB-2LC 5% 0% 2 1 —20°
AY-2LC-CTB 0% 5% 1 2 20°

Winding type fsw Ly Vdnccjg‘ Vd‘}s‘?;“ Np : Ny

YY-CTB-2LC 2kHz 18pH 173V 100V  57:33
AY-2LC-CTB  2kHz 18pH 100V 100V  57:33

is because the leakage inductances are not perfectly balanced between the
phases. Nonetheless, the value of k, is between 0.95 and 1 at 2kHz—only a
small variance in the parameter.

0 2 4 6 8 10 12 14 16 18 20
Freqeuncy [kHz]

(b)

Figure 8.8: Measuring the flux model parameters. (a) Impedance measurement
setup. (b) Value of k. for different phases.

Figures and show the measurement results of the YY-CTB-2LC-
DAB and AY-2LC-CTB-DAB converters respectively. The P2G voltages are
similar, with the only difference being the phase shift between the bridges.

Figure shows the measured induced voltages in the test loops on the
limbs of YY-CTB-2LC-DAB. These waveforms are similar to the P2N voltages
of the CTB side. Since k, is larger than 0.95, the leakage inductance of the
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secondary bridge constitutes more than 95 % of the total leakage inductance.
This means that the flux generated from the primary winding determines the

flux waveform inside the core.
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Figure 8.9: Measurement results on YY-CTB-2LC-DAB converter. (a) The phase
A P2G voltages of the converters. (b) Measured induced voltages in
the test loops on the limbs. (¢) Measured and calculated limb fluxes.

meas

The flux in the limbs of the setup, ¢°c*® where x € {4, B, C}, is calculated
by integrating the induced voltages. Figure [8.9¢ shows the measured fluxes
and the calculated flux waveforms from . There is nearly a perfect match
between the measured and calculated values. The slight difference in the
amplitudes is due to neglecting the winding resistances, and the unbalances

between the phases.
The measured induced voltages in the test loops on the limbs of AY-2LC-

CTB-DAB are shown in Figure Since the primary winding is excited
with the 2LC converter, the induced voltages have the same shape as the P2P
voltages of a 2LC converter. The flux in the limbs is calculated by integrating

these voltages. As shown in Figure there is a perfect match between the
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measurements and calculations.
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Figure 8.10: Measurement results on AY-2LC-CTB-DAB converter. (a) The
phase A P2G voltages of the converters. (b) Measured induced volt-
ages in the test loops on the limbs. (¢) Measured and calculated limb

fluxes.

Since k, ~ 1, then estimating losses using the waveforms of the primary
should give the lowest error for these cases. Using Figure[8.3a] the estimation
error of core losses for the YY-CTB-2LC-DAB, k, ~ 0.95 and ¢ = 20° is
1.7%. For the AY-2LC-CTB-DAB, using Figurethe core loss estimation
error is less than 1%. To conclude, if there is a possibility of measuring
the distribution of leakage inductance; and if the k, =~ 1 or k, ~ 0 then
using the parameters of the winding with the lowest leakage inductance gives
highly accurate core loss estimation. Otherwise, the guidelines provided in
the previous section can be used to get low estimation errors.
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8.5 Conclusions and discussion

Models are developed to estimate the flux waveform inside the core of a 3¢
DAB converter with arbitrary waveform excitation of windings. The windings
can have YY, YA, AY, and AA configurations. The developed models are
verified by simulations and experiments.

Additionally, core loss models are developed for a Q2L-operating 3¢ DAB
converter with different winding configurations. The models are the most ac-
curate when the distribution of the leakage inductance is highly concentrated
on one of the windings—*k, ~ 1 or k, ~ 0. For the cases where k, deviates
from 0 or one, guidelines are provided to achieve the highest accuracy using
the provided expressions. The effect of the transition times of the bridges on
the estimation error of the simplified core loss model is studied. It is shown
that using the parameters of the bridge with the longest transition time for
the YY and AA configurations results in lower estimation error. Following
this guideline for the phase shifts below 20°, estimation errors lower than
7.5% and 11.5 % can be attained for the AA and the YY configurations, re-
spectively. It is demonstrated that using the parameters of the A side results
in less estimation error for the YA and the AY configurations and most of
the studied designs. The maximum estimation error for these two winding
configurations is below 8.5 %.
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CHAPTER 9

Harmonics and Partial Load Performance Studies

This chapter is based on the following articles

[ B. Khanzadeh, T. Thiringer, Y.V. Serdyuk, "Loss reduction at partial
loads of multilevel DAB converters using adjusted switching patterns,"
Submitted to IFEE transaction, 2023, (under review).

[II] B. Khanzadeh, T. Thiringer, and Y. Serdyuk, "Analysis and improve-
ment of harmonic content in multilevel three-phase DAB converters with
different transformer windings connections,” in Proceedings of Interna-
tional Power Electronics Conference (IPEC-Himeji 2022- ECCE Asia),
2022, pp. 2653—-2658.

0.1 Introduction

Chapter [6|showed that the AY configuration could reduce the required capac-
itor of the converter by 40 % compared to the YY connection of the windings
[29]. Also, it was shown in Chapter that the converters with the YY configu-
ration lose the ZVS capability at partial loads, and the dc ratios close to unity.
However, the converters with the YA configuration could retain the ZVS ca-
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pability at partial loads in a narrow region where the dc ratio is between 0.87
and 1.15. Besides the size of the dc-links capacitors, the performance of the
3¢-DAB converter is also greatly affected by the windings connections of the
MFT [25], [32], [97], [98]. It has been shown in [25], [32] that the 3¢-AY-
DAB has poor efficiency and low transformer utilization in partial loads. This
makes the 3¢-AY-DAB unattractive for applications with recurrent operation
at these points unless the partial load performance could be improved. On
the other hand, the small capacitor requirement of the 3¢-AY-DAB converter
and its wide ZVS range is advantageous for high power density applications.
This provides an incentive to improve its partial load performance.

The performance of a conventional 1¢p-DAB can easily be improved and op-
timized for different load conditions. Numerous papers discuss double-phase-
shift modulation or triple-phase-shift modulation to minimize reactive power
or reduce switching losses [99]-|104]. However, it is impossible to employ
the same strategies directly for a conventional 3¢-DAB. This is because zero-
voltage levels can not be applied to the terminals of the MFT by a three-phase
two-level converter. Different methods are proposed in the literature to solve
this issue [32], [33], [35], [89], [91], [105]—[109].

In [35], it is proposed to operate the conventional YY-3¢-DAB as a 1¢-
DAB at partial loads. The 1¢ operation is achieved by giving identical gate
signals to two phases [35]. In this way, the former strategies can be used
to improve the performance of 3¢-DAB in partial loads. Even though this
method is effective, the switches are loaded differently, and the operation is
not symmetrical anymore.

A burst-mode operation of 3¢-DAB is investigated in [32], |109]. In this
mode of operation, the power is delivered in discontinuous intervals to ensure
the soft-switching of the bridges. This method focuses mainly on the switching
losses rather than the conduction losses. Furthermore, it is shown in [32] that
the 3¢-AY-DAB suffers from poor efficiency despite using the burst-mode
operation at partial loads.

Asymmetrical duty-cycle control of a 3¢-YY-DAB is introduced in [89] to
extend the soft-switching range of the converter at partial loads. Further
studies using this method are done in [91], [105], [106] to optimize the converter
operation at partial loads. It is shown that a considerable reduction in partial
load losses can be achieved by this method. However, this strategy requires
extra efforts to balance the thermal stress of the switches [91].
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The studies performed in [89], [91], [105], [106] have focused only on the
YY connection of the winding, and the 3¢-AY-DAB is not considered in
these studies. In [33], |107], [108], T-type active bridges are used instead
of two-level converters to increase the soft-switching range of 3¢-YA-DAB
and 3¢-YY-DAB converters. In [33|, the authors have tried to minimize the
RMS current of a 3¢-YA-DAB by utilizing the duty cycles of the primary and
the secondary bridges while ensuring soft-switching operation for wide input
and output voltage ranges. However, the proposed control method results in
complicated switching patterns, have low accuracy in the partial loads, and
has a large no-load current flow in the ac-link, resulting in poor efficiencies.

Missing in the available literature is a proposal for utilizing the benefits of
the 3¢-AY-DAB, while also tackling the problem with high reactive current at
low loads. Accordingly, the contribution of this chapter is the investigation of
partial load performance of 3¢-AY-DAB. Moreover, the proposal and study of
a control strategy for a 3¢-AY-DAB which minimizes the partial load currents
and reduces the no-load current to zero.

9.2 Harmonic contents of voltages and currents

The transformer of the DAB converter is usually designed to operate with
the fundamental frequency ranging from a few kHz to hundreds of kHz, de-
pending on the application of the converter [53], [110], [111]. Since the ac-link
waveforms are non-sinusoidal, the transformer is subjected to harmonics of
the fundamental frequency. The higher the harmonic content of the voltages
and the currents, the higher the losses in the transformer. Thus, it is crucial
to study the harmonic performance of the converter.

Studies considering the effects of the transformer winding connections on
the harmonic performance of multilevel DAB converters are scarce. One such
study is done in [24], where the focus has been on the harmonic content
of the phase voltages of a multilevel 3¢-YY-DAB. However, neither the AY
connection of the windings nor the harmonic content of the phase currents is
considered in the study.

In this section, mathematical models developed in Chapter 4] will be used
to analyze the harmonic content of the waveforms. A case study on a DAB for
wind turbine application is done to provide a comprehensible analysis of the
mathematical models. The DAB converter is intended to boost the output dc
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voltage of a wind turbine from V3’r* = 5kV to Vg" = 50kV. The converter is
assumed to have a rated active power of P3¢™ = 10 MW. Figureshows the
topology of the considered DAB converter. The primary converter is assumed
to be a 2LC, whereas the secondary side is an CTB with eight submodules

per converter’s leg.

Figure 9.1: The topology of a 3¢-AY-2LC-CTB-DAB.

The specifications of the converter are summarized in Table The leak-
age inductance of the transformer is selected using the method described in
Section to ensure minimum reactive power flow in the nominal operating

point .

Table 9.1: Specifications of the dc-dc converter

Converter Ssw Pg‘q‘; m Vdnc(f;“ Vd‘}co,;“ M, M
2LC-CTB 5kHz 10 MW 5kV 50kvV 1 8

Winding type o, Ps L5 e Np o N

YY 0 6.28 mrad® 730 uH 8.21° 20 200

AY 0 6.28 mrad® 2416.7pH 30.19° 20 115

awhere 0y_s = (ks + 0.5)¢)s, Vks € {0, ..., (Ms — 1)}.

The voltage and current models developed in Chapter [4]are used to evaluate
the harmonic performance of the converters. The maximum harmonic order
for calculation is limited to 1000. A converter model is also developed in
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9.2 Harmonic contents of voltages and currents

PLECS to strengthen the study and validate the mathematical models. Since
the thermal dynamics of the switches are not the focus of this study, the
semiconductors are modeled with ideal switches. The MFT is implemented
in the magnetic domain of the PLECS, where the desired leakage inductance
value is achieved by properly selecting the leakage permeances. A controller
is designed to regulate the power flow and balance the submodule capacitors

of the multilevel converter.

