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ABSTRACT

The Dual Active Bridge (DAB) is a DC-DC power converter which offers bidirectional
power flow, galvanic isolation and natural soft-switching. Such characteristics are
interesting for applications like electric vehicles, energy storage systems and DC
distribution/transmission grids. In this Ma st e r 6 ,san in-teptls ¢ircuit analysis of
the DAB converter employing its simplest modulation (Single Phase-Shift) is done,
presenting steady-state waveforms, deriving equations of important parameters for
converter design and explaining concepts like circulating power and soft-switching. A
600 W prototype is built for experimental validation of the mathematical model.
Furthermore, an automatic algorithm for the Dual Phase-Shift modulation named
MCSPT is proposed for reducing the current stress in the transformer and the power

switches. The algorithm is validated by both simulation and experimental results.

Keywords: Dual Active Bridge; Single Phase-Shift; Dual Phase-Shift; Algorithm;
Current Stress.



RESUMO

O Dual Active Bridge (DAB) é um conversor estatico CC-CC que oferece fluxo de
poténcia bidirecional, isolacdo galvanica e comutacdo suave natural. Tais
caracteristicas sao interessantes para aplicacdes como veiculos elétricos, sistemas
de armazenamento de energia e redes CC de distribuicdo/transmissdo de energia
elétrica. Nesta dissertacdo, uma profunda analise da topologia é feita do conversor
DAB empregando sua modulagdo mais simples (Single Phase-Shift), apresentando
formas de onda em regime permanente, deduzindo equacdes de importantes
parametros para projeto do conversor e explicando conceitos como poténcia circulante
e comutacdo suave. Um protétipo de 600 W é construido para validar
experimentalmente a teoria. Além disso, um algoritmo automético para a modulagéo
Dual Phase-Shift nomeado de mCSPT é proposto para reduzir os esforcos de corrente
no transformador e nos interruptores de poténcia. O algoritmo €é validado tanto por

resultados de simulacéo quanto experimentais.

Palavras-chave: Dual Active Bridge; Single Phase-Shift; Dual Phase-Shift; Algoritmo;

Esforcos de Corrente.
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1 INTRODUCTION

Amid environmental concern and rising global temperatures due to human
activities (Copernicus, 2025), replacing technology that relies on fossil fuel i coal,
oil and natural gas, which contributes to climate change (IPCC, 2021) i with
Afgreenero alternatives i s paramount t o
preserve life on the planet (IPCC, 2018).

Electricity generated by coal and natural gas still represents around half of
t he wor | do s(lEAg 20@4a) Bveni tloongh there has been significant
growth recently, renewable energy must be tripled by 2030 to keep on track of
the goals defined in the Paris Agreement (IEA, 2023a). In the next years, solar
and wind energy are expected to represent most of the new installed capacity of
all renewable energies (IEA, 2024Db).

In this context, some emerging technologies are promising in societ y 6 s
guest to attain a cleaner future with renewable energy, such as Electric Vehicles
(EV) and Battery Energy Storage Systems (BESS). Although these concepts
have already been presented in the past, only now they are financially viable for
implementation, especially due to recent advances that allows for cheaper,
smaller and lighter batteries.

Solar and wind are better utilized if linked to BESSs, given its intermittent
nature: solar energy is only converted during the day and wind energy can only
be converted when there is enough wind to turn the turbines. Storing this energy
for usage when nothing can be generated or if excess energy is converted is
essential. Moreover, BESSs can help ease the grid during high demand peaks
(Segaran, 2013). The International Renewable Energy Agency (IRENA)
estimates it will be necessary around 359 GW of capacity from BESSs around
the world by 2030 to fulfill P ar i s A g rgeats fiRENA, 8023).

EVs use electric motors, meaning there is zero carbon emission when
driving (provided that the electricity comes from renewable energies). It is also
much more efficient than internal combustion engine cars, which depend on oil.
In 2022, global EV sales were slightly more than 10 million. However, to reach
carbon emission goals, sales in 2030 should be around 59 million, corresponding
to a 67% share of global vehicle sales (IEA, 2024c).
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EVs can be viewed as mobile BESSs, meaning the energy stored in the
batteries can be used for other applications, like injecting it back to the grid -
known as Vehicle to Grid (V2G) - or supply power to an electrical equipment
(Safayatullah et al., 2022).

To enable EVs as the main type of transportation, improvements on the
grid must be made to deal with the larger power peak demand. Furthermore, fast
charging stations of high power must be installed in cities, highways and
countryside, to guarantee that EVs can be recharged faster during a long trip,
compared to low power recharging of residences, workplaces and commercial
buildings that takes hours to fully recharge (Safayatullah et al., 2022; Jung, 2017).

Wind turbines generate electricity in Alternate Current (AC) but must be
rectified into Direct Current (DC) to deal with variable frequency caused by the
unpredictable nature of the wind. Solar panels generate electricity in DC. In this
manner, the use of renewable energy can promote the development of DC
transmission and distribution networks, increasing the efficiency in a system
where most sources and loads are of DC nature (Ertugrul, 2024).

DC grids facilitate the connection of different sources on the grid, since
there is no need for phase/frequency synchronism, although the short circuit
detection and extinction gets harder (Dujic, 2023). Moreover, DC grids may use
only two conductors (instead of three in a three-phase AC grid), which reduces
the amount of copper used in transmission lines, since an increase in its demand
is expected (IEA, 2023b, 2023c).

Power Electronics plays a key role in this energy transition. Most of the
worl dés el ectricity r unBtugtulh2024) girite gaahwe r co
equipment/application has different requirements of voltage and current.
Essentially, power converters interface sources and loads to adequate
voltage/current levels or type (AC/DC) between them, which is done by controlling
the electrical current flow. Thus, making sure loads can be powered properly.

Improving power converters leads to several benefits for society: higher
efficiency means less electrical energy loss and smaller batteries needed;
reduction in volume, weight and number of components means less materials
used; better reliability means less components are damaged and longer

converter/equipment availability.
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As for the emerging technologies mentioned previously, a DC-DC
converter is crucial for enabling their operation. This converter takes a DC voltage
from an input source and can step up or step down the voltage level to the output
load. Equal input and output voltages are also possible.

Furthermore, these converters can offer galvanic isolation by utilizing
medium/high frequency transformers (> 1 kHz), resulting in much lighter and
smaller transformers than the low frequency transformer (50/60 Hz), providing
safety to users (Zhao et al., 2014; Kenzelmann et al., 2015).

For BESSs, a bidirectional DC-DC converter, which allows current to flow
in both ways, is used to adequate voltage levels between the system and the grid,
as well as allowing charging and discharging of the batteries.

In EVs, DC-DC converters are used to charge the batteries and to provide
a DC bus for the traction inverter and other auxiliary loads, like electronic control
units and sensors. Low power charging is done by the on-board charger, in which
high power density is required. For high power charging (>20 kW), the charger is
off-board, meaning it is located outside the vehicle, i.e., in the fast charging
station (Safayatullah et al., 2022).

If the charger is unidirectional, it is only possible to supply energy from the
grid to the vehicle, known as Grid to Vehicle (G2V), because the current can only
flow in one direction. To use the energy stored in the batteries for other purposes,
e.g., V2G mode, a bidirectional converter must be used. Galvanic isolation is
desired for meeting safety standards, either for on-board or off-board chargers.
Storing energy from regenerative breaks also requires a bidirectional converter
(Safayatullah et al., 2022).

DC grids require bidirectional DC-DC converters to interface the multiple
energy sources (wind, solar, fuel cell), energy storages (batteries,
supercapacitors) and loads (Segaran, 2013). Galvanic isolation is also desirable
for interconnecting different DC grids.

More Electric Aircrafts (MEA) may have their own DC microgrid. This
system is composed of generators, loads and energy storage systems (batteries,
supercapacitors). Hence, bidirectionality is essential to manage the power flow.

Galvanic isolation is also required by standards, such as the MIL-STD-704F. High
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power density is vital for aircrafts (and other EVSs), since it has very limited space
and weight capacity (Buticchi; Costa; Liserre, 2017).

In this context, the Dual Active Bridge (DAB) is a DC-DC converter that
stands out. Initially, it was proposed for aerospace power systems. However,
research interest in the converter has skyrocketed because of its main
characteristics: bidirectionality, galvanic isolation, modularity, inherent soft
switching, high power processing and high power density, making it a suitable
choice for the emergent technologies (De Doncker; Divan; Kheraluwala, 1991;
Zhao et al., 2014). Thus, it is chosen as the subjectforthisMa st er 6.s t

The bigger challenges that need to be overcome for consolidation of the
DAB converter are the large reactive power and loss of soft switching when the
converter operates with a wide voltage range and under light load, which reduces
efficiency (Shao et al., 2019), although this problem is inherent to any converter

that operates with soft switching.

1.1 GENERAL GOAL

There are two general goals for this Ma st e r 06 :sthe ffirbt @rseiissto
establish an academic reference with a comprehensive and easy to understand
analysis that covers all of the important aspects of the DAB converter. The
second one is to develop an algorithm using Dual Phase-Shift modulation to
minimize the current stress in the transformer and in the power switches for

evaluation of the converter efficiency. Also, it should be easy to implement.

1.2 SPECIFIC GOALS

The specific goals established for achieving the general goals are:

i Research the design challenges of the DAB converter considering
different applications.
1 Analyze the circuit operation of the converter employing the

simplest modulation (Single Phase-Shift).

hesi

S
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1 Verify important aspects such as transformer apparent power,
circulating power and soft-switching operation and their impact on the
converter operation.

1 Establish a mathematical model for the design of the main
components of the converter.

1 Build and test a prototype to verify if the experimental
measurements match the operation described theoretically.

1 Analyze the operation of the converter employing the Dual Phase-
Shift modulation.

1 Investigate the impact of the control variables on the transformer
current when the converter operates in a condition when there is a period
with no active power being transferred.

1 Propose, develop and experimentally test a way to automatically

reduce the current stress in the transformer and in the power switches.

1.3 CONTRIBUTIONS

The contribution of thisMa st e r 6 B summazized as follows:

1 Proposes a simple and automatic digital algorithm for reducing the
current stress in the transformer and power switches for the Dual Phase-

Shift modulation.

1.4 THESIS SCOPE

The research and study done in this Ma st er 0 Ss limitec ks ithe

following points:

1 The topology of the Dual Active Bridge converter for the literature
review and the circuit analysis is the single-phase, voltage fed and non-
resonant topology, with the active bridge configuration being a standard

full-bridge.
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1  The theoretical analysis of the converter considers only ideal
components. Parasitic components are not considered in any equation
derived (except for soft-switching).

1  The thesis does not provide analyses and neither equations for
designing and building the magnetic components of the converter.

1 The algorithm proposed is developed and tested for the specific
condition of when the external phase-shift is lower than the internal
phase-shift of the Dual Phase-Shift modulation. Moreover, it is supposed
to be used as an additional feature for the main control system of the
converter, since it needs initial input values. Lastly, the algorithm is
supposed to execute when the converter is operating in steady-state, and
for the sake of simplifying the tests, it does not detect if the load changes

during its execution.

1.5 THESIS STRUCTURE

The next chapters of this thesis have the following content:

Chapter 2 presents a review of many papers read during the study of the
DAB converter, mixing t h e converteros cstata-of-the-drte r i st i c
techniques published. It is intended as an overview of various important topics,
so the reader can have a glimpse of some aspects regardingthe converter 0s
operation in a qualitative manner.

Chapter 3 presents a detailed analysis of the fundamental concepts for the
DAB converter, considering Single Phase-Shift modulation. Mathematical
expressions for many converter parameters are derived for understanding and
aiding the converter design.

Chapter 4 presents the design methodology of a 600 W prototype for
experimental validation of the circuit analysis presented in previous chapters. The
converter is designed for a 380 V to 380 V voltage conversion. Besides the main
equations for designing the converter, the chapter contains the technical
specifications of the active bridge PCBs and magnetics used for building the

prototype.
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Chapter 5 presents the experimental results of measurements done with
the prototype designed in the previous chapter. Voltages and current waveforms
are presented for confirming the converter operation as described in Chapter 3,
as well as tables for comparing theoretical results and experimental
measurements. The estimated efficiency of the converter is also compared with
the measured efficiency.