Comparison of YY and AY
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Figure 9.2: The phase A waveforms of a 3¢-DAB. The simulation results from
PLECS are overlaid with green color. (a)YY connection at no-load.
(b)YY connection at full-load. (c)AY connection at no-load. (d)AY
connection at full-load.

Figure [0.2]shows the phase voltages and secondary side phase current of the
MEFT for both winding configurations. The primary phase voltage is referred
to the secondary side for ease of visualization. The waveforms are shown only
for the extreme cases of no-load and full-load for briefness. The simulation
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waveforms obtained from PLECS are overlaid with green colors. As can be
seen, there is a perfect match between the simulations and the calculations.

The full-load currents of both windings have the same order of magnitude,
as shown in Figure [0.2b and Figure [0.2d. This is due to the selection of the
leakage inductances, as discussed earlier, which ensures minimum current at
full load. However, the situation is different at no-load. Since there is no
active power flow between the bridges, the current is expected to be zero. As
seen from Figure the current is almost zero, with small spikes during
the transition times for the YY configuration. On the other hand, for the
AY configuration (as shown in Figure , there is a flow of large no-load
currents. Since the current waveform has more than two zero crossings per
fundamental cycle, it is suspected that low-order harmonics are responsible
for these currents.

The harmonic content of the secondary side phase current for both wind-
ings configurations is depicted for a few selected operating points in Figure|9.3
The operating point is denoted on the x-axis as the percentage of the nom-
inal power, Py’ £ Pé%ad /P3g™. The y-axis shows Igs rms/Igs rus, where
I4s rvs is the RMS value of the current waveform and Irgs rvs is the RMS
value of the Hth component of the current. In low loads, the share of har-
monics increases marginally for the YY configuration. Nonetheless, the fun-
damental has the highest share for all loads, and the percentage of harmonics
remains unchanged.
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Figure 9.3: Harmonic content of the phase current at different load levels. The YY
and AY are illustrated with bold and solid bars, respectively.

As shown in Figure the trend is completely different for the AY con-
figuration. At high loads, the share of harmonics is insignificant and is much
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9.2 Harmonic contents of voltages and currents

less compared to the YY configuration. However, the share of fundamental
component reduces while the percentage of harmonics increases as the load
decrease. The RMS value of the harmonics becomes comparable to the funda-
mental component for loads below 50 %. At loads below 30 %, the dominant
harmonics are the 5" and the 7*", respectively. In conclusion, the AY config-
uration has better current harmonic performance than the YY configuration
at high loads, whereas it is the contrary in partial loads.
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Figure 9.4: The active power transferred by each harmonic. The YY and AY are
illustrated with bold and solid bars, respectively.

The active power transferred by each harmonic, P34 m, is illustrated in Fig-
ure to highlight the issue with the AY configuration in partial loads. It is
presented as the percentage of transferred active power, Pé‘f;‘d (e.g., 4% Psg5
at 10 % load level corresponds to 0.04 x 0.1 x 3e = 40kW for the 5 har-
monic). The main component transferring the active power is the fundamental
component for both windings configurations and all loads. The power flow of
harmonics or the YY configuration is from the primary to the secondary, in
the same direction as the fundamental. On the contrary, the active power flow
direction of the harmonic components (especially the 5 and the 7*%) is the
opposite of the fundamental for the AY configuration. This deteriorates the
low load performance of the AY configuration as higher fundamental power
is required to both meet the load demand and to counteract the harmonics

(Psg1 > Pg’; as shown in Figure .
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Improving harmonic content of AY

As shown in the previous section, the AY-DAB has a better harmonic per-
formance in high loads. Moreover, it is shown in [29] that the AY connection
of the windings can reduce the capacitor size requirement of the converter.
Therefore, a remedy for the poor harmonic performance of the AY config-
uration at low loads is highly desired. For wind turbine applications, the
switching losses of the output rectifier after the generator can be reduced
if the dc-link voltage is lowered [112]. The reduction of the dc-link voltage
alongside the extra degrees of freedom provided by the multilevel converter
can be used to improve the performance of the AY-DAB.
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Figure 9.5: The secondary side phase A waveforms of a AY type 3¢-DAB at no-
load with the proposed control method.

The zero level of the output voltage of the multilevel converter (the sec-
ondary side) can be increased by controlling the insertion time of the respec-
tive submodules (by increasing 6 [see Figure 2.5]). By combining this degree
of freedom with the reduction of the primary dc-link voltage, the current har-
monics of the AY-DAB at low loads can be suppressed. Figure shows
the ac-link waveforms of the AY-DAB utilizing the proposed technique. The
secondary dc-link voltage is reduced to 86.6 % of its nominal value, and 6 is
increased by 0.5rad. As can be seen, the no-load current is reduced to near
zero with this method. A similar approach can be taken for partial loads to
reduce the harmonic content of the waveforms.

Figure[9.6)shows the harmonic content of the phase voltages at different load
levels for both winding types. The YY, AY, and AY with the proposed control
are illustrated with bold solid bars, solid bars, and dashed bars, respectively.
Each color represents the ratio of the RMS value of the respective harmonic
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to the total RMS value of the waveform.

1.5 1.5
- t - th I:I th - st - th :I th
21 1Sth 5 th 7 th 21 ! th 5 th ! th
S Con st | S o0 s T
SO05(Em mEm EEe e mme mEe S 05 Eme pee 3
©n w0
E 0 ; 0
=050 F0.5¢
1 1
5 10 30 50 80 100 5 10 30 50 80 100
Py %) Py %)
(a) (b)

Figure 9.6: Harmonic content of the waveforms at different load levels. The Y'Y,
AY, and AY with the proposed control are illustrated with bold solid
bars, solid bars, and dashed bars, respectively. (a)Primary phase volt-
age. (b)Secondary phase voltage.

For the primary side voltages (Figure, the harmonic content is identi-
cal for all three cases. The fundamental is the dominant component, followed
by the 5, the 7*", and the 11*" harmonics. The harmonic content of the sec-
ondary side phase voltage (Figure is also identical without any action.
However, the 5** and the 7*" components of AY with the proposed control
method reduce for the loads between 20 % and 100 % of the nominal power.

1.5

T s cs—
1 s -

0
3| 205
3=
& 0
S~

0.5

1

5 10 30 50 80 100
Pi (%)

Figure 9.7: Harmonic content of secondary phase currents. The YY, AY, and AY
with the proposed control are illustrated with bold solid bars, solid
bars, and dashed bars, respectively.

The harmonic content of the secondary side phase current, shown in Fig-
ure [9.7] is the most divergent. It is independent of the load level for the YY
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configuration. The 5", the 7t and the 11** harmonics are the dominant ones
after the fundamental for all loads. As the load reduces below 5%, the share
of these harmonics increases, and they dominate the fundamentals.

As discussed earlier, the 5*® and 7*" harmonics dominate the fundamental
component as the load level reduces for the AY configuration. The lower the
load, the higher their share in the current waveform. At the no-load, these
two components are the dominant ones. Their effect can be seen clearly in
Figure [0.2c, where a high no-load current flows in the ac-link. Considerable
improvement is achieved with the proposed control method. The percentage
of the 5*" and the 7*" harmonics reduce drastically, and they do not dominate
the fundamental anymore. Using the proposed method at a 5% load level,
the amplitudes of the 5" and the 7** harmonics reduce by 78 % and 70 %,
respectively. Comparing the three cases for all loads, one can see that the
AY configuration with the proposed control method has the lowest harmonic
content of the secondary phase currents.

The active power transferred by each harmonic is compared for the three
cases in Figure The harmonics contribute positively to the active power
transfer for the YY configuration. The cumulative contribution sums up to
6 % of the demand at full load, which increases to 7% at a 5 % load level. For
the AY configuration, the fundamental component has to increase higher than
1pu to counteract the effect of negative power flow from the low-order har-
monics. The lower the load level, the higher the fundamental power increase.
At 0.05 pu load (P?{?;‘d = 500kW), 5.2 % higher power from the fundamental
component (total of 0.05 x 0.052 x P¢™ = 26kW) is required to nullify the
effect of the harmonics.

The amount of negative power flow from the harmonics reduces with the
proposed control method for the load levels below 0.9pu. The net flow of
harmonic power reverses as the load reduces below 0.5 pu. Therefore, the har-
monics contribute positively to the active power flow of the AY configuration
for the loads below 0.5 pu with the proposed control method. The contribution
is more than 5% at loads below 0.1 pu.

9.3 Partial load performance improvement of AY

A key problem with the 3¢-AY-DAB is its low efficiency in partial loads
due to the high reactive power flow in the converter |25]. As shown in the
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Figure 9.8: The active power transferred by each harmonic. The YY, AY, and
AY with the proposed control are illustrated with bold solid bars,
solid bars, and dashed bars, respectively.

previous section, the flow of low-order harmonics in the opposite direction of
the fundamental component results in high currents at low loads. A method is
described in the same section to reduce the harmonic content of the waveforms.
The same method can be used to minimize the RMS current for a given active
power and therefore minimize the reactive power.

In this section, the extra degrees of freedom provided by multilevel convert-
ers are used to tackle the low efficiency of the 3¢-AY-DAB at partial load. For
the proposed strategies, the A-side bridge can be either a multilevel or two-
level converter. The Y-side, on the other hand, must be a multilevel topology
with at least three levels (e.g., NPC or T-type converters).

For simplicity, it is assumed that the A-side bridge is a two-level converter.
A CTB converter is selected as the Y-side bridge. The considered DAB con-
verter is shown in Figure Despite the secondary bridge topology, the
modulation strategy discussed in this section can be applied to any multilevel
converter capable of introducing a zero voltage level on its terminals, this
includes NPC, T-type, MMC, TAC, and MTAC converters.

Modulation strategies for minimization of RMS currents

The reactive power can be reduced if the RMS current is minimized for a
given active power. The phase shift between the bridges is the main degree of
freedom to control the active power flow. To improve the converter’s perfor-
mance, the duration of the zero-level voltage of the Y-side, 6y, is selected as
the second degree of freedom. The dwell angles, 15 = 0k s — 0(1__1)s, are kept
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constant for all ks € {1,..., M5} to avoid complicated modulation strategies.
By doing so, the resultant modulation can also be used for any multilevel
topology other than CTB.

In some applications, reducing the dc-link voltage in partial loads is ben-
eficial. One such application is dc grid-connected wind turbines, as shown
in Figure In this application, the losses of the turbine-side inverter can
be reduced by reducing the LVDC voltage [5], [112]. In addition, the gen-
erator losses are lowered, which makes it a double gain at low powers. The
DAB controls the power flow in this application, while the turbine-side in-
verter controls the LVDC voltage—or vice versa. For a given power level, the
dc-link voltage can be controlled such that the losses in the DAB converter
are minimized. Thus, the LVDC voltage can be used as the third degree of
freedom for performance improvement.

MVDC

aace k-

Figure 9.9: Schematic of a dc wind turbine.

In this study, the A side is connected to the LVDC link. Therefore, to
simplify the study, the third degree of freedom is defined as the ratio of the A-
side de-link voltage to its nominal value (i.e., Vi!') £ Ve p/Vior'). Different
modulation strategies can be formulated by combining the three degrees of
freedom (i.e., ¢, Oos, Vdpc'fp)‘ Three modulation strategies are considered, with
@ as the main degree of freedom, along with g5, and Vdpcljp as the two extra
degrees of freedom for the performance improvement.

An optimization problem is formulated for each modulation strategy as
arg min (I (;/)AS’YRMS> to achieve the best performance; where I is given by
(4.21c). In all optimizations, P@Y = Py, Pig™ is used as the main constraint;

nom

where P30™ is the nominal power of the converter; Py (; is a multiplier be-

tween 0 and 1, dictating the load level of the converter; and P@Y is given by
(4.26c). This constraint means that the desired load power should be delivered
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irrespective of the modulation strategy.

Control strategy | (S1)

In this strategy, Vdpcup is used for performance improvement, and 6y is kept
constant at 5. Two sets of inequality constraints are used as 0 < ¢ < 0.5,
and lezlfp’)mm < Vdpcljp < Vdilfr’)lnax; where Vdi‘jr’)mm, and Vdil’ll’)max are the minimum
and maximum values. The optimization should be solved for all values of Py,
to ensure optimum operation in all load levels (i.e., VP;’; € [0,1]). Thus, the

optimization can be formulated as

arg min (I<;/>A5,YRMS)

oV,
; . AY _
subject to: Pgy* = Py, P3g™, (9.1)
pu,min pu pu,max
Vdc,p S Vdc,p S Vdc,p )
0< ¢ <057

Control strategy Il (S2)

In this strategy, Vicp is kept constant at its nominal value, and only fgs is
used to improve the performance. Therefore, ¢ and 6ys are used as decision
variables in the optimization problem. Two sets of inequality constraints are
used as 0 < ¢ < 0.57, and 96’2“ < s < 652 where 93‘;1“, and O are
the minimum and maximum values. The optimization should be solved for
all values of P;; to ensure optimum operation in all load levels (i.e., VP €
[0,1]). Thus, the optimization can be formulated as

. AY
arg min (I¢S7RMS)
»,00s

subject to: Pigy¥ = Py Py, 9.2)
O™ < fos < 052,
0<p<L0.57.

Control strategy 11l (S3)

Both V' and fps are used to improve the converter performance in this

strategy. Also, three sets of inequality constraints are used as: 0 < ¢ < 0.57,
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Vdpcljr’)min < Vdpclfp < Vdi‘fr’)max, and On < s < 0529 to keep the decision
variables within predefined limits. The optimization should be solved for all
values of P} (; to ensure optimum operation in all load levels (i.e., VPj (; €

[0,1]). Thus, the optimization can be formulated as

arg min (I@?RMS)

Pu
©,Vie. pobos

subject to: P@Y = Py, P3g™,

pu,min pu pu,max
Vdc,p < Vdc,p < Vdc,p ’

Oga™ < Oos < 052,
0<p<L0.57.

(9.3)

Case study of proposed modulation strategies

A simulation model of the converter is developed in MATLAB to validate
the proposed modulation schemes and investigate the improvement in the
performance of the converter. It is assumed that the converter has a nominal
power of 2 MW, and the switching frequency is 5 kHz. The nominal voltage
of the A-side 1kV. The power is fed to an MVDC link from the Y-side with a
fixed dc-link voltage of 5kV. Semiconductor devices with 1.7kV rated voltage
are used in the simulations. Therefore, three submodules per leg of the CTB
converter are required to block the half dc-link voltage with a 60 % safety
margin as discussed in Section

The dwell angle is considered fixed at 0.36°. The leakage inductance of the
transformer is selected using the method described in Section to ensure
minimum reactive power flow in the nominal operating point [65]. This re-
sults in a secondary-side referred inductance value of 125 uH. The minimum
and maximum values of Vdpclfp are selected such that they are not binding
constraints in the optimizations. The minimum value of g4 is calculated as
Omin = (.51, and its maximum value is selected to be 35°. Table summa-
rizes the specifications of the converter used for the optimizations.

Solving the optimization problems

The optimizations (9.1)-(9.3) are solved using MATLAB for the converter
specifications given in Table Figure illustrates the solutions to the
optimization problems. Using strategy I, the decision variable Vdi“p remains
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Table 9.2: Specifications of the simulated dc-dc converter

Parameter Value Parameter Value Parameter Value

Vichp LkV M 3 gmin 0.18°

Vacs' SkV s 0.36° gmax 350
fsw 5kHz Ny @ Ng 6:17 Vdr::f)min 0.8
36 2MW L 125pH VR ]

constant at its maximum value with only a minor change in powers below
20 %. This means that by only reducing the A-side dc-link voltage, the value of
1 ﬁ?RMS will not improve noticeably. Therefore, this strategy will be dropped
hereafter. The decision variables change between their respective bounds for
strategies II and III, which means that the converter’s performance can be

improved using these strategies.

- p—— S Vst Vs

_A_ggSZ —-E--—(pSI _"e"_SOSS _A_Vdpcz;SZ
= 1
40.95
40.9 &S
40.85

= 0.8

0 10 20 30 40 50 60 70 80 90 100

Pl (%)

3¢

Figure 9.10: Solutions of optimizations (9.1)-(9.3). Strategies I, II, and III are
marked with squares, triangles, and circles, respectively.

With strategy III, the optimum solution is obtained at the nominal A-side
dc-link voltage for load levels between 50 % and 100 %. Since with strategy
II, the A-side dc-link voltage is kept constant, strategies II and III will have
identical performance for load levels between 50 % and the nominal value.
The optimization results suggest that 6ps should be kept constant at 15° using
strategy II for load levels below 50 %. The dc-link voltage for the same power
range should be reduced linearly to 86.6 % of its nominal value at no load

159



Chapter 9 Harmonics and Partial Load Performance Studies

using strategy III. Also, g5 should be increased for the same strategy as the
load level is reduced to minimize the current.

Simulation of the converter

The converter shown in Figure is modeled in PLECS to investigate its
performance improvement using the discussed strategies. The optimization
result of Figure [9.10]is incorporated in the controller of the converter using
look-up tables. In addition, the values of Ay and Vdpclfp are controlled based
on the active power level of the converter. A capacitor balancing algorithm is
also implemented to regulate the capacitors’ voltages of the CTB converter.
The converter’s performance is evaluated based on the RMS currents, the
turn-oN current (iswon), the turn-OFF current (igw,oft), and the losses in the
semiconductors and the transformer.

The semiconductor devices considered for the loss analysis are 1.7kV SiC
MOSFETSs from CREE. CAB500M17HM3 MOSFETs are selected for the pri-
mary bridge. Five series-connected CAS300M17BM2 MOSFETs are used as
the main switches of the secondary bridges. For the full-bridge chain-links
of the secondary bridge, two parallel-connected C2M0045170P MOSFETs are
utilized to ensure the same lifetime as the main switches [113]. The semi-
conductors are modeled based on the manufacturer’s datasheets, [76], [77],
[114], assuming a fourth-order Foster network connected to a heatsink. For
simplicity, the heatsink temperature is kept constant at room temperature.

An optimized design is considered for the 3¢ transformer. The primary
and the secondary windings have 6 and 17 turns, respectively. In addition,
the mean length turns of the primary and the secondary windings are 58.5 cm
and 88 cm, respectively. The transformer is assumed to have an E-cut core
geometry with a core cross-section of 90 cm? and a window area of 174 cm?2.
The windings are assumed to be copper with a current density of 3 A mm™—?2
at the nominal power. Vitroperm 500F, a noncrystalline material from Vacu-
umschmelze [115], is selected as the core material due to low losses.

The MFT is implemented in the magnetic domain of PLECS with linear
permeances. The magnetic fluxes in different core parts are extracted from
PLECS for each operating point. Then the core loss density, P,, is calculated
using the improved generalized Steinmetz equation given by [96]. The
Steinmetz coefficients are extracted from the material datasheet as a = 1.8,
B = 2.0961, and k& = 0.0093Wm™3. Eventually, the core loss, PMFT g

core
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calculated as
PYET = PaVi (9.4)
k

where P, is the loss density in the kth section of the core and Vj, is the volume
of the kth section.

Figure depicts the absolute value of I jS}'RMS for different strategies and
power levels. In addition, the relative change AT js}’RMS is visualized, which is
defined as

IAY S _ IAY S’
¢s,RM . ¢s,RM . .
AI(ﬁAsYRMS AL no action with action X 100% (95)
’ IAY
¢s,RMS .
no action

No action —=a— strategy II —e— strategy III

; ; ; ; ; ; ; ; , 1003

140 j:;
=120\ 180 %
21b N\ {60 —
©08F A\ S
>§ 0.6 |- \R 140 =
ig 0.4t~ 120 =
0.2 >~ L

1 L, — $ 0o 4 A i A A 0 i‘e

10 20 30 40 50 60 70 80 90 <

Py (%]
Figure 9.11: I(,,ASYRMS and its percentage of reduction for different strategies.

As seen by comparing the results for strategies II and III, both approaches
result in 2.4 % improvement in [ (ﬁAs?/RMS at a 50% load level. Strategy III
starts to outperform strategy II as the load level reduces. The improvement
in T Q?S}’RMS at 20 % load is 10 % and 19 % with strategies II and III, respectively.
Note that the value of I, d)As?(RMS is 258 A at no-load without any action, and with
strategy II, it decreases by 27 % to 188 A; and with strategy III, it reduces to
near-zero. Consequently, the conduction losses in the semiconductor devices
and the copper losses in the MFT should be reduced.

In Figure 9.12] the switching currents of the semiconductors are visualized.
Without any action, the switching currents remain almost constant for loads
below 90 %. This will result in high switching losses at partial loads, especially
in high-frequency applications. It is noteworthy that all switches can achieve
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turn-oN ZVS due to negative currents in the whole power range without any
action. Both proposed strategies reduce the switching currents of the Y-
side bridge. As expected, the performance of these strategies is identical for
load levels between 50 % and the nominal value. Strategy II results in lower
currents compared to strategy III below ng; ~ 42 %. However, some switches
lose turn-ON ZVS, and others gain turn-OFF zero current switching (ZCS).

No action — & —S2 .-+ o----S3‘ ’ No action — & —S2 ... o----S3‘

OfF
3—200 o = 40t
§—400 o § 80+
-600 " A -120F
L L L L \?\4—6.. — L L L L L L L L L
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Py [%] Py %]
(2) (b)

No action — & —S2 ... 0----83‘

No action — & —S2 ... 0----83‘

600 A A/(A i
400} o
3
22000 o
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Py %] Py [%]
(c) (d)

Figure 9.12: The switching currents of the semiconductors for different strategies.
(a) isw,on Of the A-side bridge. (b) isw,on of the Y-side bridge. (c)
isw,off Of the A-side bridge. (d) isw,og of the Y-side bridge.

The switching currents of the A-side bridge are increased by a maximum of
16.5% for load levels between Py’ ~ 50 % to Py, = 95% for both strategies
compared to the case without action. This will result in higher switching
losses in the A-side bridge in this operation region. For loads below P?f’; ~
40 %, the switching currents of the A-side bridge with strategy II remain
the same as the case without action. In conclusion, strategy II deteriorates
the switching currents of the A-side bridge. On the contrary, strategy III
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reduces the switching currents of the A-side bridge for the load levels below
P?f’(;)l ~ 50 %. To summarize, strategy III outperforms strategy II and the case
with no action by lower A-side turn-OFF currents for all load levels below
P;’; ~ 50 %.