Chapter 6 starts with a brief description of the Dual Phase-Shift modulation
applied to the DAB converter. After that, an investigation is done for a specific
operation condition of the Dual Phase-Shift modulation where there is a period
when no active power is transferred between the input and output voltage
sources. The results obtained from such investigation inspired the development
of an algorithm for minimizing the current stress of the converter when operating
in this condition of the Dual Phase-Shift modulation. A comprehensive description
of the proposed algorithm is done, with simulation and experimental results for
showing the operation of the algorithm and proving that its goal of minimizing
current stress is achieved.

Chapter 7 ends the Ma s t e r 0 with thé fenal coaclusions of the work

done with suggestions for future work regarding the algorithm proposed.
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2 LITERATURE REVIEW

I n this section, the I|iterature i
fundamental concepts, the challenges of its design and the state-of-the-art
techniques shared by other researchers.

The Dual Active Bridge converter was proposed by De Doncker; Divan;
Kheraluwala (1991), both single-phase and three-phase topologies, for use in
applications that need high power and high power density. In the three-phase
version, much higher power can be processed, since currents are better
distributed between magnetics, input/output filter capacitors are smaller and
output current ripple is reduced (Li et al., 2023; Safayatullah et al., 2022).
However, the single-phase version has a simpler design, lower cost and can
achieve comparable power capacity by combining other modules.

The DAB converter did not receive much attention in its early years after it
was proposed in 1991 (Zhao et al., 2014), but has been gaining a lot of interest
from the academy since 2015 (Kenzelmann et al., 2015 ; Li et al., 2023), due to
the development of better semiconductors and desirable characteristics for
trending technologies (Zhao et al., 2014). Prototypes reported in the literature
have rated power up to 500 kW. Potential applications for the DAB are:

1 Renewable Energy (Friedemann; Krismer; Kolar, 2012);
1 DC Grids / Smart Grids (Song et al., 2020; Segaran, 2013);
1 Electric Vehicles (terrestrial) (Yan et al., 2020);
1 MEASs (Buticchi; Costa; Liserre, 2017; Naayagi; Forsyth;
Shuttleworth, 2012);
1 Solid State Transformers (SST) (Heinig et al., 2022; Xu et al.,
2020).

This review covers a wide range of topics important for converter design,
like: modulation strategies, optimization, magnetics, modelling, wide bandgap
semiconductors and topological modifications.

The scope of this review is limited to single-phase topologies. In this work,
the ficonventional D A B {hase sopotbgyfprioposed by ®es
Doncker; Divan; Kheraluwala (1991): composed by H-bridges (full-bridges),

voltage-fed and non-resonant. Figure 1 presents the topology.

S

revi e

he si
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Figure 17 Topology diagram for the conventional DAB.

+
P P, ] S S "
' ﬂ:} I ome1 {EL1 L

A I ¢, :L v,
P, P; ] S S
_ ﬂ:} T = 1°

Source: provided by the author, 2024.

Below are some terms @efinitions for ease of understanding the concepts
of the converter and explanations in this chapter:

1 MVoltage conversion ratioo or A ¥ltage ratiod means the ratio
between input and output voltage referred to the same side of the
transformer. For example, if both voltages are referred to the
primary, then the voltage conversion ratio is 0 ¢wfw, where &
is the turns ratio of the transformer, @ is the input voltage and w is
the output voltage. Not to be confused with DC-DC conversion;
Voltage match: when the voltage ratio is unitary (or close to unity);

1 ZVS region: group of operating points depending on voltage ratio,
phase-shift or power transmitted that enables ZVS operation of the
converter;

1 Reactive/circulating/backflow power: is defined as the portion of
instantaneous power that goes back to the input source and does
not contribute to active output power;

1 Current stress: peak and RMS values of the inductor current.

2.1 TOPOLOGY OVERVIEW

The conventional DAB has an input and an output capacitor, two active H-
bridges separated by a transformer in series with an inductor. The two bridges
make it possible to control power flowing in both directions and achieving high
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levels of power. The transformer provides galvanic isolation and allows buck-
boost operation. The inductor serves as the instantaneous energy storage
component (Zhao et al., 2014). The idea is that the leakage inductance of the
transformer is used as the inductor, improving the power density of the converter,
whereas an external inductor would compromise the power density, reliability and
increase costs (but can be used as well). Natural soft switching by Zero Voltage
Switching (ZVS) is achieved by using resonance between the parasitic output
capacitance of the power switches and the inductor (De Doncker; Divan;
Kheraluwala, 1991).

The main convert dvidédbetwesnsveoemsnpanents: the
transformer and the switching devices. In the transformer, there are copper
losses and core losses. In the switching devices, there are conduction losses and
switching loss (Kim et al., 2011).

Both copper and conduction losses depend on the RMS value of the
current. The reactive power is responsible for increasing the RMS value of the
current without increasing the active power transmitted (Kim et al., 2011).

The core losses are dependent on the magnetic flux density, which
depends on the net voltage-seconds applied, which in turn depends on the peak
value of the current. Of course, switching frequency also impacts core losses
(Kim et al., 2011).

The switching losses are dependent on the switching frequency, voltage
across the power switch and peak value of the current (Kim et al., 2011).

In the last 10 years, there have been over 200 papers proposing
topological/hardware modifications for the DAB, such as: different active bridges,
transformers, inductors, resonant components, multiport input/output and many

others. Both voltage-fed and current-fed topologies are possible (Li et al., 2023).
2.2 MODULATIONS
The modulation strategy chosen for the converter can impact several

aspects of its operation. Common optimization goals are: minimum RMS value of

current, minimum reactive power, minimum current stress (Kim et al., 2011), ZVS
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range, efficiency under light load and transformer DC bias elimination (Li et al.,
2023; Corti et al., 2022).

Traditional modulation strategies for the conventional DAB converter are
the phase-shifted Pulse Width Modulations (PWM) (Corti et al., 2022). The duty
cycle of the driving signals is always fixed in 50%. There are usually two types of
phase-shifts:

1 External/outer phase-shift: the phase-shift between the output
voltages of the primary and secondary bridges. This is done by
adding a phase-shift in the PWM®& sarrier signal of one bridge with
respect to the carrier of the other bridge. The leading voltage is the
one delivering power.

1 Internal/inner phase-shift: the phase-shift between driving signals
in a pair of power switches from the bridge. The addition of the
inner phase-shift leads to a 3-level voltage waveform in the output
of the bridge, allowing to adjust its duty cycle. Sometimes this
parameter is defined in terms of the duty cycle from the output

voltage waveform of the active bridge.

It is also important to note that, some authors define different references
for the phase-shift. Some common choices are: at the start of the active period,
at the middle of the active period or at the fundamental component of the voltage.
The reference chosen might impact in the form of the equations for the
parameters of the converter, which can be confusing. Obviously, all of them
should compute the same value.

As the number of phase-shifts (i.e., control variables) increases, the better
the converteros performance can be

modelling and control implementation also increases.

2.2.1 Single Phase-Shift

The simplest modulation strategy is the Single Phase-Shift (SPS), which

consists of the external phase-shift only. The waveform of the output voltage from

both bridges is 2-level only. This modulation can only control the active power

opti mi
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transmission of the converter and achieves good efficiency rates when the
voltage conversion ratio is close to unity (Corti et al., 2022).

Since it cannot control reactive power, which increases when there is no
voltage match, the efficiency is reduced because of increased current stress
(Corti et al., 2022; Liu; Sun; Liu, 2022).

Dead-time reduces the active power transmitted. This effect can be
compensated by adding a value to the phase-shift reference proportional to the
deadtime period, resulting in a bigger phase-shift value needed than the ideal
case with no deadtime for the same output active power (Bai; Mi, 2008; Segaran,
2013).

The start-up process using SPS is a critical issue for the converter. If the
output voltage is already relatively high on start-up, but it is still not the reference
value, the phase-shift should be incremented slowly until it reaches the rated
value required for that operation point. This way, the peak value of the inductor
current during start-up is minimized (Bai; Mi, 2008). However, if the output voltage
IS zero, the inductor current cannot be limited, whether it is a hard start or soft
start, leading to a large inrush current that could damage the converter.
Therefore, in this case it is recommended to use another modulation strategy,

since other methods to address this issue would be:

a) increase the input voltage from zero;
b) precharge the output capacitor;

c) utilize components that withstand bigger current stress (Bai, Mi, 2008).

Naayagi, Forsyth and Shuttleworth (2012) presented an analysis of the
converter during steady-state, providing essential equations for its hardware
design and loss estimates, such as RMS value of the inductor current and RMS
and average values of the semiconductorsé6 ¢ u,rcongdering both buck and
boost modes of operation (i.e., bidirectional power flow).

Moreover, the impact of snubber capacitors installed across the switches
on the ZVS operation of the converter is studied. Experimental tests with a
prototype processing 7 kW show that the results of proposed equations are

similar to measured values.
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2.2.2 Extended and Dual Phase-Shift

Extended Phase-Shift (EPS) and Dual Phase-Shift (DPS) modulations
were introduced to minimize the reactive power and increase the ZVS range
when there is no voltage match or under light load. Aside from the external phase-
shift, in EPS there is an internal phase-shift in only one of the bridges, whereas
in DPS, both bridges have the same value of internal phase-shift applied (Corti
et al., 2022). Although better than SPS, DPS still cannot achieve ZVS for all
switches under light load (Yan et al., 2020).

DPS modulation in DAB converters was studied initially by Bai and Mi
(2008). The definition of reactive power used is the instantaneous power sent
back to the input source during its operation, which happens when the inductor
current and the input voltage have different polarities. Other papers adopt the
same definition for reactive power (Wang et al., 2014; Shao et al., 2019),
however, it is important to remember that it does not account for all non-active
power in the converter.

The reduction of reactive power also implies on the reduction of the output
voltage ripple, since it is directly proportional to reactive power (Bai; Mi, 2008),
and the reduction of current stress for the same amount of power transmitted,
compared to SPS (Zhao; Song; Liu, 2012).

Furthermore, with DPS modulation, it is possible to soft-start the converter
with zero output voltage without the need of additional circuits. The inrush current
is significantly lower during the soft-start with DPS, in comparison with SPS
modulation (Bai; Mi, 2008).

Experimental tests done by Bai, Nie and Mi (2010) confirmed that DPS
can achieve higher efficiency than SPS when there is no voltage match (much
less than unity) and under light-load conditions, but SPS can achieve higher
efficiency when there is voltage match and under light-load or no voltage match
(much higher than unity) and under heavy load conditions. Hence, it is
recommended to use SPS during heavy-load and DPS under light-load operation
for better efficiency across the power range of the converter.

An in-depth analysis made by Kim et al. (2011) provided equations for

active power transmission, reactive power and RMS and peak values of the
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inductor current for DPS. It also shows ZVS regions for different operation points.
Limiting the external phase-shift to 90° reduces the following aspects: reactive
power, RMS and peak value of inductor current. The equations provided allow for
optimization of the control strategy to minimize these aspects, but only one can
be chosen. Simulation and experimental tests with a 3.68 kW prototype show that
the DPS modulation minimizing the peak value of the inductor current can result
in higher efficiency for the whole power range than with SPS (application
considered is an EV Charger).

According to Coelho and Batschauer (2021), comparing different
modulation strategies by looking at the RMS value of the transformer current
alone is not enough for estimating the best operation point. Neglecting the
number of voltage levels applied to the transformer can lead to inaccurate
estimates of its apparent power. Experimental results from different operation

points using SPS, EPS and DPS are presented for confirmation.

2.2.3 Triple Phase-Shift

Triple Phase-Shift (TPS) modulation has the external phase-shift and two
different internal phase-shift for each of the bridges in the converter, meaning
three degrees of freedom for control. SPS, EPS and DPS can be seen as special
cases from the TPS modulation. Since it is the most complete phase-shift
modulation, the converter operating with TPS has the potential to achieve highest
efficiency through the whole operation range (Corti et al., 2022). It can achieve
ZVS for all switches even under light load, however, switching-off current can
increase (Yan et al., 2020).