Figure visualizes the loss breakdown of the converter for different load
levels and strategies. The losses are presented as a percentage of the respective
load level (e.g., Poss = 1% at P?f’; = 50% = 1MW is equivalent to 0.01 x
1MW = 10kW losses.). Three sets of bars are presented per load level.
The first set of bars with solid edges corresponds to the case with no action;
The second set with dashed edges represents strategy II; and strategy III is
illustrated with the third set of bars with dashed edges.

MFT MFT A Y A Y
’ - R*o‘re I:l Puu | |Pcon,d | | P(:nn,d | | st - Ps"w

B EL

5%  10%  20%  30%  40%  50%  60%  70%  80%
Py %]

3¢

90%  100%

Figure 9.13: Comparison of components of losses with and without proposed
strategies. The bars with bold solid, solid, and dashed edges illus-
trate cases with no action, strategy II and strategy III, respectively.

Py, x € {cond,sw} y € {A,Y} is the total semiconductor conduc-

tion (cond) and switching (sw) loss of the respective bridge. PMFT,

x € {core, cu} is the total core and copper loss of the MFT.

As follows from the results, the total loss percentage reduces without action
as the load level decreases from the nominal value to P} (; ~ 30 %. However,
Pioss increases by reducing the load below P’ ~ 30 % due to high switching
and conduction losses. This is also affected by the core losses of the trans-
former, PMFT The absolute value of core losses is almost independent of the
load level. Therefore, in lower loads, the percentage of PMET is higher.

For load levels between 50 % and 90 %, the reduction in the cumulative
conduction losses and the switching losses of the Y-side bridge dominates
and overcomes the increased switching losses of the A-side bridge. However,

the improvement is marginal with both proposed strategies in the mentioned
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load range due to the low switching frequency used in the simulation. The
improvement with the proposed strategies is expected to be more significant
for higher switching frequencies as the turn-OrF currents of the Y-side bridge
trend toward zero.

The improvement is noticeable for load levels below 50 % with both pro-
posed strategies. Moreover, strategy III outperforms strategy II for all load
levels. The main reason for the better performance of strategy III compared
to strategy II is the reduction of conduction losses and the A-side switch-
ing losses. Comparing the case with no action with strategy II regarding the
switching losses of the A-side bridge for the load levels below 40 %, one can
see that P4 remains unchanged. This was expected as the switching currents
of the A-side bridge remain unchanged for these load levels.

To sum up, the total losses at Pj (;; = 5% have decreased by 0.4 % unit,
from 1.6 % with no action to 1.2 % with strategy II. Comparing strategy III
with the case with no action, the total losses have decreased by 1.3% and
0.6 % unit at P;(; = 5% and P:f(; = 10 %, respectively. The semiconductor
losses are the main contributor to the improvement. Using strategy III, the
improvement in the total semiconductor losses is 94 % and 81 % unit at 5%
and 10 % of the nominal power, respectively.

Experimental validation

The experimental setup shown in Figure is used to validate the proposed
methods. A set of 30 nH external inductors is connected in series with the
primary ac-link to increase the phase shift range of the converter without
exceeding the current rating of the submodules. The prototype specifications
are summarized in Table [2.3]

Table 9.3: The prototype specifications

Parameter Value Parameter Value Parameter Value

Viep 100V fow 5kHz Lp 3.6 pH
Vics 346V M, 2 N,:N,  15:30
mom 2.5 kW Vs 6°

A set of optimizations are performed with the converter specifications given
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in Table to identify Vdilfp and 6ys values for strategies IT and III. The op-
timization results are implemented as lookup tables for the converter control.
Using the lookup tables based on the phase shift between bridges, the con-
troller changes the gate signals to obtain desired 0. It also sends control
commands to the primary side dc power supply to alter the dc-link voltage.
The primary and secondary currents are measured at several operating points
for each strategy.

Figure shows the measured value of ﬁS?RMS for different cases. Mark-
ers are used to highlight each measurement point. ATl (z)ASTRMS is calculated
similarly to by interpolating the measurement points. As expected, a
marginal improvement is achieved using strategy II compared to the case
with no action. However, an RMS current reduction of more than 90 % is
observed in no-load when strategy III is deployed. The simulation model is
updated with the experimental setup parameters to compare the simulation
with the experiments. The results obtained from the simulation are overlaid
in Figure with the gray solid and dashed lines. As can be seen, the

experimental findings perfectly agree with the simulation results.
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Figure 9.14: Measured (depicted with markers) and simulated (depicted with lines)
1 (fes\,(RMS and its percentage of reduction for different strategies.

The switching currents of each semiconductor are identified using the phase
currents and switching instants. The turn-OFF switching currents are summa-
rized in Figure [9.15] The measurement results are illustrated with markers,
while the simulation results are depicted with lines. As can be seen, the pri-
mary side turn-OFF currents are reduced by a factor of nine at no load using
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strategy III. The switching currents have also reduced on the secondary side.
Moreover, some secondary switches achieve turn-orFr ZVS at partial loads.
The measurement results also agree with the simulations. The slight mis-
match is due to non-idealities in the measurements, which are not modeled in
the simulations.
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Figure 9.15: Measured (depicted with markers) and simulated (depicted with lines)
switching currents. (a) isw,om of the A-side bridge. (b) isw,om of the
Y-side bridge.

9.4 Conclusions and discussion

In this chapter, the harmonic content of the phase voltages and currents of a
3¢ multilevel DAB converter is studied in detail for different power levels and
two winding configurations. Also, control methods are proposed to improve
the harmonic performance and efficiency of the AY-DAB.

It is established that the current harmonics are dramatically affected by
the windings connection. The share of harmonics in the phase current is
independent of the power level for the YY configuration. It is shown that the
converter with the AY winding configuration has higher current harmonics
in partial loads than the YY configuration—with the 5" and the 7*" being
the dominant harmonics. It is also shown that these harmonics contribute
positively to the power flow of the YY configuration. On the contrary, the
active power flow direction of the harmonics is the opposite of the fundamental
for the AY configuration. This results in the poor harmonic performance of
the AY configuration at low loads and potentially can result in increased
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losses.

A control method is proposed to improve the harmonic performance of the
AY-DAB. It is demonstrated that the amplitude of the 5" and 7** harmonics
of the secondary phase voltages is reduced using the proposed control method.
Moreover, it is shown that the proposed control method reduces the percentage
of the low-order current harmonics, especially in partial loads. The amplitudes
of the 5" and the 7*" harmonics reduces by 78 % and 70 %, respectively, at
a 5 % load level with the proposed method. In addition, it is shown that the
direction of the active power flow of the harmonics is reversed to match the
power transfer direction of the converter with the proposed method. Finally,
it is concluded that the AY configuration of the windings with the proposed
control method has the best harmonic performance.

Approaches for improving the efficiency of multilevel AY-DAB converters
have been analyzed. Two control strategies have been proposed to minimize
the RMS current and improve the partial load performance of the 3¢-AY
converter. The performance improvement is achieved by introducing a zero-
level voltage on the Y-side of the converter and (or) reducing the A-side de-link
voltage. Both simulations and measurements validate the proposed strategies.

It is shown that the RMS current can be reduced by 27 % at no-load only
by increasing the duration of the zero-level voltage of the Y-side. In addition,
the turn-OoN and turn-OFF currents of the Y-side can be decreased drastically
for power levels below 42% of the nominal power with the same strategy.
The study revealed the possibility for considerable improvements in the per-
formance by combining A-side dc-link voltage reduction with the Y-side duty
cycle variation that leads to the reduction of the RMS current by almost 100 %
to near-zero at no-load. This is also validated by measurements where more
than 90 % reduction in the RMS current is observed at no-load. Moreover, a
dramatic reduction in the switching currents of both bridges is achieved. Mea-
surements highlighted a factor of nine reductions in no-load turn-OFF currents
of the primary bridge. At the same time, a loss split calculation showed that
the semiconductor losses decreased by 94 % and 81 % at 5% and 10 % of the
nominal power, respectively.
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cHAPTER 10

Conclusions and Future Work

10.1 Conclusions

This work studied the 3¢ DAB converters based on multilevel converter topolo-
gies for offshore wind turbine applications. Seven different converter topolo-
gies were selected as the candidates for the bridges. These include 2LC, NPC,
T-type, MMC, TAC, MTAC, and CTB converters. Also, four winding config-
urations, namely, YY, YA, AY, and AA were studied.

Analytical expressions were derived to estimate the desired leakage induc-
tance value of the MFT for a DAB dc-dc converter. The estimated leakage
inductance minimized the RMS current for deviations in the dc-links volt-
ages. This was to ensure minimum conduction losses under nominal power
operation. The derived expressions were validated with simulations.

The Q2L modulation was considered for the multilevel topologies. The
study of the Q2L-operating MMC-DAB with MOSFETSs revealed that the
primary side’s main and the secondary side’s auxiliary switches had higher
average junction temperatures than the other switches. Moreover, it was
shown that the auxiliary switches were more thermally stressed than the main
switches due to the impulsive conduction of currents.
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The multilevel converters were compared together from the total capaci-
tive energy storage requirement and installed switch power aspects. It was
concluded that the CTB converter had the lowest energy storage requirement
among the multilevel converters, followed by the MTAC converter. It was
shown that the total energy storage requirement of these converters was up to
60 % and 40 % less than for an MMC converter. The CTB had lower installed
semiconductors power than the MTAC and was selected for further studies.

The effect of winding configurations on the required energy storage was
also studied. An MMC-DAB and CTB-DAB converters were compared for
different winding configurations. It was shown that the YA connection con-
siderably reduced the capacitor requirements. In the best case, the capacitor
requirement of the MMC-DAB and the CTB-DAB was reduced by 30 % and
40 % using the YA configuration instead of Y.

General analytical closed-form ZVS boundaries for 3¢ M-level-to-N-level
DAB converters were derived and analyzed. The effects of having different
transition times and the number of levels on the ZVS range of the converter
were studied. The effects of the winding configurations were also considered
in the analysis. It was demonstrated that, unlike the YY connection of the
windings, the YA connection of the windings could retain the ZVS capability
at partial loads in a narrow region where the dc ratio was close to unity. The
study was validated with simulations and measurements.

The harmonic content of the phase voltages and currents of a 3¢ multilevel
DAB converter was studied in detail for different power levels and two winding
configurations. It was shown that the AY-DAB suffers from high harmonic
content and low efficiency in low power levels. Control methods were pro-
posed to improve the harmonic performance and efficiency of the AY-DAB.
The study revealed the possibility for considerable improvements in the per-
formance by combining A-side dc-link voltage reduction with the Y-side duty
cycle variation that led to the reduction of the RMS current by almost 100 %
to near-zero at no-load. This was also validated by measurements where more
than 90 % reduction in the RMS current was observed at no-load. Moreover,
a dramatic reduction in the switching currents of both bridges was achieved.
Measurements highlighted a factor of nine reductions in no-load turn-OFF cur-
rents of the primary bridge. At the same time, a loss split calculation showed
that the semiconductor losses decreased by 94 % and 81 % at 5% and 10 % of
the nominal power, respectively.
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Mathematical expressions were provided to couple the maximum flux den-
sity and the required core cross-section with the specifications of 3¢ multilevel
DAB converters. In addition, simple closed-form expressions were derived us-
ing IGSE to link the core losses to the modulation parameters. Finally, closed-
form expressions were derived to estimate the flux waveforms inside different
parts of a 3¢ transformer core with YY, YA, AY, and AA winding configu-
rations. The expressions could be used for E-core, E-cut-core, and Hexa-core
transformers with arbitrary excitations from different windings. The experi-
mental results showed a perfect match with the developed theory.

10.2 Future work

The studies in the document have focused only on the Y and A winding con-
nections. Studying and quantifying the effect of other winding configurations
(e.g., zigzag) can be an interesting research topic.

Calculations regarding the desired leakage inductance were done with the
first harmonic approximation. It was shown that this assumption results in
large errors for YA configurations high share of low-order harmonics. A valu-
able contribution can be solving the optimization using more harmonics.

The studies on the capacitor requirements have assumed that faults were
handled with external components on the dc-link. It would be interesting to
evaluate the capacitor requirements considering the fault-handling capability
of the converter. Moreover, only numerical studies were performed. Deriving
closed-form equations can be a valuable contribution.

The output capacitance of the switches was neglected in the soft-switching
studies of this document. Including these capacitances in the generalized
expressions and evaluating the converter’s performance would be interesting.

The MFT’s core loss modeling was done using analytical flux waveforms.
The flux waveform models were verified both with simulations and experi-
ments. However, the developed loss models were only verified by simulations.
It will be a valuable contribution if they are verified by electric or calorimetric
measurements.

A simple method was proposed to improve the performance of AY-DAB
in partial loads. Also, the optimization of leakage inductance focused only
on the conduction losses. These can be further improved by including extra
constraints like minimum switching loss or MFT losses in the optimizations.
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cHAPTER 11

Summary of included papers

This chapter provides a summary of the included papers. In all the papers,
the author has contributed to the; conceptualization; methodology; software;
validation; formal analysis; investigation; data curation; visualization; and
writing.

11.1 Paper |

Babak Khanzadeh, Torbjérn Thiringer

Closed-Form ZVS Boundaries for Three-Phase M-level-to-N-level DAB
Converters with Different Winding Configurations

Published in IEEE Transactions on Power Electronics, pp. 1-16, 2023
, doi: 10.1109/TPEL.2023.3260682 .

One of the essential characteristics of a three-phase DAB dc-dc converter
is its inherent ZVS capability during the turn-oN of the switches. This paper
provides closed-form equations that identify the ZVS boundaries for an M-
level-to-N-level DAB converter, where M and N can be any natural numbers.
It is shown that the derived ZVS boundaries can be used for different con-
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verter topologies, including but not limited to 2L.C, three-level NPC converter,
T-type converter, TAC, MMC, and CTB converter. The effect of different
winding configurations of the MFT—YY, YA, and AA—is also considered
in the study. Additionally, easy-to-implement simplified ZVS boundaries are
provided and the effects of a different number of levels, transition times, and
dead times on the ZVS operation are quantified. An important result shown
is that the converters with the YY and the AA windings lose ZVS at partial
loads as soon as the transition time increases from zero, whereas the ones with
the YA configuration retain ZVS at partial loads and dc ratios close to unity,
without any advanced modulation techniques. The derived analytical models
are validated with MATLAB simulations and experiments.

11.2 Paper Il

Babak Khanzadeh, Torbjorn Thiringer, Yuriy V. Serdyuk

Loss Reduction at Partial Loads of Multi-Level DAB Converters Using
Adjusted Switching Patterns

Submitted to IEEE Transactions, 2023, (under review) .

A three-phase (3¢) DAB dc-dc converter built with a medium frequency
transformer with AY-connected windings has low efficiency and low trans-
former utilization in partial loads. This makes the 3¢-AY-DAB less attrac-
tive for applications where the performance at partial loads is crucial. This
paper presents control strategies utilizing extra degrees of freedom provided
by multilevel converters to minimize the RMS current and improve the partial
load operation of the 3¢-AY-DAB converter. The duration of the zero-level
voltage of the Y-side is adjusted with the help of multilevel converters, and
the A-side dc-link voltage is controlled externally. It is shown that the RMS
current can be reduced by 27 % at no-load by increasing the duration of the
zero-level voltage of the Y-side. In addition, the turn-ON and turn-OFF cur-
rents of the switches of the Y-side can be decreased drastically for power levels
below 42 % of the nominal power. By combining A-side dc-link reduction with
the Y-side duty cycle variation, considerable performance improvements can
be accomplished. The RMS current at no-load can be reduced by 100 % to
zero. This is also validated by measurements where more than 90 % reduction
in the RMS current is observed at no-load. Moreover, a dramatic reduction in
the turn-oN and turn-OFF currents of the switches of both bridges is achieved.
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Measurements highlighted a factor of nine reduction in no-load turn-OFF cur-
rents of the primary bridge. Moreover, a loss split calculation shows that the
semiconductor losses can be decreased by 94 % and 81 % at 5% and 10 % of
nominal power, respectively.

11.3 Paper IlI

Babak Khanzadeh, Torbjorn Thiringer, Mohammad Kharezy
Multilevel Dual Active Bridge Leakage Inductance Selection for Various
DC-link Voltage Spans

Published in Energies, vol. 16, no. 2, 2023, issn: 1996-1073 .

The leakage inductance of the transformer in a DAB dc-dc converter di-
rectly impacts the ac current waveforms and the power factor; thus, it can
be considered a design requirement for the transformer. In the existing liter-
ature, a choice is made to either ensure soft switching in nominal power or
to minimize the RMS current of the transformer. The inductance is typically
obtained using optimization procedures. Implementing these optimizations
is time-consuming, which can be avoided if a closed-form equation is derived
for the optimum leakage inductance. In this paper, analytical expressions
are derived to estimate the desired leakage inductance such that the highest
RMS value of the current in the operation domain of a DAB is kept to its
minimum value. The accuracy and sensitivity of the analytical solutions are
evaluated. It is shown that in a large design domain, the solution for the
YY-connected MFT has less than 3 % error compared to the results obtained
from an optimization engine. As an example of the importance of selecting
the leakage inductance correctly, it is shown that for 11 % deviations in the
de-links voltages, a 10 % deviation from the desired leakage inductance value
can cause 2 % higher RMS currents in the converter.

11.4 Paper IV

Babak Khanzadeh, Yuhei Okazaki, Torbjorn Thiringer

Capacitor and Switch Size Comparisons on High-Power Medium-Voltage
dc—dc Converters With Three-Phase Medium-Frequency Transformer
Published in IEEE Journal of Emerging and Selected Topics in Power
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Electronics, vol. 9, no. 3, pp. 3331-3338, June 2021 .

This paper compares the capacitor requirement of selected isolated dc-dc
converters for high-power and medium-voltage applications. A numerical com-
parison is made for a range of switching frequencies and transition times,
considering not only the submodule capacitors of the converters but also the
dc-link capacitors. Likewise, a comparison regarding the semiconductor re-
quirement is performed for the converters. Selected inverter topologies to form
the DAB dc-dc converter include the 2LL.C, the MMC, the TAC, the MTAC,
and the CTB. The results show that the conventional DAB requires the min-
imum capacitor size among the converters. Moreover, in the appropriate op-
eration region, the MTAC-DAB and the CTB-DAB provide the possibility
of up to 40 % and 60 % reduction in the amount of required energy storage
compared to the MMC-DAB, respectively. It is also shown that the size of the
dc-link capacitors becomes comparable with the chain-links’ capacitors when
the percentage of the transition times per period is reduced to be below 5 %.
The comparison regarding the semiconductor requirement revealed that the
MMC-DAB requires the smallest installed switch power among the multilevel
converters.

11.5 Paper V

Babak Khanzadeh, Torbjérn Thiringer, Yuriy Serdyuk

Analysis and Improvement of Harmonic Content in Multi-level Three-
phase DAB Converters with Different Transformer Windings Connec-
tions

in Proceedings of International Power Electronics Conference (IPEC-
Himeji 2022- ECCE Asia), 2022, pp. 2653-2658 .

The transformer of a DAB converter is usually designed to operate with
fundamental frequency ranging from a few kHz to hundreds of kHz, depend-
ing on the application of the converter. Since the waveforms of the ac-link are
non-sinusoidal, the transformer is subjected to harmonics of the fundamen-
tal frequency. The higher the harmonic content, the higher the losses in the
transformer. This paper studies the harmonic content of the phase voltages
and currents for a three-phase multilevel DAB converter. The effect of the
windings connection of the transformer—AY, and YY—on the harmonic con-
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tent is studied in detail. It is shown that the share of harmonics in the phase
currents is independent of the power level for the YY type. However, for the
AY type, the lower the load level, the higher the share of harmonics in the
waveform. This results in high no-load currents in the transformer. A control
strategy is proposed to reduce the harmonic content of the phase currents of
the AY type in partial loads. It is shown that the proposed control method
effectively reduces the low-order harmonics. As an example, the amplitudes
of the 5" and the 7" harmonics reduce by 78 % and 70 %, respectively, at a
5% load level.

11.6 Paper VI

Babak Khanzadeh, Yuriy Serdyuk, Torbjorn Thiringer

Evaluation of Core Losses in Transformers for Three-phase Multi-level
DAB Converters

in Proceedings of 24th Furopean Conference on Power Electronics and
Applications (EPE’22 ECCE Europe), 2022, pp. 1-11. .

This paper provides closed-form expressions for estimating the core losses
of three-phase transformers excited with multilevel converters for DAB appli-
cations. The expressions are derived by applying the improved generalized
Steinmetz equation with approximated flux waveforms generated from one of
the windings. The effect of different winding configurations on the estimated
losses is studied. The results are validated with MATLAB simulations, and
their applicability for three-phase multilevel DAB converters is investigated.
It is shown that for the YY and the AA configurations, an estimation error
of less than 7.5% and 11.5%, respectively, can be achieved for most phase
shifts between 0° and 20°. It is highest when the distribution of the leakage
inductance is more uniform between the primary and the secondary sides.
Moreover, the effect of the transition times of the bridges on the estimation
error is also studied. It is established that estimating the losses from the wind-
ing, whose transition time is the largest, results in a lower estimation error.
It is demonstrated that using the parameters of the A side results in less esti-
mation error for the YA and the AY configurations and most of the studied
designs. The maximum estimation error for these two winding configurations
is below 8.5 % for phase shifts below 20°.
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11.7 Paper VII

Babak Khanzadeh, Torbjérn Thiringer, Yuhei Okazaki
Capacitor Size Comparison on High-Power dc-dc Converters with Dif-
ferent Transformer Winding Configurations on the ac-link

in Proceedings of 22nd European Conference on Power FElectronics and
Applications (EPE’20 ECCE Europe), 2020, pp. P.1-P.7 .

This paper compares the capacitor requirement of the MMC-based DAB
and the CTB-based DAB dc-dc¢ converters. Three winding configurations,
namely YY, AA, and YA, are considered for the ac-link’s MFT. It is shown
that for a specific inverter topology (i.e., MMC or CTB), the YY and AA
connections of the MFT result in identical energy storage requirements for the
converters. Moreover, it is demonstrated that the YA connection considerably
reduces the capacitor requirements of the converters. In the best case, the
capacitor requirement can be reduced for the MMC-DAB and the CTB-DAB
by 30 % and 40 %, respectively. A comparison between the converters showed
that the YY-connected MMC-DAB (the YA-connected CTB-DAB) has the
highest (the lowest) energy storage requirement. Additionally, it is shown
that the YA-connected CTB-DAB can achieve up to 78 % (58 %) less energy
storage compared to the YY-connected MMC-DAB in the best case (worst
case).