The Trapezoidal and Triangular Modulation Method proposed by Schibli
(2000) shapes the inductor current waveform accordingly, in which the main goal
is to reduce switching loss by modulating the current down to zero before turn-
off, but it does not happen at every switching event. Trapezoidal Mode minimum
power transmitted is the maximum power for Triangular Mode. A few drawbacks
of this modulation are: it cannot be used if one of theb r i d g e s ¥oltages is p u t

zero (or close to) or both equal (for triangular mode), unbalanced distribution of
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losses (Schibli, 2000) and they could increase the RMS value of the inductor
current (Kim et al., 2011).

Krismer and Kolar (2012) presented a TPS modulation scheme optimizing
the RMS value of the inductor current, decreasing conduction and copper losses.
The converter operation is analyzed considering the fundamental component of
the voltages. Closed form solutions are presented for the design. Under light load,
the proposed modulation scheme falls into Triangular Current Modulation and
under heavy load, into SPS. In medium power however, the operation results in
complex equations, increasing control processing costs. Furthermore, the
modulation scheme does not consider the ZVS conditions of the converter.

Huang et al. (2016) analyzes the TPS modulation considering all harmonic
components of the voltages and presents an optimized modulation scheme to
achieve minimum current stress. An auxiliar phase-shift is introduced between
thef undament al component of t hehelpstoidefigee sd6 out
the direction of power flow. An optimization algorithm is implemented to deduce
closed form solutions of the control variables. Under light load, the modulation
scheme can also reduce the RMS value of the inductor current. Moreover, it is
verified that the converter can operate with soft switching through the whole
power range. The proposed optimization algorithm could be applied considering
the minimization of any other parameter.

Table 1 resumes the traditional Phase-Shift (PS) strategies described in a
conventional DAB. For this work, the name of the modulations refers to the types
of phase-shifts used in it, since many modulation strategies (optimized) have

been proposed based in these (as presented in this chapter).

2.2.4 Other Modulations

Many other modulation strategies and optimizations have been proposed
based on phase-shift for many applications, which may include other parameters
like different duty cycles (asymmetric modulations) and variable switching
frequency (He et al., 2023).

For example, Taylor et al. (2018) proposed a modulation for on-board EV

chargers that allows the DAB to function as a Power Factor Correction (PFC) and
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Table 171 Traditional Phase-Shift modulations comparison.

Modulation SPS EPS DPS TPS
External PS Yes Yes Yes Yes
Only in one Equal for Different for
Internal PS No . _ _
bridge both bridges | both bridges
Control
_ 1 2 2 3
Variables
Voltage
2 2and 3 2and 3 2and 3
Levels
Active Power
Yes Yes Yes Yes
Control
Reactive
Power and No Limited Good Best
ZV'S Control
Complexity Easy Medium Medium Hard

Source: provided by the author, 2024.

the DC-DC converter for transferring power. Basically, the modulation strategy

uses a combination of DPS with variable switching frequency and TPS. When the

input voltage (rectified grid voltage) is around its peak, the instantaneous

transferred power is higher, in which the DPS modulation achieves higher
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efficiency. When the input voltage is lower, TPS becomes the better option, since
it can enable ZVS under light load. The use of DPS and TPS modulations allows
to shape the input current waveform, achieving close to unity power factor from
medium to high power, although the total harmonic distortion of the grid current
is around 60% when under low power.

For high power DC grids, the use of Medium and High Voltage (MV and
HV) is preferable to decrease losses through the line. In this case, the use of
multilevel converters is recommended, because of the lower voltage stress on
the power switches. Song et al. (2020) proposed an optimized modulation
scheme for a DAB converter with a 5L NPC bridge on the high voltage port, which
also allows for more degrees of freedom to shape the voltage waveform.
Analytical solutions are developed for reducing the current stress, while
considering the ZVS constraints. Simulations show that the modulation can
achieve higher efficiency in the full power range even when there is no voltage

match, in comparison to SPS.

2.3 MODELLING

The simplest way to model a DAB converter is by utilizing the reduced
order model, which doesnoét consider t he
resulting in a first-order model. This model is accurate enough for designing and
implementing a voltage controller (Shao et al., 2022).

An analysis for modelling the converter operating with SPS is done by
Santos-Silva (2019), in which transfer functions are derived in both continuous
and discrete domain for designing an output voltage controller. The designed
controllers are validated using simulations in software and hardware-in-the-loop
platforms.

In smart grids, a few requirements for power converters like galvanic
isolation, bidirectionality and high performance regulation can be met by using
the DAB converter. However, high performance voltage regulation design
requires highly precise models of the converter. Segaran (2013) developed a

dynamic model of the conventional DAB with SPS modulation considering all the

dynami c

har monic components of the converterds opc¢e



32

model can predict the switching nature of the converter. The analysis also takes
into consideration the deadtime effects on dynamics and the power transmitted.
The model can present a very similar behavior of the output voltage as seen in
simulations of the converter. However, the inductor current equation of the model
does not match the dynamic behavior of the simulation, only the steady state
operation is accurate. Furthermore, the model can only predict transients caused
by a minor phase-shift step (around 5°). Bigger steps of phase-shift require an

adaptation of the model.

2.4 SOFT-SWITCHING

The soft-switching in DAB converter depends on a few parameters:
voltage conversion ratio, phase-shift angle, power switch output capacitance and
magnitude and polarity of current on the switching instant (Kim et al., 2011).

An analysis considering all harmonic components of the voltages is done
by Riedel et al. (2017) to determine the ZVS region of the converter with more
accuracy. It is found out that a simpler analysis considering only the fundamental
component of the voltages leads to a smaller ZVS region than the full harmonic
analysis, especially for low phase-shift values, where importance of higher
harmonic components matters the most. The authors present expressions for
analyzing the impact of various parameters, such as dead-time, parasitic
output/snubber capacitors and different transformer impedances.

For SPS, both phase legs in a bridge have the same ZVS boundaries
(Riedel et al., 2017). Operation with voltage match results in ZVS for all power
switches, guaranteeing higher efficiency (Kim et al., 2011). As the voltage ratio
increases or decreases under light load, one of the bridges will lose the ability to
achieve ZVS (Guenter et al., 2023).

When internal phase-shifts are applied (i.e., DPS and TPS), each phase
leg has its own boundary and the ZVS regions of the converter change completely
(Riedel et al., 2017).

If active power is being transmitted to the load during soft-switching, the

ZV'S region will decrease if operating under light load (Guenter et al., 2023).
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Incomplete soft-switching not only leads to more switching losses, but also
overvoltage across the switches (Guenter et al., 2023).

The power switchd s p a roatmuti dapadtance is one of the main
parasitic elements that limit soft-switching (or snubber capacitor, if used), since it
slows down the slew rate of the voltages. The magnitude of the inductor current
must be large enough to fully discharge this capacitance, before dead-time ends
(Guenter et al., 2023; Riedel et al., 2017). If the inductor current crosses zero
before the bridgeds output voltag@adtr ansi ti
time also alters the ZVS regions. (Riedel et al., 2017).

Finally, the ZVS regions are alteredwhen t he transformer 6s
secondary leakage inductance are not closely matched, causing an asymmetry

between the primary and the secondary bridges. (Riedel et al., 2017).

2.5 VARIABLE VOLTAGE APPLICATIONS

In applications like EVs and BESSs, one of the requirements for the
converter is to be able to operate with high efficiency for a wide output/input
voltage range through the full power range (Safayatullah et al., 2022). The natural
ZVS operation of the DAB converter is essential for that.

The modulation strategy proposed by Yan et al. (2020) for EV chargers
makes sure the converter is working with ZVS under the whole power range, by
integrating SPS, DPS and TPS, assuring smooth transition between them and
the charger operation modes. The strategy also considers the dead-time.
Experimental tests with a 20 kW SiC-based prototype show the proposed
modulation increases the efficiency of the converter under the whole power
range, when compared with SPS modulation. The results also show a smooth
transition between G2V and V2G operation.

Gill et al. (2019) proposes an EV fast charger connected directly to MV
grid composed of PFC and DC-DC converters, disposing the need for big and
heavy low frequency transformers. The DC-DC stage is a multilevel ISOP (input-
series-output-parallel) DAB-based converter. The authors propose a SPS-based
modulation strategy with variable input voltage and switching frequency, in order

to maintain voltage match and extend the ZVS region on most of the power range.
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Experimental results on a 12 kW prototype with 3.3 kV SiC MOSFETSs show that
the strategy is able to extend the ZVS range under different output voltage and
power scenarios.

To deal with a variable input voltage, Bezerra et al. (2014) chooses a DAB
converter with a 5 level T-type half-bridge for the primary side of the converter,
which allows to apply half of the input voltage to the transformer, providing more
flexibility. In this work, the authors propose an optimized modulation scheme
focused on increasing the efficiency of the converter by minimizing the RMS value
of the inductor current. Estimated conduction loss results show that the S5LDAB
can achieve higher efficiency than the conventional DAB for input voltages
between 500 V and 800 V, whereas the conventional DAB has higher efficiency
for input voltages less than 400 V, considering a power range of 7 kW and fixed
output voltage of 700 V.

Similarly, Higa et al. (2015) proposes the use of a T-type full bridge in the
secondary with variable output voltage. Since the voltage applied is cut by half in
half bridge mode, reduced iron losses in the magnetic core can be achieved,
because magnetic flux density is directly proportional to the voltage (Higa et al.,
2015; Qin et al., 2018).

Another way to get a better voltage conversion ratio with variable voltages
is by applying a rectangular voltage with a DC component, which can be filtered
out by a DC blocking capacitor in series with the inductor. The magnitude of the
voltage will be half of the voltage source. Qin et al. (2018) proposed a modulation
with this idea for a conventional DAB, while analyzing the ZVS regions, which is
tested in a 1.5 kW prototype. In the same manner, Xuan et al. (2019) used this
concept for their modulation strategy, but considering a 5L NPC in both bridges
for an EV charger application. In this case, the topology allows for 4 different
voltage amplitudes. Experiments on a 3.5 kW prototype resulted in 98% of peak

efficiency and 93% under light load.

2.6 MAGNETICS DESIGN

The design of the transformer is also an important subject. Although this

Master 6 s t h eoseranynthgnetis design method in detail, this section
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presents some insights from other authors in how the design of magnetic
components can affect the operation of the DAB converter.

A simpler design method usually considers the magnetizing inductance
much larger than the leakage inductance, neglecting its impact on the converter.
An analysis made by Yin et al. (2021) concluded that the value of the magnetizing
inductance impacts on: the shape and peak value of the transformer current, the
ZVS region and the power transmission capability of the converter. As it
decreases, the peak value of the transformer current increases, the ZVS region
widens and the power transmission capability decreases, since more current
flows through the magnetizing inductance instead of going to the load.

An analysis made by Vardhan, Odavic and Atallah (2023) provided
analytical equations for designing the converter considering the magnetizing
inductance. Expressions for the RMS value of the inductor current, switching
currents, active power and ZVS regions are provided. It is reported that a non-
optimal value for this parameter can lead to an increase in losses and mass of
the transformer, depending on the core type, thus lowering the power density of
the converter.

Dey et al. (2022) presents a transformer design method for DAB, which
considers the leakage inductance as the DAB inductor. Equations and winding
arrangements are provided for achieving the design goals. Measurements of a
prototype confirms that the transformer has the calculated magnetizing and
leakage inductances.

The parasitic capacitance of the inductor must be minimized during its
design and construction. Otherwise, it can lead to large oscillations in the inductor
current, bringing negative impacts to the performance of the converter, such as
EMI and higher losses (Guenter et al., 2023).

2.7 TRANSFORMER SATURATION

Transformer saturation is an important topic regarding any power
converter that uses a transformer. Some non-idealities such as gate driver delay
signals, unmatched turn-on and turn-off times and parasitic resistances can lead

to unbalanced volt-seconds applied to the transformer, thus introducing a DC
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offset component. Although the winding resistances can mitigate the DC
component, this parameter is kept as low as possible to reduce conduction
losses. Even if the transformer does not saturate, core losses are increased.
Should the transformer saturate, the peak value of the magnetizing current
increases, along with conduction losses and switching losses, eventually
destroying the converter (Ortiz; Muhlethaler; Kolar, 2011).