11.8 Paper VIII

Babak Khanzadeh, Chengjun Tang, Torbjérn Thiringer

A Study on the Lifetime of Q2L-MMC-DAB’s Switches for Wind Tur-
bine Applications

in Proceedings of fifteenth International Conference on FEcological Vehi-
cles and Renewable Energies (EVER), 2020, pp. 1-6 .

This paper studies the lifetime of semiconductor switches of a DAB dc-dc
converter for wind turbine applications. Q2L operating MMC are used as the
building blocks of the DAB converter. One of the established lifetime models
is used for the lifetime estimation of the switches. Measurement data of an
on-shore wind turbine for three hundred days is used as the mission profile.
It is shown that the short-term thermal cycles (cycles with frequency in the

178



11.9 Paper IX

range of switching frequency) are detrimental to the lifetime estimation of
the auxiliary switches of the MMCs’ submodules. Thus, neglecting the short-
term thermal cycles will overestimate the lifetime of the auxiliary switches by
several orders of magnitude. On the other hand, these cycles will not affect
the lifetime of the bypass switches considerably. It is also shown that the
thermal stress on the secondary-side auxiliary switches is more severe than
the primary-side ones. It is suggested that two parallel devices should be used
for the secondary-side auxiliary switches; consequently, a reasonable lifetime
is achieved for the secondary-side auxiliary switches.

11.9 Paper IX

Babak Khanzadeh, Torbjorn Thiringer, Mohammad Kharezy
Optimum Leakage Inductance Determination for a Q2L-Operating MMC-
DAB with Different Transformer Winding Configurations

in Proceedings of 20th International Symposium on Power Electronics
(Ee), 2019, pp. 1-6 .

This paper discusses the procedure for the determination of the optimum
leakage inductance of a MFT for a Q2L operating three-phase modular mul-
tilevel converter dual-active bridge (MMC-DAB) considering the effects of
the MFT winding configuration. Three different winding configurations—
—mnamely, YY, AA, and YA—are considered for the connection of the MFT
windings. The optimum leakage inductance requirement of the MF'T, the cur-
rent THD, and the transformer utilization factor (TUF) are compared for the
three winding configurations. It is found that the YY and the AA configura-
tions have similar optimum leakage inductance patterns, which are different
from the YA configuration. Furthermore, it is established that an optimized
leakage inductance value for a conventional DAB, can be utilized for the Q2L-
operating MMC-DAB for a wide range of transition time with the YY and the
AA winding configurations if less than a 5% error could be tolerated in its
value. A comparison with respect to the TUF and the currents THD revealed
that the YY and the AA configurations result in a higher TUF compared to
the YA configuration; However, the YA configuration has approximately two
times lower currents THD compared to the other two configurations.
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APPENDIX A

Mathematics Terms and Definitions

Kronecker delta function

Kronecker delta function, d;, is defined as [116]

1 ifj=0
5,2 ! (A1)
0 otherwise.

Function h;(wt)

The piecewise linear periodic function h;(wt) with a period of 27 is defined as

T+ 3wt —wgwtg—%’f
3r4 6wt —F <wt<-%
oo
Huwt 27 + 3wt T <wt<0
hl(wt)ézcos( w)zl T+ 3w Z <wt< (A2)
= " 18 | 27 — 3wt 0<wt<%
3T — 6wt %Swtﬁ%ﬁ
m — 3wt %”Swtgﬂ

181



Appendiz A Mathematics Terms and Definitions

where H € {2h — 1|h € N,3 J2h — 1}.

Function h;(wt — <) + hy(wt + <)

hi(wt £ <) can be calculated as

7+ 3wt + 3¢ —TFe<wt<Fo—3  (A3a)

3m + 6wt £ 66 — T ro<wt<Fc—F (A.3b)

hl(wtig)zl 27 + 3wt + 3¢ —EFsSwt<Fg (A.3¢c)
18 | 27 — 3wt F 3¢ Felwt<Fo+ % (A.3d)

31 — 6wt F 6¢ §:F<§wt§:F<+%” (A.3e)

7 — 3wt F 3¢ Zro<wt<Fo+T (A.3f)

where H € {2h — 1|h € N;3 f2h — 1}. Let’s say we want to calculate hq(wt —
¢)+ hi(wt+¢) for 0 < wt < w/6. This can be done for different values of ¢ by
breaking ¢ into intervals of w/6. If —57/6 < ¢ < —27/3, then one can write

mwt+s) | Jifc=—F=>-F<wt<f v
from (A.3a) ifo= -2 T <wi<0 X
hy (wt if¢=-2T= Z<wt<I X
1(wt +5) . Tc 2(; T <w _i (A4)
from (A.3b)) if ¢ = -5 = 0<wt< % ve
h(wt =) fe=-3= —Z<wt<Z v/
— i — _2n s
from (A.3f) if¢=-%= 0<wt<Z v/
Therefore, if 0 < wt < 7/6 and —57/6 < ¢ < —27/3 then from (A.4)
: 3wt +3 0<wt<—g-— 2
B (ot 4+ ¢) B2 T SwkE S LEUETTE (A
(A3a) 18 | 37 4 6wt + 6¢ - F <wt<§
hi(wt — ) 251 118(7T — 3wt + 3¢) 0<wt< % (A.5b)
Therefore, if 0 < wt < /6 and —57/6 < ¢ < —27/3 then
21 + 66 O<wt< —¢—2r
hy(wt—¢)+hy (wi+e) = — , 3 (A.6)
I8 |4m + 3wt +9¢ —¢—F <wt<Z

182



Finally, hy(wt — <) + hy(wt 4 <) for 0 < wt < 7/6 can be calculated following

similar steps as (A.4)-(A.6) as

hi(wt —¢) + hy(wt +¢) =

21 + 6¢
47 + 9¢ + 3wt

6m + 12¢
4 + 9¢ + 3wt
6m + 12¢
51 + 9¢ — 3wt

41 + 6¢
51 + 9¢ — 3wt

41 + 6g

41 — 6wt

47 — 6¢

41 — 6wt

41 — 6¢

5m — 9¢ — 3wt
6m — 12¢

51 — 9¢ — 3wt
6m — 12¢

4 — 9¢ + 3wt
21 — 66

41 — 9¢ + 3wt

—N— —— —— —— —— " " "

0<wt< -3 —¢
2 s
I —c<wt<E

0<wt< 2 4g
Tro<wt< g
OSwtg—g—g
—F—sSwt<E

0<wt<T+s

us s
§+§§C‘Jt§g

0<wt<—¢
s
—s<Swt< g
0<wt<g¢
¢<wt<

0<wt<

when — 51
6
2T

hen — —

when 3

™

h _ 0
when 5
when il
3

s

h _
when 5
when 0
T

h a
when 5
when il
3

T

h a
when >
2

h =7
when 3

IN

IA

IN

IN

IA

IN

IN

IN

IN

IN

IN

IN

IN

IN

IA

IN

IN

IN

IN

IN

—%(AM)
—g (A.7b)
—% (A.7c)
f%(Am)
0 (ATe)
% (A.7f)
5 (ATg)
g (A.7h)
%?(Am
= (AT)
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Function hy(wt)

The piecewise linear periodic function hs(wt) with a period of 27 is defined as

-1 —r<wt< -2
2T s
Aism (Hwt) 7w -1 -2 <wt<0 (A8)
= T 6 )1 0<wt< %
™ 27
1 Z<wt<m
where H € {2h — 1|h € N,3f2h — 1}.
Function f(M17M2777Z)171/}2767 A)
The piecewise function f (M7, Ma,11,19,0, ) is defined as
M.
f(M17M27w1aw279a )‘) £ ﬁ2x
1
Fr(My, Mo, [ 3+ 2|1+ 01, 62,60,0) 0<A<E
fo (0 My, — |3+ 22| T+ L) 20,0) F<a<s (A9)
fa(My, Ma, | + w/HA s+ %Ja%a%ﬁ,)\) TSASS
T A ™ s
fg(Ml,MQ, §+2{p31 7\_%+%J7w11¢2797)\) QSAS%

where functions fi (M7, Mo, Ny, No, 101, 109,0, ), k € {1,2,3} are defined as

47TM1 — 6)\N1 — 3’(/)1 (M12 — N%)

My, My Xq, N =
fl( 1 PEENIR] 27¢17¢2797A) 47TM2—60N2_3¢2(M22_N%)

(A.10a)

Ja(My, M2, Ry, Ro,91,109,0,\) =
7 (5My 4 1) — A (9My 4 3R;) — 159, (M? —R?)  (A.10b)
AT My — 66Ry — 3tpy (M2 — R2)
J3(My, Mo, Ry, Ro aby,aba, 0,\) =
7 (AM; 4 28;) — A (9M; + 3N1) + 159y (M? —%2)  (A.10c)
Am My — 60Ry — 3tby (M2 — N2)
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where |...] is the floor function. Moreover, 0 < |R;| < My, 0 < Ny < My and
N; and Ny are integer numbers.

Function g (M, My, Y1, 12,0, )

The piecewise function g (My, Ma, 11,149,060, ) is defined as

901, Mo, 1,2, 0.0) 2

g1 (M, Mo, |5+ 82| |3 ] 01,05,6,0)  0SASE (4
g1 (My, My, — |5+ =82 | (44 L) n,0,0,0) F<AST
g92(My, M, [ 5 + -, 42,6, A) ITAST

where functions g; and g, are defined as

g1(My, My, Ny, Na, by, 92,0, A) =
7 (7.5My — 1.5Ny) — 9X (My — Ny) — 4.5¢; (M7 — N?)  (A.12a)
A My — 60Ny — 3¢y (M2 — N2)
(97 — 18)\) M,

gQ(M17M27N2a¢2797)\) = 47TM2 — 69N2 — 3w2 (M22 —N22) (A12b)

where |...] is the floor function. Moreover, 0 < |[X;| < My, 0 < Ny < My and
N; and Ny are integer numbers.

RMSPE

The RMSPE can quantify the mismatch between two sets of values or func-
tions. The RMSPE of two functions X and 7T is defined as

> (XX;T)Q (A.13)

RMSPE(X,T) = :17 x 100%

where functions X and T have m number of samples; X; and T; are the
it" sample of respective functions; and X is used as the base function. The
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RMSPE can be extended for two sets of two functions as

()’ A
x 100%

> (558) )

=1 i
m-+mn

m n

1

RMSPE(X,T,Y, 5) =

where functions X and 7" have m number of samples with function X as the
base and are compared together. Similarly, functions Y and S have n number
of samples with the function Y as the base and are compared together.
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APPENDIX B

Soft-Switching Boundaries Derivations

It is shown in Section [Z.2] that the ac-link currents can be used instead of
the converter’s arm currents to derive ZVS boundaries independent of the
converter topology. Also, it is shown that the ZVS conditions are given as

L(wt=%by,;) <0 Vk; €{0,...,M; =1}, Vje{p,s}. (B.1)

where £y, ;, Vk; € {0,..., M; — 1} and Vj € {p,s} are the switching events
of the respective converter. In this chapter, the derivation of ZVS condi-
tions is discussed. It is assumed that the converter operates under balanced
conditions. Therefore, it is enough only to investigate phase A currents.

B.1 YY-connected MFT

Considering the references waveforms given in Figure the switching
events of the YY-connected topologies happen in the interval —0.5wr, < wt <
0.5wTp for the primary bridge and ¢ — 0.5wrs < wt < ¢ + 0.5wTy for the sec-
ondary bridge. The phase current of the converter is equivalent to the line
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current of the MFT. Therefore, ([7.1) can be reformulated as

iry (wt=£0;,,) <0 Vk, € {0,..., M, — 1} (B.2a)
ity (Wt=¢+0s) >0 Vks € {0,..., My —1}.  (B.2b)

it X given by (4 can be rearranged using trigonometry rules for the product
of two cosine functions as

Me 1 oo —w cos w
Y () — ( 3 3 () o1 Oy )

k=0 H=1

N H?

NpUq el (cos (H (ks — wt 4+ ¢)) + cos (H (Ogs + wt — ga))) )
1

k=

o

(B.3)

where H € {2h — 1|h € N, 3 f2h — 1}. Equation (B.3)) can be rewritten as a
piecewise linear function using h;(wt) given by (A.2) as

2 [N,U, "=
ity (wt) = p—g ( ; =) (ha (Oks — wt+ @) + by (ks + wt — )
7 S k=0
M,—1
—Up Z (hl (ekp — wt) + hl (ka + (JJt) )) . (B4)
k=0

Moreover, i)Y (wt) can be calculated using (4.11b) and 1 as

2 (N2U,MED!
7TOJLp < ]I\)fg Z (hl (gks*Wt+Q0)+h1 (9k5+wtf90))
7 S k=0

iLa (Wt) =

N My—1
p Z (h1 (Brp — wit) + hy (Opp + wi) )> (B.5)

b
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B.1 YY-connected MFT

Closed-form general ZVS boundaries

The ZVS boundaries of the primary bridge of a YY-connected DAB can be
calculated using (B.2a)) and (B.4) as

vy (Wt =+9,) <0 =
M.—1

hy (Oks T 9p + ) + h1 (Os £ 9, — )
N;Up kZ:O ( ' ’ ) (B.6)
>

N, U,

Mpy—1
Z (hl (ekp - 19p) + hy (ka + ﬁp))
k=0

where ¥, € {0kp, Yk € {0, ..., M, — 1}}. Similarly, the ZVS boundaries of the
secondary bridge can be calculated using (B.2b) and (B.5) as

ity (wt =@+ 105) >0 =

Ms—1
(hl (eks - ﬁs) + hy (‘gks + 795))
NU, _ kZ:O (B.7)
N,U, ~Mp—1
ST (ha (Orp F 95 — @) + ha (Op 05+ ¢))

k=0

where Vs € {0ks, Vk € {0,..., Mg — 1}}.

Closed-form Q2L ZVS boundaries

The Q2L definitions given by (2.1]) are used here to derive ZVS conditions of
a Q2L operating DAB. Moreover, it is assumed that

O<wr<- B8 g<p <t wke{o,...M—-1  (BS)

3 @Td)

[=p}

where j € {p,s}. This assumption ensures no overlap between the transitions
of any two phases of a given bridge. Both and (B.7) has terms as

F(M;j,0;,0;) 2 > (ha (Oh,;—0;) +ha (0,5 +05)).  (B.9)

k;j=0

189



Appendix B Soft-Switching Boundaries Derivations

If we put hq (ijj — 19j) + h (ijj + 19j) from equivalent with h (wt —
§) 4+ hi(wt +<) from [A.7, then wt = Oy; and ¢ = ;. We know that

wt=0y . ;
frorn:()ﬁ@kjjS%:%Oﬁth% N
Also: 9; € {6k,;, Vk; € {0,..., M; — 1}} where j € {p,s} (B.10)

ogﬁjggﬂoggg%.

Since 0 < ¢ < 7/6 then (A.7f) should be used to expand as

M;—1
A7 47 — 69, 0< 0., <9y
F(M;.0;,9;) =2 T > T =UkI=T0 (B
18 - 4 _69kjj ng < ekjj < %

Expanding (B.11) without introducing new parameters is impossible due to
dependency of 0;; bounds on ;. Let’s modify (B.11) as follows

F (M;,05,9;) =
M;—1

™ {47r — 69, 0
18 A

19j, ij S {0, vy Nj - 1} (B.12)

<O, <
< I Wk e Ny, My — 1},

< ekjj
—o W47 —60k;5 U5 < Ok

where N; is an integer between 0 and M;, which can be calculated as

Or;5 < 0; Ox,—1); < U (R; = 1) +0.5)1h; <0 =

9. 1 9. 1 ] (B.13)
R; < T/T; + 3 =N, = Lw—j + §J, min(X;) = 0, max(R;) = M;.
Finally, (B.12)) can be expanded as
T
F(M;,05,95) = 15 (47TMJ‘ — 60;R; — 3(M; — R;)(M; + Nj)¢j> (B.14)

where Mj, 1; are known parameters from the Q2L modulation, 9, is the query
point for ZVS, and R; is calculated from . Expanding the rest of the
terms in and can be done similarly. Firstly, ¢ should be divided
into intervals of length 7/6 and for every interval steps taken in (B.9)-(B.14)
should be repeated. This is a cumbersome task, and therefore, only the final
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results will be presented hereafter.

Let’s define D as the ratio of the primary side dc-link voltage, Vyc p, to the
secondary side dc-link voltage, Vic s as

(B.15)

If A, £ 9, + ¢, cases i) ¥ (wt = —,,) < 0 from (B.6) can be summarized as

i 0, 1 A 1
if0<A, < —, Ny= |2+, Rg= |2 +=
1 O— )\P — 6’ p I_’I,Z)p + QJ’ S I-'l/}s + QJ

DMN, _ 47M — 6A,Ry — 3ths (M2 — R2)

S

- ] (B.16a)
MyNp ~ 4xM, — 69,R, — 3¢y, (M2 — R2)
T T U 1 T—A 1
if — <A <o, Rp=[2+-], Ry=[2—F 4~
IS <A< 5N, pr+2J, | 7 + 5
DM.N, _  (5Ms =) — Ap (9Ms — 38,) — 1.5y (M2 — XD) (B.16b)
M, Np ATMy, — 60N, — 3uyp (M3 — N2) |
. 9 1 Ap— %01
fo <A <o, Rp= [P+, Rg= |23
i <A <2 pr+2j, =t 3!
DMLN, _ m(5Ma +Re) — dp (M, +3%) — Lovs (M2 =)
.10C
M, Np A My, — 60, — iy (M3 — N2)
x o 9, | 1 T 1
if 5 <A< T Rp= [P o) W= B0 g
12_p—3’ P I_p+2Ja S I_ '(/}S +2J
DM;Ny _  (4M; +28,) — Xy (M, + 3R,) + 154 (M2 — X7) (B.16d)
M, Np dm My — 69pR, — 3¢y (Mg - NIQ?) |

If Ay £ | — 0, cases i) X (wt = ¥,,) < 0 from can be summarized as

T v 1 A 1
if0<A, <=, Ny= |24+ Rg= |2+
107 p767 P |_p+27 st+2J
. A M, — 6A, R — 3t)s (M2 — N2

DMsNs  An pis — 3¢, (MF - XY) (B.17a)
M, Np dr My — 69,8, — 39, (MS — N%)

T T U 1 T—A 1
if — <A <o, Np=[-2+2], Xg=[2—2
1 6— p—3’ p \_/(/)p 2J7 s \_ ws 2J
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DM;N _ 7 (5My = R) = Ap (9M — 38) — L5y (M2 — X7) (B.17b)
M, Np Am My, — 69,8, — 3¢y, (M2 — R2) . )
- . 9 1 -2 1
F2 <A <o Ry= L4 o] Re= [ 242
if g <A< TN, pr+2j, = T
DMiNo 7w (5Ms+Rs) = Ap (OM; +3K,) — 159, (M7 -X) g )
. dic
M, Np 4m M, — 60pR, — 3¢y (]\/[1g - N12>)
2 Up 1 T2 !
it D<A, <N, = Ry = [2——F
Tyshsg Nolg dalh Ny gl
DMN, _ m(4Ms +28) — Ay (9M; + 3R) + L5¢ (M7 — X7) (B.17d)
M, Np dm My — 60pR, — 3¢y, (MP2 - Nl%) . .

If Ay = | — 0], cases iy (wt = —J5) > 0 from (B.7) are summarized as

. s ¥ 1 As 1
FO< A< — No= |22 N =212
10_/\5_6, s LwS-I-QJ, o pr+2j
M,N, N 4 My, — 6AR, — 3¢, (MS—NI%). (B.18a)
DM,N, A My — 694X —3¢S (M2 —N2)
T T Uy ”7)\g 1
.f*<)\s<*;Ns_ N_ - 5
(5 ShS TNl gh N 5= )
M,N, - T (BMp — Np) — As (9M}, — 3Ry) — 1.5y, (M2 N2). (B.18b)
DM N, 47TM —619 N —3% (M2 —N2)
_E 1
ir T <, < L Ry == N, = 3 4=
3 L + J L m +3)

p
MyN, _ 7 (5Mp + Np) — A (9M,, 4 3R,,)

— L 51/"” (M - ). (B.18c)
DM,N, 47 My — 694X — 31hg (M2 N2)
T o 9 1 Zr _ N 1
if— <A< — WN=|24=|, 8, =132 24z
1 9 =78 = 3 9 E st + 2J ’ 1% L wp + 2J

MyNy 7 (4My + 2%)

— A (OMy, + 3Ry) + 150, (M2 — N2)
DM,N,

N
PL. (B.1
4 My — 69,8 — 31) (M2 — N2) (B.184)

© +195) > 0 from (B.7) are summarized as

9 1, A 1
6’ Ry L%+§J7NP_L%+§J

If A\s = U5 + ¢, cases i} ) (wt =

™

fo< A\ <

192



B.2 YA-connected MFT

M,N, _ 47M, — 6AR, — 3¢, (M2 — R2)

D : B.1
DM.N, ~ 47TMS T60.R, — 3 (M2 — R2) (B-19a)
ds 1 T—X 1
ir < < X < , Ny == N,o— |3 "S54 -
5 wa +ol Xe=1 ™ +3)
M,N, LT (5Mp —Np) — As (9M, — 3R;,) — L5y, (M2 — N2) (B.19b)
DM,N, 4 M, — 69,8 — 31hs (M2 — N2) '
O 1 -2 1
if = <\, N : N, = |[—3 + =
1 3 2 S st J I_ ¢p + 2J
M,N, >7r(5Mp+N)—)\(9M +38,) —15¢p(M N2) (B.19)
DM,N, A M — 60.R, — b (M2 — N2) e
_ 2 9 1 ) 1
f— < A Ne= |2+, Ry =[2Z—242
1 3 st + 2J7 p \_ wp 2J
MyN, 7 (AMj, + 2R,) — A (9M;, + 3X;) + 1.5¢;, (M2 — R2) (B.19d)
DM;N, A My — 69, — 31hs (M2 — R2) s

Finally, the ZVS conditions given by (B.16))-(B.19)) can be summarized as

ity (wt = %0, ,) <0, Vk, € {0, ..., M, — 1}
Di pr (MS, Mpawsawpa |0kpp| ) |90 + ekpp|) (B.QO&)
= Dj., > N
iy (wt = ¢+ 0).0) >0, Vks € {0, ..., My — 1}
1 NS M 7MS7 )y 'Sy 0 sS |9 ie 5 S BQOb
— L. f (Mp, M, by, ¥, Ors| s [ £ Onsl) — (B.20D)
Dkss Np

where the piecewise function f (My, Ma,1,12,0, A) is defined in .