A traditional and simple method to avoid a DC component in the
transformer is by placing series capacitors in both windings. However, this
method can degrade the power density of the converter, since high power
operation requires big capacitors that support high currents. Ortiz, Mihlethaler
and Kolar (2011) briefly described some existing methods to measure and
compensate DC flux density components in transformers.

A method proposed by Ortiz, Mihlethaler and Kolar (2011) consists of an
additional magnetic core installed in parallel with the main core. When the
inductance of this auxiliary winding decreases, it indicates that the core is starting
to saturate. An additional circuit obtains a signal inversely proportional to the
inductance by measuring the current in the auxiliary winding. A controller
implemented in a DSP uses this signal to estimate the DC component in the flux
density of the main core. Finally, the controller adjusts the duty cycle in the PWM
to compensate for the DC component. Experimental tests show that the proposed
method can effectively avoid DC offsets on the operation of the DAB transformer,
ensuring higher efficiency during the operation of the converter.

Chorfi et al. (2022) proposed the use of a current sensor for the inductor
with a digital controller in a DAB with 3L ANPC bridges, which is a topology
suitable for using 650 V GaN transistors in an 800 V EV on-board charger. The
controller uses the sensed current to adjust the duty cycle of the primary bridge
switches to compensate for the DC current. A 1.5 kW GaN-based prototype with
DPS modulation used in experiments confirms the effectiveness of the proposed
technique, by keeping the offset current smaller than 20 mA.

Assadi et al. (2018) developed a saturation prevention algorithm that relies
on the measured output current of the converter. The method is intended for use
in conventional DAB-based EV chargers, in which the output of the converter is

connected to a battery. Basically, the algorithm calculates the slope of the current
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waveform in the battery. When this value rises above a predefined threshold, it is
assumed that the core is saturating. The algorithm is implemented in a FPGA.
Experimental tests with a 6.6 kW SiC-based prototype and 125 kHz of switching
frequency show that the algorithm can detect the divergence between the
sampled current points, caused by a DC offset in the transformer current, which
increases the slope. When it crosses the threshold, the algorithm adjusts the
PWM duty cycle to counter the DC offset, preventing the transformer from
entering the saturation region.

Liu; Sun; Liu (2022) improves a modulation strategy focused on minimizing
the RMS value of the inductor current, adding the function to suppress DC offsets
that can occur during a change in the operation point of the converter, i.e., when
power increases or decreases. The proposed modulation allows the current to
quickly reach steady-state.

2.8 HARDWARE OPTIMIZATION

Airborne Wind Turbine generators require bidirectional DC-DC converters
for transferring the power to the grid as well as powering up the motors required
to fly the kites. Galvanic isolation between the kite and the ground station is
required for safety. Since the generators operate in the air, power converters
need to be as light as possible. Friedemann; Krismer; Kolar (2012) chooses a
DAB topology composed of a full-bridge for the LV side and a 3L NPC for MV
side for this application. The system uses 4 DC-DC converters of 25 kW, and
each of them uses 4 DAB cells of 6.25 kW connected in an input-parallel-output-
series connection. After estimating losses of the converter and designing optimal
transformer and heatsink in respect to minimum weight, the researchers achieved
a power-to-weight ratio of 4.4 kW/kg with a maximum efficiency of 97%, meaning

each DAB cell weights approximately 1.42 kg for a rated power of 6.25 kW.

2.9 HIGH POWER PROTOTYPES

To give an idea of how much power a DAB converter can process, in the

next paragraphs a few prototypes reported in the literature so far are described.
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Table 2 sums up the information for a single DAB cell prototype provided by the
papers. Note that this list is not limited to the conventional DAB topology.

Kheraluwala et al. (1992) built a 50 kW prototype, operating with 50 kHz
of switching frequency, input voltage of 200 V and output voltage of 1600 V. At
the time, there wad povdr swiohes natechat the desrddi | | t y
output voltage. Therefore, the secondary bridge of the DAB prototype consists of
two half-bridges in series, to reduce the voltage stress on the switches. Overall
weight power density is estimated to be 0.24 kg/kW. An efficiency of 87.2% is
achieved when the converter operates with voltage match.

Liang et al. (2019) proposes a 350 kW EV fast charger connected in MV.
The system is composed of three modules for each phase, consisting of a PFC
stage and the DC-DC isolated stage. The DC-DC converter is a DAB composed
of an ANPC on the MV side (12 kV) and a full-bridge on the LV side (800 V), using
10 kV SiC MOSFETs on the MV bridge and 1.2 kV SiC MOSFETS, with 25 kHz
of switching frequency. TPS modulation is chosen. Loss estimates and
simulations are done to verify the viability of the converter, showing the system
could reach 98% efficiency.

SSTs are a promising technology to be applied in smart grids and MV
grids. The DAB converter is one of the building blocks for SSTs. Xu et al. (2020)
designs and tests a 200 kW and 1.3 kV SiC-based DAB cell prototype for power
switch evaluation. The goal is to use this cell in a 1 MW SST in MV grids. The
peak efficiency obtained is 99.53% and the power density is 1.6 MW/m3. Guo et
al. (2023) presents the transformer and external inductors designs, with a
developed prototype of 222 kW and 15 kHz. The SST system is then built and
successfully tested.

Heinig et al. (2022) experimentally tests two DAB cells rated at 550 kW:
one with Si IGBT devices at 2.5 kHz and the other with SiC MOSFETSs at 4 kHz,
to evaluate efficiency and the switching devices behavior. The test was made for
an operation point of 1600 V in the MV side and 800 V in the LV side, with 360 kW
of power being transmitted. The SiC-based DAB cells achieved higher efficiency.
The cells are meant to be used in an ISOP system of 4 cells, reaching 2 MW of
rated power. With the results of the experiment, it is expected that the SiC DAB-
based SST could reach 99% efficiency.
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Table 27 High power DAB prototypes reported in the literature.

Rated Switch - Power Peak
Reference Application _ .
Power Technology Density | Efficiency
- EV Fast
(Gill et al., 12 kW SiC X X
2019) Charger
L . EV Fast
(Yan eta 20 KW sic 3 kW/L 98%
2020) Charger
(Naayagi;
Forsyth; 20 kW Si Aerospace X 90%
Shuttleworth,
2012)
0.24
(Kheraluwala 50 KW Si X 87%
etal., 1992) kg/kWw
- EV Fast
(Liang et al., 117 KW sic X 98%
2019) Charger
uetal. 500 kw sic SST X X
2020)
(Heimoetal. | geokw | siand sic SST X X
2022)

Source: provided by the author, 2024.
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3 SINGLE PHASE-SHIFT MODULATION

In this section, the fundamental concepts and mathematical analysis of the

conventional DAB converter employing SPS modulation are presented. Some

parameters were also derived by Santos and Martins (2014) and Kirsten (2014),

resulting in similar equations.

In the analysis, it is considered that the left bridge is the primary bridge of the

converter, meanwhile the right bridge is the secondary bridge, as shows Figure

2. Because of the bidirectional nature of the converter, it is defined that:

| Positive power flow (0 1and % T is considered power

transferred from left to right;

f Negative power flow (0 1and % T is power transferred from

right to left.

Figure 2 1 Definitions used for the DAB converter topology.
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Source: provided by the author, 2024.

For ease of understanding, the following assumptions are done to demonstrate

and analyze the steady state operation of the converter:

All components are ideal and there are no losses;

Magnetizing inductance of the transformer and dead-time of power
switches are not considered;

Positive power flow;

Buck mode, i.e., w £w;
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1 The phase angle of the primary bridge output voltage is zero, and
the secondarybr i dg%o6s i s

T Qnm  mand Qo 1, where 0 TUL

Figure 3 shows the definitions of the voltages and currents on the topology. w

is the input voltage, ¢ 0O 70 i s t he transf ownsethe®sdputt ur ns

voltage, U is the output voltage of the primary bridge, 0 is the inductor voltage
referred to the primary of the transformer, 0 is the output voltage of the
secondary bridge, 0 €0 is the output voltage of the secondary bridge
referred to the primary of the transformer, "Qis the input current, "Qis the inductor
current in the primary side of the transformer, "Qis the transformer current in the
primary side, 'Q £"Qis the transformer current in the secondary side and "Qis

the output current.

Figure 31 Voltages and currents defined for analyzing the DAB.
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Source: provided by the author, 2024.

3.1 TOPOLOGICAL STAGES

This section describes each stage of the converter in a switching period Y,
with time values given by Table 3. Instants 0 and 0 are the moments where the
inductor current crosses zero and are chosen arbitrarily for the sake of a simple
analysis, since this parameter depends on other parameters of the converter such
as 0, w and w.

Figure 4 presents the driving signals of the power switches in the DAB

converter employing SPS modulation, considering the assumptions done.
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Table 37 Instant time values for %o TL

Time Value
. %o Y
0 ——
C
. Y
0 _
C
5 Y %o
c p [13
0 Y

Source: provided by the author, 2024.

Figure 41 Gate signals of the power switches in SPS modulation.
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a) Timeinterval t1 o0 0

The polarity of the initial inductor current value ('Q 1) is defined as being
negative. The switches P1, P3, S2 and Sa4 are turned on, therefore, the current in
the primary bridge flows through the antiparallel diode of P1 and Ps, and in the
secondary bridge, through the antiparallel diode of S2 and Sa. Figure 5 illustrates
this stage. This results in a positive voltage across 0 @ and a negative
voltage across UL w. Since the voltage across the inductor () is the

difference between 0 and 0 , the current in the inductor starts to rise linearly.
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Figure 571 Stage 1 of a DAB converter operating in SPS.

Source: provided by the author, 2024.

b) Timeinterva: 0 0 0

After the instant 0 , the inductor current becomes positive, meaning that

the current now flows through the switches in both bridges, as shows Figure 6.

Figure 6 1 Stage 2 of a DAB converter operating in SPS.

Source: provided by the author, 2024.

c) Timeinterva:0 0 O

At this stage, the switches Si1 and Ss are now turned on, resulting in a
positive voltage applied at the output of the secondary bridge, 0 . Since
the current is still positive, the current in the secondary bridge flows through the
diode of Si1 and Ss, as can be seen in Figure 7. The slope of the current in the
inductor decreases because the voltage applied across the inductor was

reduced,buti t 6s st.il |l positive
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Figure 71 Stage 3 of a DAB converter operating in SPS.
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Source: provided by the author, 2024.

d) Timeinterval:0 o0 O

After half the switching period, the switches P2 and P4 are commanded to
turn on, causing the output voltage of the primary bridge to become negative,
0 w. Since the current is positive, the diodes of P2 and P4 are conducting
at this stage, shown in Figure 8. The slope of the inductor current gets negative,

linearly decreasing the current over time, until it reaches zero at 0 .

Figure 8 1 Stage 4 of a DAB converter operating in SPS.
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Source: provided by the author, 2024.

e) Timeinterval: 6 0 O

After 0, the inductor current becomes negative, causing the switches Po,
P4, S1 and Ss to conduct, as seen in Figure 9.
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Figure 91 Stage 5 of a DAB converter operating in SPS.
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A

Source: provided by the author, 2024.

f) Timeinterva:d o0 0

The switches Sz and Sa4 are turned on, but its diodes are conducting, since
the inductor current is still negative, as can be seen in Figure 10, resulting in
0 ®. The slope magnitude of the inductor current decreases, because the

magnitude of the voltage applied across the inductor was reduced.

Figure 101 Stage 6 of a DAB converter operating in SPS.

Source: provided by the author, 2024.

3.2 MAIN WAVEFORMS

Figure 11 presents the main voltages and current waveforms of the
operation described in the previous section. These waveforms are for the
condition that "Q 0 1. For the Buck mode, "Q it will always be negative but

there are also two other possible initial conditions for " Q 0 :
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T Qo T
T Qo T

Other possibilities of operation in the AC-link are:

1 Boost mode (0 £W);

1 Voltage Match mode (0w £w).

Figure 12 shows the waveform of the inductor current in the two modes for
comparison. Note that the shape of the inductor current is different for each mode.
For the Boost mode, it (Figure 12) considers Qm 1™ Q0 1. There

are also two other possible conditions that changes the shape of the current:

T Qm 1w Qo T,

T Qm 1 Qo .

For an application with fixed w and w, the parameter ¢ is chosen such that
the converter always operates in Voltage Match mode, making the most of the

topology. In this mode:

T © 0

T Qm 1T Q0 T, always.

Obviously, the transition of power flow direction will change the mode the
converter operates if it is not in Voltage Match mode.

It is important to highlight that these modes are referring to the voltages
being applied to the terminals of the inductance 0, and not the input and output
voltage of the converter itself. Although it might seem confusing at first, it will
become clearer how they can be helpful for the design of the converter as the
analysis gets further.

The equations derived in the following sections are suitable for the three
modes: Buck, Boost and Voltage Match, operating either with positive or negative

power flow, unless stated otherwise.



Figure 111 Main voltages and currents waveforms of the DAB converter

operating in buck mode with SPS modulation.
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Figure 12 1 Inductor current for other modes of operation. (a) Boost mode and
(b) Voltage Match mode.
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3.3 MATHEMATICAL ANALYSIS

The operation described earlier allows for a simpler representation of the
DAB converter, which is shown in Figure 13. Basically, the equivalent circuit
consists of two rectangular-wave voltage sources that are phase-shifted from

each other by %cand an inductor, responsible for transferring the power between
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both sources. Since there are no losses considered, the input power 0 is equal

to the output power 0 .

Figure 131 Equivalent circuit for power transfer in the lossless DAB converter.

L i
Y'Y Y YN
+ U -

Source: provided by the author, 2024.

3.3.1 Power Transmission

The most important aspect of the DAB s its active power transmission 0,
which will be designated simply as power transmission. This parameter is defined
by equation (3.1). Since the converter operates in a symmetric manner, only half
of the switching period is necessary for the calculation. It is important to remind

that, since the converter has no losses, the input and output power are the same.
0 oor U 0Q0QO (3.2)

To derive an expression for 0, the expressions for the voltage 0 0
(b 0 could also be used) and current ‘Q 6 must be found. By looking at Figure

11, it can be concluded that the voltage 0 0 is defined by expression (3.2).

@ om0 VI
OV YIC o Y (3.2)

Furthermore, 0 0 can be defined by expression (3.3), where @ ¢w.



50

o %Y
vl om0 ——
I’ C

b6 ) %Y Y %o (3.3)
P (0V] —_— 0 ? P .
r’r | Y %o .
ip (0V] ? P (0] Y

The current 'Q 6 can be found by using equation (3.4).

A 00 S o
L O 0UL—0 "0 =

3.4
T D 0 L 0 Qo (3.4)

Applying equations (3.2) and (3.3) in (3.4), the resulting inductor current is
shown in equation (3.5).

= w w 0 O ' T O O
i

o o 66 0O 1o o o

Qo Y (3.5)

(m . L v \ L
- W W 0 O Ol 0 o0 o
1P

o, .
L~ W W 0 O Ol 0 0o o
uwo

‘O and O are the inductor current values when the converteros
switched, thus are called i s wi t ¢ h i s0@ this thesis. &igure 14 highlights
the switching currents for the studied case. The other possible cases are
(considering %o T):

a) fw ® (buck mode):

T Qm mandQo tfor light load operation (lower %j;
! Qn  mandQo T,
T Qm  mand Qo mtfor heavy load operation (higher %y;

b) fw w (voltage match mode):

T Qn  mandQo nforallm % wT
c) fw w (boost mode):

T Qm  mand Qo mtfor light load operation (lower %j;
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T Qn mandQo T

1T Qm  mandQo Tt for heavy load operation (higher %y;

Figure 14 1 Inductor current waveform highlighting the switching currents.
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From Figure 14, it can be seen that 'Q 1t 0 Qo ‘0 Qo 0
Qo ‘Oand Q0 “Q 1t . Therefore, using the equation (3.5) in the intervals

(0,0) and (0,0), the linear system shown in equation (3.6) is obtained.

Qo KO)

e
c.
(@]
O

(3.6)

Cc:|© C:O

Qo ‘O

e
e
o-
o
O

Solving this system results in the expressions (3.7) and (3.8) for the
switching currents “Oand “Q, respectively.

Y . 8, .

=0 O O ® (3.7)
P . e,

5 SO 2 6 6 (3.8)
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Notice that, ‘O is also the peak value of the inductor current when the
converter is in buck mode. If the converter is in boost mode, ‘Ois the peak value
of the inductor current. With the equations for b 0 and "Q0, the power

transmission can now be derived. By applying equations (3.2) and (3.5) in (3.1):

5 S wPe oo 00o
Y U
(3.9)

wﬁoooooo O Qo

Solving the integration in (3.9) results in the power transmission for the

DAB operating with SPS modulation, shown in expression (3.10).

S vy O
0 Spar e T (3.10

It can be seen in equation (3.10) that the power transmitted in the DAB
converter depends on various parameters. Usually, some parameters are fixed
in a power converter, such as the inductance 0, switching frequency "Q and
transf or mer & .Fhetinput wolsage oaandi ootput voltage w may vary
depending on the application.

Considering fixed w and w, the phase-shift %o is the only variable for
controlling the amount of active power transmitted. The direction of the power
flow in the converter is defined by the sign of %o

Defining U as the base value for the power transmitted by the converter
as shown in equation (3.11), the normalized power transmission 0 can be

obtained as equation (3.12). Figure 15 shows the plot of 0 versus %.(in degrees,

for better visualization) ranging from to

! F00 3.11
0 =0 (3.11)

0 3.12
= 1 P (3.12)

Ca
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Figure 1571 Power Transmission versus Phase-Shift plot of DAB converter

using SPS modulation.
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From Figure 15, it can be noted that for both positive and negative power
flow, the magnitude of the power transmission curve reaches its peak
at & “Tc (or 90°), which is equal to 0 . For every other value of power
transmitted, there are two possible values of %.resulting in the same value of
power transmitted. For %o equal to “, 0 and “, the power transmission is
theoretically zero.

For a given power transfer 0, equation (3.10) can be rearranged as (3.13)
to calculate the necessary phase-shift, aslongast s 0 .

The functioni "Qé& isequalto l,ifw 71 equalto0,ifw T or equal to
-1, if o 1T For the case when 0 T, the phase-shift can assume either one of

these values: %o 1T, %o or %o ‘.

%o | QO

(3.13)

I
©
©
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3.3.2 Inductor Current

It can be seen in equation (3.4) that the shape of the inductor current
depends on the voltages applied on its terminals, when 0 and £ are constant. The
average value of the inductor current is zero. The RMS value of the inductor
current '@, is given by equation (3.14)

Q gY ‘96 0o (3.14)

Applying equation (3.5) with the proper intervals, equation (3.14) becomes
equation (3.15).

G

C:|©

% O 0o 00 2w o oo O Qd (3.15)

Solving the integral in equation (3.15) results in the expression (3.16) for
the RMS value of the inductor current.

| €

. G .. g ., N v W
G —e= -0 — ww — —_—

b 0 (3.16)
QUQ o q pPC

©

The current ‘G, can be normalized. Rearranging equation (3.16) into
(3.17):

N P P . b8 . b8 . .
G THQ ww —— P QW —— W W (3.17)

By assuming w and & constant and substituting the voltage conversion
ratio0  w fw into (3.17), equation (3.18) is obtained.
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. PP . hg . s .
(@3 T_Lb—Qw Ww - PO —— p U (3.18)

A base value for the RMS value of the inductor current ‘G, can be defined

with equation (3.19), the normalized RMS value of the inductor current ‘Ocan be

found with equation (3.20), resulting in expression (3.21).

L © 3.19

% o (349

o @

o0 — 3.20
o (3.20

o 2w ¥ 6T oy (3.21)

Figure 16 presents the plot of ‘Oand 0 versus %M Tt , since negative
values of %oresults in the same curve but with negative values in the y-axis. The
plot shows that the RMS value of the inductor current only gets larger with the
increase of the phase-shift. Therefore, for practical implementation, it is

recommended that %is limited to  —h- for higher efficiency and less stress in

the components, since valuesof “h - and -H  will result in the same power

transmission but with increased losses.

The value of 0 indicates which mode the AC-link is operating (reminder
that0 €w7w). The possibilitiesare: 0 p (buck mode), 0 p (voltage match)
and v p (boost mode).

Substituting U in equation (3.11), the base value of the power transmission
becomes equation (3.22). Thus, it should be kept in mind thatas 0 (i.e., w) varies,
the maximum power transmitted also varies. Figure 17 presents the normalized

current "“Oversus %ofor different values of U .

~  EOW W

wa wa

(3.22)
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Figure 16 1 Normalized RMS value of "Qversus %oplot.
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Figure 17 i Normalized RMS value of "Qversus %oplot for different values of U .

1.5 T T T T T T T T T T T
K=15
K=1.25
1.25+ —K=1 ]
—K=0.75
1L —K=0.5 |
I
Lo7st ]
05r i
_/
0.25 ¢ i

0 1 1 1
0 15 30 45 60 75 90 105120 135150 165 180

¢ (deg)
Source: provided by the author, 2024.



57

It can be seen in Figure 17 that when 0 p, the current 'Q, is lower at
light-load (i.e., lower %o) than for 0  p. Furthermore, for 0  p, there is always
current circulating in the inductor, even when there is no active power being
transferred to the load (i.e., %o T1). This means that there is only non-active
power being processed by the converter, which results in losses. Obviously,
higher values of 'Q;  are expected as %oincreases when 0 p, since 0 will be
larger.

Figure 18 presents the current "Oversus U for a numerical simulation with
fixed 0 = 5 kW. For the chosen converter parameters, the converter is not able to
transfer power when 0 T® @From the plotted curve, it can be noted that the
current ‘@ has a minimum value when 0  p&® oFor every other value of U,
‘G, will increase, even if the output power remains the same, decreasing
efficiency.

Figure 19 shows that the minimum value of 'Q, is reached with different

values of U for different power levels.

Figure 18 i Plot of Oversus 0 for0 v Qc Parameters of the converter are:
W pTaEt ph p&@Y @AQNdQ p QO

1.2 ; : . , :
P =5kW
1F ,
no active power
< transferred
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- K 0.56
I I 0.623
0.6+ 1 1
04" K1.13 | 2
I, 0.2997
0.2 4
O L L 1 1 L
0 0.5 1 1.5 2 2.5 3
K

Source: provided by the author, 2024.
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Figure 19 i Plot of ‘Oversus U for different values of 0. Parameters of the
converterare: @ pTaE pl p&@YP @AQNd'Q p MIQOA
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3.3.3 Input and Output Currents

The average value of the input current “Oof the converter seen by the input

voltage source is given by equation (3.23).

0 0O £ %o %8
s o°° go P T (529

The first half of the input current waveform is the same as the inductor
current waveform, as seen in Figure 11. Therefore, the RMS value of the input

current Q@  is equal to G,

MO QO G (3.24)

<[
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The RMS value of the secondary current '@, is given by equation (3.25)

¥
o) iY £'00 Q0 £'Q (3.25)

In the same manner, the RMS value of the output current 'Q; seen by

the output capacitor is equal to ',

T
o} iY MO QO G (3.26)

The average value of the output current ‘Ois given by equation (3.27).

€W %o &

g =
e =2

3.3.4 Circulating Power

Bai and Mi (2008) defined the portion of instantaneous power that is
flowing back to the input source as freactive powerg which happens when the
polarity of 'Q 0 isdifferentfrom0 0.InthisMa st e r 0,s¢he terim Eisculating
powero wi | |  Dentifytiisgldenamenon. The analysis done in this section
is valid for %o T

In Figure 20, the generation of circulating power 0 is illustrated,
considering buck mode. From 1tto 6 and from 0 to 0, "Qhas different polarity
than 0 0. The orange shaded area is the resulting circulating power.