B.2 YA-connected MFT

The YA connection of the windings introduces a phase shift on the primary-
side-referred waveforms based on the vector group of the winding connec-
tion [34]. In this document, the vector group with +30° phase displacement
(YA11) is used during the derivation process of currents. Regardless, the
final results can be used for any vector group as ¢ € [0,7/2]. Considering
the references waveforms given in Figure the switching events of the YA-
connected topologies happen in the interval —0.5wr, < wt < 0.5wT, for the
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primary bridge and ¢+m/6—0.5w7s < wt < @ +m/6+0.5wTy for the secondary
bridge. The phase current of the converter is equivalent to the line current of
the MFT. Therefore, the ZVS conditions (B.1) can be reformulated as

ird (wt = %6y,,) <0 Vky € {0,.., M, —1}  (B.2la)
ir2 (Wt =@ +7/6 £ Os) > Vks € {0, .. —1}.  (B.21b)

1L 4 given by (4.14)) can be rearranged using trigonometry rules for the product
of two cosine functlons as

WA () = 2 (NPUS

(cos (H(wt—p—%

H2

o
|
>
x>
w
S—
S—
SN—

N, U, > cos(H(wt—go—E—FHks
S (oo frn)))
k=0 H=1
N, U, Ml = cos(H(th—go—I—l—Gks
ST (el
k=0 H=1
N, U, Ml 2 [ cos (H (wt—<p—|— —|—9;%
|
k=0 H=1
Mp—1 oo
cos (H (wt — Oxp)) + cos (H (wt + bkp))
—Up Z H2
k=0 H=1

(B.22)

where H € {2h — 1|h € N, 3f2h — 1}. Similarly, the secondary line current
can be rearranged using (4.15)) derived as

2
zEaA (wt) = - X <

S
TwLs

QUSsz_li <cos 90—_QkS))‘FCOS(H(Wt_@_g+9ks))>

H2

Mt oo <COS<H<wt—¢+g—eks»+cos<H<wt—so+s+9ks>)>
H2
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(cos (H (wt—p+ % —0ks)) +cos (H (wt — o+ F +9ks))>
78

H2

(B.23)

> [ cos (H (Wt — 5= ekp)) + cos (H (Wt — 5+ Hkp))
£ |
>

cos (H (wt — Okp)) + cos (H (wt + Okp))
2B
k=0 H=1
where H € {2h —1|h € N, 3 J2h — 1}. { can be rewritten as a piecewise
linear function using hj(wt) given by m as

2 (N,U, et - -
ith (@) = — ( A (hl(aks*Wt+<P+g) + ha (Ops + wt — o — g))
7 5 k=0
N, U, M—1 - i
+ N, kZO (hl(gks_Wt+(P—g)+h1(0ks+wt—(p+g))
M,—1
-U, (h1 (Orp — wt) + hy (Bkp + wi) )). (B.24)

x>

=0

Moreover, i'2(wt) can be reformulated using (A.2) as

Ms—1
ir2 (wt) ﬂst <2US (hl (s — wt + ¢ + 6) + hy (Ors + wt — ¢ — %))
k=0
Ms—1 -
—U, (h1 (Ors — wt+¢f§)+h1(9ks+wt*@+2))
k=0
Ms—1 -
+Us (h1 9]“ wt+30*6) +h1(9ks+wt*§0+g))
k=0
M p—
NgU = 7T
NP hy (Op — wit + )+h1(9kp+wt—§)>
P k=0
M —
N P
_ JSVUP (h1 (kp — wt) + ha (Brp + wt)) ) (B.25)
P k=0
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Closed-form general ZVS boundaries

The ZVS boundaries of the primary bridge of a YA-DAB can be calculated

using (B-21a) and (B:21) as

irdwt=%19,) <0=
M,—1

Z (hl(eks:Fﬁp-HP-i-g) +h1(9ksi19p —p— %)
k=0
T ™ (B.26)
NsUp +h1(9ks:‘:19p+@6)+h1(9ksi19p80+6))
NPUS ~ Mp—1
Z (h’l (9/€P - 19})) + hl (Qkp + ﬁp)>
k=0

where ¥, € {0kp, Vk € {0,..., M, — 1}}. Similarly, the ZVS boundaries of the
secondary bridge can be calculated using (B.21b) and (B.25]) as

WA (wt=p+71/6E£19)>0=>
M,—1 7T i
kE::O (hl (eks - 195 - g) + hl (ka +'l95 + g)
il T
(0 F) (00— )
NU, + 201 (B — V) + 201 (Bps + ) ) (B.27)
NpUs My—1 -
Z <h1(9kp:|2195+@+ E) +h1(9kp:|:q95 —p— 7)
k=0

+h1(0kpiﬁs+90g)+h1(0kp:F?95S0+))

where ¥ € {0ks, Vk € {0,..., My —1}}.

Closed-form Q2L ZVS boundaries

Similar to the YY connection following assumptions and definitions are used

0<w % % 0< 0,5 < 3 Vk; € {0, ..., M, — 1} (B.28a)
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Vdc,p _ MpUp

D= = :
Vdc,s MSUS

(B.28b)

By following a blmllar procedure as described for the YY-DAB, the ZVS con-

ditions glven by 6)-(B.27) can also be expanded. If A, £ 9, + ¢, cases
m (B.26)

it (wt = ) < 0 fro can be summarized as
t0<x < ony= |yl o8 L)
0= g R =1y ol M= 10—+ 3
DM,N, T (T.5M — 1.58y) — O\, (M, — R,) — 4.5¢ (M? — N2) (B.29a)
M Ny 4mM, — 60, — 34, (MZ — N2) |
T 9 1 -5 1
T, <Zon D Ry =[5+
! P=3 " pr J L s * 2J
DM,N _ 7 (7-5M; + 1.5Ks) — OAp (M +Rs) — 450, (M2 — X]) (B.29b)
M, Np 4m My, — 69X, — 3¢y, (Mg - N%)
. 9, 1 T—A 1
fFlan<Z n, = |2 Ro=|2——+ 5
i PS5 X = L¢p+2J Sl v
DM,N; (97 — 18A;) M
N . B.29
M,Np ~ 4xM, — 60,R, —3wp(M2—N2) (B:29)
27r 3 1
f T = |-+ Ry = 2z 4o
! p - 3 L * J L s * 2J
DMSNS . (97 — 18Ap) M (B.29d)

MpNp = 4wM, — 69,8, — 3¢, (M2 —R2)’

If Ap £ |@ — 9y, cases i) 4 (wt = 9,) < 0 from (B.26) can be summarized as

T 9 1 T—A 1
ifO<A, <—, Ny=|L2 4|, =[P4
1 0 — 7'p —= 67 p L o + 2J’ L ws + 2J
DM,N, 7.5Mg — 1.5R8y) — 9N\, (Mg — Ry) — 4.5 (M2 — N2

. T (751, 5) = O ( s) — 4.5¢s (M7 —XY) (B.300)

M, Np Am My, — 69,8, — 3¢y, (M2 — R2)

™ 9, 1 A — 01
<A <=- N =|2P Ny = P 6 4 =
1 p = 3’ P \_d)p + 2J’ \_ ws 2J
DM, N; 7 (7.5My + 1.5Xg) — 9N, (M + Ry) — 4.5¢ (M2 — R2) (B.30b)
M,Np Am My, — 69,8, — 3¢y, (M2 —R2) '
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T T Y 1 - 1
if = <X\, <—, N P Ry =|2—"P 4=
1 3 — '\p — 27 P I_wp _J I_ ws + 2J
DM,N, -1 M.
LIS (Om — 183;) . (B.30¢)
M,Np ~ 4mM, — 69,R, — 3¢, (M2 — X2)
T 2T 19 1 A — 2 1
if—<Ap<—, N, =|-2+ N, =[P 24 =
pS 3o pr J | s 2J
DM Ng — 18\
=5 S (Om — 18)p) M, (B.30d)

M,Np = 47M, — 69,R,, — 3¢, (M2 —N2)’

If A = | — D], cases iy (wt = ¢ +7/6 — ¥5) > 0 from (B.27) expand to

9 1 TN\ 1

FO<A<l R=|Z 428, = -
if 0 < A\ o N st+2j’ b pr +2j
MyN, 7 (T5My, — L5N,) 9N (M, —N,) — 450 (ME-N3)
DM, 127TM 180X, 9¢s (M2 n2) - (B.31a)
—z
< — | _
T <A< TR L 4 J R, = |26 sl
Mpr - 7r(7.5Mp+1.5Np)—9/\S (M, 4 Ry) — 4.5¢, (M2 —R2) (B.31b)
DM N, 127 My — 189sRg — 9tpg (M2 — N2) T
T\
if 2 <\ < N—L—+ J N—L2 Y
3 by 2
M,N, (97r—18>\ ) M,
DM.N, ~ 127M, — 1808, — 99 (MZ — R2)’ (B-31c)
2 9 1 A-I 1
f—<)\ R, = Ny =|—2+=
5 L% oh X =1 % 5
M,N, (97 — 18As) M, (B.31d)

> .
DM,N, ~ 127 M, — 18938, — 99, (M2 — N2)

If Ay = 95 + ¢, cases iy 2 (wt = ¢ +7/6 + ¥5) > 0 from (B.27) expand to

9e 1 TN\ 1

FO0< A< No= | 42| N, = 1
1 6 |_,¢S + 2J P |_ wp + 2J

MyN,  w (T5My =~ L5Ry) — 9N (My = By) — 450, (ME-83)
DM.N, 127 M, — 18,8, — 99 (M2 — R2) - (B32a)
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T T s 1 M—% 1
if - <A<, Ry=|—=+-|, N =264
16_5_37 S I—QZ}S+2J7 P I_ ¢p +2J
M,N, o7 (7.5Mp + 1.58,) — 9As (M, + Rp) — 4.5¢;, (M2 —R2) (B.32b)
DM,N, 127 M — 1894Rg — 9t (M2 — N2) B
LT T Y9y 1 =X 1
f - < As < a0 Ns N = 5
! 3~ -2 |'7/)s + J L Yp * 2J
M,N, (97 — 18)\) M,
. B.32
DM.N, ~ 127M, — 180:X, — 94 (M2 R2) (B-32c)
T 2T Vg 1 As — Z 1
if = <A\ < —, Ry = |- N .
12_5_37 st+J P L"/}p 2J
M,N, (97 — 18)\s) M,
. B.32d
DM.N, ~ 1270, — 1808, — 995 (MZ — ) (B-32d)

The soft-switching conditions given by (B.29)-(B.32)) can be summarized as
LA (wt =% 0,,) <0, Vk, € {0, ..., M, — 1}

— le > Npg (MS,Mp,'Q/JS,QZ)p, |9kpp| s |§0 + ekpp|)

(B.33a)
N
ir S (wt = +7/6 +0).s) > 0, Vks € {0, ..., My — 1}
1 NS M aMsa ) ¥'sy 9 sS| ia .S B33b
:>D:i:> (p wpw|k:, %2 kh) ( )
kss

3N,

where the piecewise function g (M7, Ma, 1, 12,0,\) is defined in (A.11)
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