To maintain the desired active power transmission, the converter has to
compensate for this circulating power, which is the blue shaded area. According
to Bai and Mi (2008), this portion of power does not contribute to the power

transmitted to the load, it only increases conduction losses because of larger

G
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It can also be seen that during the circulating power generation, the input
current is negative, which means that power is being sent back to the input
source. According to the definitions made in Figure 3: Q0 mtmeans the current

is entering the source w and Q 0 T means the current is leaving source w.

Figure 20 1 Circulating power generation, waveforms for Qm  mand

Qo 11, for buck mode.
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Source: provided by the author, 2024.

Analyzing Figure 20, the following points can be concluded:

T When i "Q&Q0 i Qb O , part of the energy stored in the
inductor is sent back to the input source, and the other part is delivered
to the output source (load), since Qo0 mand Qo 1.

T Wheni "Q& Q0 i 'Q® 0 ,the output source sends energy back,

i,e., when' Q0 1 At the same time, the input source is also



61

delivering energy. Since none of the voltage sources are consuming

power, this ener gthroughithramdlugtorici rcul at es o

For the buck and voltage match modes, the current ‘Qm is always

negative. Equation (3.28) defines the circulating power.

W
N Y QoQo Qm 1 Qo T (3.28)

The instant 0 can be calculated with equation (3.29).

o %0
W W = P

3.29
0 i — ' Qn m” Qo ™ (3.29)
TQ W
Since0 0 0, equation (3.28) can be rewritten as equation (3.30)
UN Y, To 0Qd Qm mn Qo T (3.30)

Substituting equation (3.29) in (3.30), the expression (3.31) is deduced,
which can be used to compute the circulating power when ‘Qm 1 and
Qo Tt In this case, 0 is positive, which can be understood as inductive

circulating power since the current is lagging the voltage.

6 B o
B o P . (3.31)
U

P 9Q W W

For the boost mode, there are three possibilities for the initial current value
"Qm: ‘Chmor'OWhenQm T, equations (3.28), (3.29), (3.30) and (3.31) are
valid. If ' Qm 1 then 6 1 and thus, 0 T. Figure 21 illustrates the case

when Q1 71U It can be seen that:
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' When both Qo and "Q 6 are negative (intervals 6 b and
o b ), the input source is receiving energy from the output
source;
1 The output source keeps sending energy back at the periods
o and O fd . This energy simply circulates through the

inductor, since the input source is not consuming active power.

Figure 211 Circulating power generation, waveforms for Q.  mand

Qo 1T, in boost mode.
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Source: provided by the author, 2024.

Equation (3.32) defines the circulating power for this case.
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C

W
Gy QoQel Q. m Qo T (3.32)

For Qm 1 the period 0 can be calculated with equation (3.33).
Equation (3.32) can be written as equation (3.34).
%o

WP Cr W
T%Z T Q. mm Qo T (3.33)

0

W W
0 Gy Tb’Qd Qn m Qo T (3.34)

Finally, solving the integral in equation (3.34) results in the expression
(3.35), which can be used to calculate the circulating power when ‘Q . 1Tand
Qo Tt In this case, U is negative, meaning it is capacitive circulating power

since the current is leading the voltage.

L %o .
. w Wp = W . s (3.35)

P 9Q W W

Figure 22 illustrates the case for the voltage match mode. A couple of

conclusions can be drawn:

1 Both input and output sources receive energy from the inductor
during the periods T and 0 F ,since Q0 mand Qo6 T

1 The output source sends energy back to the inductor during
periods 6 and 6 ,since' Qo T, but the input source
does not consume any active power, since Qo0 T,

1 The circulating power can be calculated with equation (3.31).

It is important to note that, the equations deduced for 0 are not valid for
the case when both ‘Q m and Q 0 are negative, which can occur when %ois

small enough. In this case, the expression for the circulating power is more
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complex to derive, because the inductor current has two different states before it

reaches zero. The result is shown in equation (3.36).

Figure 22 1 Circulating power generation for voltage match mode.
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- P w %o o, ) %o ) s
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PIR & O (3.36)

It can be seen in equations (3.31) and (3.35) that the only situation when

0 Tmiswhen® & p ¢— hwhichresultsin Q0 1 Equation (3.36) is

more difficult to analyze. It can be concluded that SPS modulation cannot control

circulating power.
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Figure 23 presents the plot of 0 %o for some values of 0. For the
simulated case, it can be seen that during buck mode, the converter always has
inductive circulating power.

When w  , there is no circulating power for %o T

In boost mode, there is capacitive circulating power for % “7@i @.Q
For%2 “Ap 4 «&hd % “7Tei & Ehere is no circulating power when 0 p& v
and 0 p®, respectively, since 'O T For % “7¥@i &, Ghe converter always

operates with inductive circulating power.

Figure 231 Circulating power plot versus phase-shift, for different values of U .
Parameters of the converter are: @ p TaE ph) p @& P "@nd
Q p QO
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Source: provided by the author, 2024.

3.3.5 Transformer VA Rating

Considering 0 as the leakeage inductance of the transformer, the
transformer VA rating, or apparent power of the transformer °Y, is given by
equation (3.37) (De Doncker; Divan; Kheraluwala, 1991). The RMS value of a
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rectangular-shaped waveform with 50% duty cycle and zero average value is

equal to its amplitude, resulting in equation (3.38).

"y g Or e op O (3.37)
Y c WG weG, c g w w (3.38)
Substituting equation (3.16) in (3.38) results in equation (3.39):
W ® 00 W
_— So'oo’o gy_(,@ ) gy_(,@ - — (3.39)
wa Y pPC (YIS

The non-active power of the transformer 0 , defined by equation (3.40),
results in a big expression and is difficult to be derived. Figure 24 presents the
plot of "YR) and 0 as a function of %. 0 is plotted by numerical simulation, as

presented in equation (3.40).

0 Y D 0 ©O (3.40)

It can be seen in Figure 24 that, for the simulated case (0 1), most of
the power flowing in the transformer throughout the phase-shift range is non-
active power. Only a small interval of %oresults in more active power than non-
active power being transferred. This shows that most of the apparent power in
the transformer only generates losses when 0 p.

De Doncker, Divan, Kheraluwala (1991) presented the transformer VA
rating Yy by considering only the fundamental componentofv 6 andu 0,
allowing mathematical operations with phasors which are easier to manipulate.

The expression is presented in equation (3.41), plotted in Figure 25.

0 CODE% p (3.41)

0
“ "Q:)
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Figure 251 Comparison of Transformer VA rating equations, forv  T&.
w pmaEe ph p@yY @QdQ p QO
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It can be seen in Figure 25 that in the simulated case, Y is slightly higher
than “Y}, for all of the phase-shift range. The difference is expected, since the
derivation of Y}, does not takes into account all of the harmonic components
existing in the voltages because of the switching nature of the converter.
Therefore, "Y should be used when an accurate estimative is necessary.

Figure 26 presents the power “Y as a function of %ofor different values of
0. When no active power is being transferred (i.e., %o 1), the only case when
there is no power circulating in the transformeriswhenw & @ p), which is
also the case that results in the smaller non-active power at lower %.values. This
is expected, since it was already demonstrated in Figure 17 when the behavior

of ‘G, was presented.

Figure 26 1 Transformer power rating “Y as function of %e for different values of
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For%. T ifw & the inductor voltage w is zero, which is why the non-
active power U is also zero. When w € & @ 1 and therefore, non-active
power circulates through the transformer.

The transformer utilization factor, defined as 0X'Y (De Doncker; Divan;
Kheraluwala, 1991), is a useful figure of merit to determine how much of the
apparent power in the transformer actually is active power being transferred to
the load. Figure 27 shows the OT'Y as function of %, limited from O (no active
power) to “ 7¢ (maximum active power), for different values of 0.

It can be observed in Figure 27 that the case with the best transformer
utilization factor is when 0 p (i.e., ® €w). Any other value for 0 results in

worse transformer utilization for all of the phase-shift range.

Figure 27 1 Transformer utilization factor as function of %ofor different values of
0. Parameters of the converterare: &0 p et phd p @& ¢ "Gand
Q p QO
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3.3.6 Semiconductors Stresses

For designing the converter, the blocking voltage, the average and RMS
values of the current flowing through the semiconductors must be known.

To derive the expressions for the current, a power switch will be divided
into two components: a unidirectional switch and a diode in antiparallel. In a
MOSFET, a unidirectional switch would be the drain-source channel, while the
antiparallel diode would be the intrinsicbody-d i ode. Ther ef or e
stresses must be taken into account to design the power switch.

According to the waveforms of Figure 11 obtained earlier in the converter
analysis, Figure 28 presents the current waveforms through the semiconductors
in the primary and secondary bridge. Time instants are given by Table 3.

It can be observed in Figure 28 that, due to the symmetric operation of the
DAB converter, each semiconductor pair (odd or even numbers) have the same
current waveform, although at different intervals. Therefore, only one expression
for each semiconductor is necessary to calculate the average of the current. This
is defined through equations (3.42) to (3.45), where: O is the average value of
the current in the switches of the primary bridge, “O is the average value of the
current in the diodes of the primary bridge, “Ois the average value of the current
in the switches of the secondary bridge and “O is the average value of the current

in the diodes of the secondary bridge

O O O O © (3.42)
O O © O © (3.43)
O O O O © (3.44)
O O © O O (3.45)

The currents 'O and 'O can be computed by using equation (3.46) and

(3.47), respectively. Time instant 0 can be calculated with equation (3.29).

o P s oo owe ., L. L
0O — ———00 _ O Q )
~ 5 0Qo0 5 0O O 0 (3.46)

bot h
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Tt

Figure 28 1 Current waveforms in the semiconductors for buck mode, "Q 1t

1T, for buck mode.
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Source: provided by the author, 2024.

(3.47)

0 Qo

(0]

The currents ‘Oand O can be computed by using equation (3.48) and

(3.49), respectively. Time instant 6 can be calculated with equation (3.29).
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o~ P L0 we,, |
— —F0Q 3.48
@) ~ & =000 (3.48)
. P LW we, .,
0 = E———0 £0 Qo
Y 0]
, (3.49)
. W e | | — s
ETO o] €0 Qo

The considerations done for the average value of the current can also be
done to the RMS value of the current in the semiconductors. Equations (3.50)
and (3.51) defines the RMS value of the current in the switches ('Q; ) and in the
diodes (O ; ) of the primary bridge, respectively. Equations (3.52) and (3.53)
defines the RMS value of the current in the switches ("G, ) and in the diodes

(‘O ) of the secondary bridge, respectively.

Oy

p 0 we, . o we. . .. (350

P —0 Qo —— 0 O O Qo

Y 0] 0]

W w*e

oy % =222 0 0o (3.51)
Y P WL 3.52
G v ¢ —F—0 Q0 (3.52)
o

L0 e, L e owe, ., .. (353
STO €0 Qo E———— 0 O €0 Qo

dlo
C

Solving the equations (3.46) through (3.53) can lead to the analytical
expressions for the average and RMS values of the current in the
semiconductors. Due to the length those derived expressions have, they are
shown in Appendix A, section A.2, from equation (A.10) to (A.17), for better
readability of this chapter. The equations presented are valid for the condition

that Qm  mand Q0o . New equations must be derived for the other
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operating conditions, i.e., Qm 1mMand Q0o mor Qm Tmand Qo T,
also contemplated in Appendix A, section A.2

Considering the power switch as a single component, i.e., a bidirectional
switch, the full RMS value of the current can be easily calculated, due to the fact
that the current flowing through the switch is the same as the inductor current
during half of Y (Krismer, 2010). Equation (3.54) can be used to calculate the
RMS value of the current in a power switch in the primary bridge, meanwhile
equation (3.55) can be used for a power switch in the secondary bridge. ‘G,
was defined in equation (3.16). However, estimating losses with these equations
ignores the fact that the drain-source channel and the intrinsic body diode in the

power switch (in the MOSFET case) have different resistances.

05 D (3.54)
Vi
o
(of % (3.55)
IS

As for the voltage stress, the switches and diodes in the primary bridge
must be able to withstand w. In the same manner, the switches and diodes in the
secondary bridge must be able to withstand w. If non-idealities such as parasitic
inductances from the pins of the power switch are added to the circuit, oscillations
in the voltage during the turn-off of the switch may occurs, resulting in overvoltage
spikes (Krismer, 2010).

3.3.7 Passive Components Computation

The passive components of the DAB converter as can be seen in Figure 1

consist of:

flinductor O (which can be the leakage inductance of the transformer or not);
{'the transformer T;
fithe input capacitor 0 ;

fithe output capacitor 0 .
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DAB inductance

The inductance 0 can be calculated by isolating the term in expression
(3.10), which results in equation (3.56). It is suggested for the design that 0 is

the rated power desired for the converter and %o the maximum phase-shift value.

:;)w;ys ol (3.56)

If O is considered as a discrete inductor, the leakage inductance of the
transformer will have to be considered into equation (3.56) to calculate the
effective DAB inductance, since it will impact on the power transfer capability and
other aspects of the converter. It must be designed to withstand the maximum
inductor current, which will be either "O or 'O (depending on which mode the
converter is operating), derived in section 3.3.1, and the current‘Q, , derived in
section 3.3.2. The magnetic core design of the discrete inductor is not covered in

this thesis.
Transformer

The transformer turns ratio € should be initially selected according to the
voltage conversion ratio U. As seen earlier, when U p, the converter operates
with lower '@,  (and also lower switching losses due to soft-switching, which is
seen later in this chapter).

If @ and/or w varies during the converter operation, an iterative process or
optimization design method should be applied in order to estimate the value of €
that results in the highest efficiency across the voltage/power range of the
converter.

In case the majority of the inductance 0 belongs to one side of the
transformer, e.g., primary side, only the voltage 0O 0 is responsible for
generating the flux density in the transformer.

The transformer magnetic core design is not covered in this thesis.
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Capacitors

The capacitors 6 and 6 are designed according to the input source and
the load, respectively. The input capacitor 6 design will not be covered, assuming
it to be part of the input voltage source.

For a purely resistive load, the expression for 6 can be found by using
equation (3.57), where "Q 0 is the capacitor current. The voltage across 0 is
equal to the output voltage 0 0. The equivalent circuit is shown in Figure 29.
The current in the capacitor is the alternating portion of the current ‘Q 6 shown
in Figure 30, which is defined by equation (3.58). Time instants 6 fd l and o
are defined in Table 3. Equation (3.58) is valid for buck mode. Equations (3.59)
through (3.61) are valid for Qm  mand Q0 U

Figure 29 1 Equivalent output circuit stage for a resistive load.
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Source: provided by the author, 2024.
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(3.61)

&)

. 68
TW—/——

Figure 301 Capacitor 6 current and voltage waveforms for buck mode,
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Source: provided by the author, 2024.

By looking at Figure 30, the output ripple voltage 3w is defined by equation

(3.62). The integral limits in equation (3.62), 6 and 0 are defined in equations

(3.63) and (3.64), respectively.
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Wk WH 3W b’ﬁ Q 0Q0 (3.62)
0 0 “ 3.63
to o O (3.63)
0 0 " o} " 3.64
o o & G m (3.64)

Since there is a discontinuity in the interval 6 hd |, the integral in equation
(3.62) is divided into two, as can be seen in equation (3.65). Solving these
integrals and rearranging the terms, an expression for 6 can be found. The
derived expression for the computation of 6 as function of the desired 3w can

be seen in Appendix A, section A.3, as equation (A.34)

3W

p Ew w , . .
F ——0 G Qo

(3.65)
o 0 O Qo

Since the converter was analyzed considering a DC voltage source as the
load (i.e., a very big capacitance), a big voltage ripple will cause a difference in
the average value of the output voltage for the phase-shift %o calculated by
equation (3.13).

In this case, small adjustments need to be made in %y which will be
automatically compensated if the converter operates with any controller having
an integral action term, such as a Pl or PID controller. To obtain a closer value to
the mathematical model, a voltage ripple 3w it ® should be chosen,
although a bigger capacitance 6 will be needed.

Another cause for the increase of larger 3w than desired is the circulating

power, described in section 3.3.4. In SPS modulation, the only way to eliminate
the circulating power is meeting the conditon @ ® p ¢2* . To reduce the

circulating power, another modulation strategy should be used, such as DPS

modulation.
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The RMS value of the current flowing through 6 can be calculated using
the equation (3.66). The expression derived from equation (3.66) can be seen in
Appendix A, section A.3, as equation (A.36).

The equations shown earlier (except for (A.36)) are valid for the conditions

ofw £€w,Qm mand Qo e

O, — Q 0Qo
C Ew w0 . . .
A _ : 0 3.66
o 5 0 G 0 (3.66)
i T
EWw .
5 o O Qo

DC Blocking Capacitors

For practical implementation, in case there is no control scheme to
avoid/mitigate transformer saturation, it is recommended the use of DC blocking
capacitors in series with both primary and secondary sides of the transformer.
Figure 31 shows the circuit diagram. Damping resistor 'Y can be calculated with
equation (4.13)

To calculate the required capacitance, the resonant frequency "Q of the
capacitors with the inductor can be used, shown in equation (3.67)
(Schibli, 2000).

Figure 311 Diagram of transformer with series DC blocking capacitors.
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Source: provided by the author, 2024.
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Q — L0 (3.67)

The chosen frequency "Q must be much smaller than the switching
frequency "Q (at least 5 times smaller). Rearranging equation (3.67) results in
eqguation (3.68).

(3.68)

Equation (3.68) shows the total capacitance needed to block the DC
components in the transformer. The capacitance needed in each side of the

transformer is given in equation (3.69).
0 0 «¢o (3.69)
The maximum voltage across the capacitor must also be known. Figure 32
shows the waveforms of the inductor current and the capacitor voltage 6

considering % “ 7¢. The time instants values can be seen in Table 3 (except for

0 and 0 ). The voltage ripple in 0 can be defined using equation (3.70)
: : o, P P
W W Yw 5 Q 0Q0 5 Qo0 Qo (3.70)

According to the voltage waveform in Figure 32 and using the appropriate
intervals of equation (3.5), equation (3.70) becomes equation (3.71).

w W o (3.71)



80

0 O———! Qn m Qo 1 (3.72)

0O o0 olMQm mw Qo T (3.73)

Figure 321 Voltage and current waveforms in DC blocking series capacitor 0 .
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Source: provided by the author, 2024.

By solving the integral of equation (3.71), the expression for ¥ can be

derived, resulting in equation (3.74).

(3.74)

Therefore, the maximum voltage across the DC blocking capacitor 6 is

Yo
W § Tl n T Qo T (3.75)
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Since6 O and™ Q0 £€Q0,the voltage w for the capacitor 6 can

be found by using equation (3.76).

EY®
W § Tl Qn mm Qo 11 (3.76)

The equation valid for other cases (Qm mand Qo morQm m
and Qo m can be derived by using equation (3.70) with the appropriate

alterations in the inductor current waveform and the integral limits 6 and o .

3.3.8 Dead-time Effect

Despite being necessary to avoid the occurrence of short-circuit in a
phase-leg, the dead-time negatively affects the performance of all power
converters. In DAB converters, the dead-time can lead to a change of the
effective phase-shift, and therefore, the power transferred is altered.

During this period, both power switches in a phase-leg are commanded to
turn-off. Since the currentc an 6t f | o wpotvdr switah gnymote hitélows
through the antiparallel diodes. When this happens, there is no control over the
output voltage of a bridge, meaning that it only depends on which direction the
current is flowing. According to Segaran (2013), there are three possible
scenarios:

1 If"Q0 is negative during the start of dead-time, it does not impact on

the output voltage of the bridge, and the phase-shift does not change;

1 If'Q0 is positive during the start of dead-time, but becomes negative

at some point before the dead-time ends, the polarity of the output
voltage of the bridge alternates while still in dead-time period, but a
partial phase-shift error occurs;

1 1f"Q0 is positive during the start of dead-time and does not cross zero

until the end of the dead-time period, the polarity of the output voltage
of the bridge only alternates at the end, meaning a full phase-shift error

is caused by the dead-time.
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This phase-shift error can be compensated by adding a phase-shift angle
%0 to the ideal phase-shift angle %ovalue, according to the current operating
conditions of the converter. The adjusted phase-shift %o is shown in equation
(3.77).

%o %o %o (3.77)

The analysis of the error depends

amplitude and polarity, but also the voltages w, & and which bridge is the leading
bridge. A more complete analysis is done by Segaran (2013), which also provides
the equations to calculate %0 for compensating the phase-shift error caused by
the dead-time.

According to Bai and Mi (2008), the full dead-time period “Y can be

converted to a phase-shift angle %o , which is given by equation (3.78).

% Y X 00 (3.78)

As a final note, the dead-time period cannot be bigger than the period 0

(time resulted from the phase-shift operation). Ot her wi s e, t he

operate properly.

3.3.9 Soft-switching Operation

Soft-switching is a technique used for reducing switching losses. The two
main types are: passive or active. The passive type utilizes components such as
inductors and capacitors, which can be added or already be a part of the
converter, whereas the active type are additional circuits with switches.

The technique consists of ensuring the voltage across the switch or the
current through the channel is zero before the switch receives a signal command
(turn-on or turn-off). Thus, they are classified as Zero Voltage Switching (ZVS) or
Zero Current Switching (ZCS).

not

conyve
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The DAB converter has natural passive-type ZVS because of the inductor
in series with the transformer and antiparallel diodes with the switches, which are
already part of its topology, as seen in Figure 1.

To explain the requirements for ZVS, first it is considered an ideal power
switch that has no output capacitance. The current must be flowing through the
antiparallel diode before the turn-on command is given, ensuring the voltage over
the switch is clamped to zero before turn-on. This operating condition was used
in the study case illustrated in sections 3.1 and 3.2. In Figure 28, it can be seen
that the switches in both bridges achieve ZVS during turn-on, because the
antiparallel diodes are conducting current when a switching event happens.
However, it should be noted that during turn-off, the current flowing through the
switches is not zero, resulting in a hard switch. Therefore, despite no switching
loss occurs during turn-on, there is still some energy dissipated during turn-off.

Analyzing the converter in Figure 1 and the inductor current waveforms for
%0 T, it can be concluded that there are two conditions for enabling ZVS

operation:

a) Forthe primary bridge: Qm 1T
b) For the secondary bridge: 'Q 0 8

Since SQms $Og by analyzing equation (3.7), the condition for ZVS in

the primary bridge can be found, leading to expressions (3.81).

R :
10°Q

0 —/0 CO%—OQ P 0 (3.80)
w

‘O mo ¢U 37—0@ p U T (3.81)

For the secondary bridge, since SQ0 s <SG analyzing equation (3.8)

can lead to the expression (3.84).
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- W 68 :
10Q

0 —0 C%z/—c’@ P 0 (3.83)
W

‘O no cs{—(’@ p U T (3.84)

From expressions (3.81) and (3.84), the boundary values of the voltage
conversion ratio 0 as function of %.can be derived as equations (3.85) and (3.86),

respectively.

cL . p 0 mo U P _
: 7 (3.85)

p I8
T o v mow o IF (3.86)

Plotted in Figure 33, equations (3.85) and (3.86) define the ZVS regions.

Figure 331 Plot of 0 versus %owith ZVS regions considering ideal switches.
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Source: provided by the author, 2024.
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Because of the symmetric characteristic of the converter, the curves for
the negative phase-shift interval are just the mirrored versions of equations (3.85)
and (3.86). It can be noted that for 0 p, soft-switching happens in both bridges
for all the range of %o

On the other hand, when 0  p, as %.decreases one of the bridges will
lose ZVS operation, meaning one of the conditions a) or b) will not be respected
anymore. If 0 p when %.decreases, current ‘Q Tt will become positive at a
certain %ovalue, disabling ZVS for the primary bridge. If 0 p when %.decreases,
current ‘Q 0 will become negative at a certain %ovalue, disabling ZVS for the
secondary bridge.

Another analysis can be done by looking at the normalized transmitted
power of the converter. Substituting equations (3.85) and (3.86) into (3.88),
boundary equations (3.89) and (3.90) can be derived, which are plotted in Figure
34 with the transmitted power for different values of U .

0 %2 (3.84)
0 Gi rozé" o %—@ (3.88)
5 P, ¥

I (3.89)
5 otp (X, ¥ (3.90)

From the perspective of Figure 34, it can be concluded that as the load
gets lighter (i.e., the power transmitted decreases) when 0  p, the switching
currents (‘O or 'O will change polarity at certain point (seen in section 3.3.1)
depending on the value of U, causing one of the bridges to lose ZVS. Foru  p,
ZVS is achieved in both bridges for the whole power range, since ‘O and O
polarities never change.

Taking the analysis a step further, t he
output capacitance (or an external capacitance placed in parallel with the

transistor) changes the constraints for enabling ZVS, because now the magnitude
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of the inductor current at the switching instant needs to be large enough to
charge/discharge the capacitors. The following analysis is also done for % T,
but similar analysis can be done for %0 T

Figure 35 illustrates the switches with the output capacitance in the
converter. For this analysis, it is considered that every switch in a bridge has the

same output capacitance.

Figure 34 - Plot of 0 versus %owith ZVS regions considering ideal switches.
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Source: provided by the author, 2024.

Figure 351 DAB converter diagram witht h e s w putpuat bapaxitances.
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The minimum value of current required for ZVS ('O ) can be found by
using the energy stored in the DAB inductor 0 and the effective output
capacitance 0, presented in expression (3.91), where w is the voltage over the

switch and & is the number of switches to be turned-on.
Poss & Psw (3.91)
q q

For the primary bridge, substitutingd ¢, 6 ¢ and w ® in (3.91),

the minimum inductor current 'O ; required to enable ZVS can be calculated

with equation (3.93).

Poo «+ Psw (3.92)
C C

(0]
o0 o CG (3.93)

For the secondary bridge, substitutingd ¢, 6 0 andw ® in(3.91),
the minimum inductor current O  required to enable ZVS can be calculated with

equation (3.95).

.. P, .
-00 j -0 W (3.94)
¢Oo oS¢

p
0 @ CT (3.95)

The regions of ZVS operation considering the output capacitance for the
primary bridge can be found by substituting S Q& ¢ 06 06 andw
in (3.91), resulting in expression (3.97).

pP.. p. .
Z00 c=0 W (3.96)
C CC
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, p 1TQ c08
b (3.97)
o &

For the secondary bridge, considering the inductor 0 referred to the
secondary of the transformer, by substituting Ss &€ Da ¢, 6 0 and

® @ in (3.91), expression (3.99) can be found.

po . P

PY v0  Pso (3.98)
Ce C
| p 8
U - —
T (3.99)
€

Figure 36 plots0 and 0 considering the cases with ideal power switch
and with output capacitance, as function of %N 1 7¢ . It is assumed that for
each value of %y the dead-time period is long enough for the capacitances fully
charge/discharge and for the converter to operate properly.

It can be noted in Figure 36 that as the output capacitance increases, the
region allowing ZVS operation gets narrower. Consequently, even when v p,
the converter will not be able to operate with soft-switching when operating with
a smaller %o (i.e., under light load). Which is expected, since as the output
capacitance increases, the minimum value of current required to
charge/discharge the capacitors also increase, as can be noted by analyzing
equations (3.93) and (3.95). In other words, when the converter operates at a
lower power, it does not have enough energy stored in the inductor to
charge/discharge the capacitors before the turn-on of the switches.

For the appropriate operation of the soft-switching, the charge and
di scharge of the switchesd ouwtingthedeadapaci t ar
time period of the switching commands. Therefore, the minimum dead-time
period must be known.

Equation (3.100) can be used to calculate the minimum dead-time period

for the switches in the primary bridge, where 0 is the charge stored in the

capacitance 0 , while equation (3.101) can be used for the switches in the
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Figure 36 - Plot of U versus %owi t h ZVS regions considering
output capacitance. Parameters: 0 p @ ¢ ‘0t p,"Q p QO&and
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Source: provided by the author, 2024.

secondary bridge, where 0 s the charge stored in the capacitance 6 . Basically,

equations (3.100) and (3.101) calculate the period in which the capacitors
charge/discharge, considering the minimum value of the inductor current
necessary for ZVS. The higher the inductor current at the switching moment, the
faster the capacitors are charged/discharged, thus requiring a shorter dead-time

period.

°©F oL O (3.100)
i av CO0
0O p o - 0 & (3101)

Obviously, the same dead-time period has to be applied to both the

primary and secondary bridges. Thus, the minimum dead-time period to be
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applied must be the larger period calculated between equations (3.100) and
(3.101).
To conclude, the capacitances 6 and 6 must be small enough not only

for higher efficiency, but also to allow proper operation of the converter. The
equations derived in this chapter does not take into account the resonance
between the output capacitances and the inductance 0. If the output capacitances
and the dead-time are big enough, the resonance between the components can
distort the shape of the voltages 0 and/or U , as well as the current "Q In this

case, the equations presented in this chapter are not valid anymore.

3.3.10 Final Remarks

The addition of non-ideal characteristics in the components, such as: on-
resistances, parasitic capacitances, parasitic lead inductances, resistance of
inductor/transformer windings, inductance and resistance of PCB traces and
temperature, changes the equivalent circuit model of the DAB, resulting in
different voltage and current waveforms than the ones presented in this chapter.
Obviously, new equations should be derived for accounting these parameters.

For a DAB converter operating with 0 p, the conduction losses of the
components are dominant through most of the power range, thus the provided
equations in this chapter might be enough to estimate the efficiency of the
converter. For U p, the converter will lose ZVS in one of the bridges much
earlier, meaning the switching losses will be significant. Thus, other methods for
calculating this loss with accuracy should be used (Krismer, 2010).

For DAB converters that operates in buck or boost mode, the efficiency of
the converter can change depending on the direction of power flow (Krismer,
2010).

The equations presented in this chapter are suitable for studying the
converter and an initial design, but a more accurate model should be used in a
product design. The purpose of this chapter is simply to introduce the reader to
the fundamental operation of the DAB converter. Incorporating non-ideal

components to the model results in complex equations, and it is out of the scope
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ofthisMa s t e r 0.5A camiprehensige analysis of the accurate loss model for
the DAB can be seen in (Krismer, 2010).

In summary, although SPS modulation is the simplest modulation for DAB
converters and has disadvantages when operating under light load or 0 p,
understanding its fundamental concepts is important and helps to understand the
development of more complex modulations. Moreover, when the converter
operates with heavy load or 0 close to unity, SPS modulation might achieve
higher efficiency, compared to the other traditional modulations (Bai; Nie; Mi,
2010).
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4 PROTOTYPE DESIGN

In this chapter, the methodology for designing a DAB converter prototype
is presented, which includes: requirements, passive components computation

and efficiency estimates.

4.1 REQUIREMENTS

Before designing the DAB prototype, initial requirements must be
established. The active bridges for the converter already existed for another
project and was designed and built by Castellain (2024). They are being reused
for building the DAB prototype to save time. Despite that, the design methodology
of the converter is shown in the next section for didactic purposes. The
requirements chosen for the DAB prototype considers the hardware limits from
the active bridges.

One of the proposed applications for the DAB converter are DC grids.
Sometimes, the interconnection between two different DC grids with the same
voltage is needed. An isolated and bidirectional DC-DC power converter is
necessary for interfacing them. Since both grids have the same voltage, the
transfor merésbeequaltos. r ati o

Power transmission in DC grids is usually done in the order of kVs.
However, due to laboratory and available equipment constraints, experiments
must be done at a lower voltage. One of the proposed voltage bus levels for a
DC microgrid is 380 V (Jithin et al., 2023; Dragicevic et al., 2016).

The rated power, switching frequency and rated phase-shift (for SPS

modulation) values are chosen based on three constraints:

1. Available magnetic core for the transformer operating with a
temperature of 80 °C at rated power (for lower losses);

2. Safe margin between phase-shift period and dead time necessary for
the power switches, ensuring normal operation of the converter;

3. Big enough ZVS region for dismissing switching loss through most of

the power range of the converter.
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Many design iterations were done to define the values for these
parameters, in order to build a transformer with the highest rated power possible.

Table 4 sums up the parameters of the converter prototype.

Table 41 Converter parameters for the DAB prototype.

Parameter Value
Rated Power (0 ) 600 W
Input Voltage (w) 380V
Output Voltage (w) 380V
Transformer Turns Ratio (€) 1
Switching Frequency ("Q 20 kHz
Rated Phase-Shift (%o ) 18°

Source: provided by the author, 2025.

The design of the active bridges is the same for both the primary and
secondary bridges. The converter circuit contains the power switches, gate driver
circuits, sensors and an auxiliary power supply. Although they can be considered
over-engineered regarding the requirements of the DAB converter, the boards
are more than adequate for prototyping purposes. Table 5 shows the main
specifications of the boarddé s p etage and Figure 37 shows a picture of one
board.

Table 51 Specifications of Primary and Secondary Bridges for the prototype.

Component Value
Power Switches IGBT APT15GT60BRDQ1
DC-Link Capacitor 942 "©400V

Voltage Sensor (Secondary
_ LEM LV 20-P
Bridge only)

Source: provided by the author, 2025.
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Figure 37 1 Picture of the Active Bridge board used for the prototype.
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Source: provided by Castellain (2024).

Table 6 shows the main specifications of the power switches. The IGBT
used already has a built-in antiparallel diode. The dead time chosen for the power
switches is 300 ns. Nonetheless, it is important to add that the optocoupler
(HCPL3120) utilized in the gate driver circuits also adds a signal delay, therefore,

the measured dead time of the power switches will bigger.

Table 6 1 Main parameters of the IGBT APT15GT60BRDQ1.

Parameter Value
Max Continuous 20 A (@ Case
Collector Current Temperature = 110 °C)
Blocking Voltage 600 V
Output Capacitance 84 pF
Turn-on Delay Time 6 ns
Current Rise Time 8 ns
Turn-off Delay Time 125 ns
Current Fall Time 100 ns

Source: (Microchip, 2008).
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4.2 DESIGN METHODOLOGY

The converter is designed considering full power, i.e., when %o %o . The

voltage conversion ratio of the converter is given by equation (4.1).

p (4.1)

The first component to be computed is the required leakage inductance
from the transformer. By using equation (3.56) and given the parameters from

Table 4, the inductance 0 can be computed as shows equation (4.2).

EWW Shoo S Sho S

V) CG"Q“ p "
Py Py
POYBYN g pun (4.2)
CHpMTILmMpPpT ” )
vt O

Using equation (3.16), the RMS value of the transformer current at rated

power can be calculated with equation (4.3).

. p G .. oS . oS AT ATA T
G — 00 = We = = = X
R o PC ©  pg
p gomnao Po ysr
CLTH pnxmnpmnm o “
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Since U p, the converter operates in Voltage Match mode. Therefore,
the switching currents “‘Oand “Oare the same and hence, they are the peak value
of the transformer current. Using equation (3.7), they can be calculated as shows
expression (4.4).

,‘L c;d)%%os

T0Q “

®w W

Py

cxyRL T synoyn 44)

P
TLTH pmn XZmpTm

P W
The input current can be calculated with equation (3.23), as shown in

equation (4.5).

€W %o Sho S
CD"Q “ p 1

Py
P YT yn DT (4.5)

i pnxXmpn - P T

pP® Ud

The output current can be calculated with equation (3.27), as shown in
equation (4.6).

€W %o S0 S
CD"Q “ p 7

p Y
P YT yn DU (4.6)

i pnxmpn - P T
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4.2.1 Transformer

A ferrite magnetic core made by Thornton is used for building the

transformer. Its main geometric properties can be seen in Table 7.

Table 717 Thornton ferrite core used for transformer.

Property Value
Core Type E
Model NEE-55/28/21
Core Area 354 mm?
Window Area 250 mm?2
Volume 42.5 cm3

Source: (Thornton, 2025).

The transformer was designed using the Areas Product Method. The
methodology followed can be seen in (Oliveira, 2001) and will not be replicated
here. Based on the converter parameters from Table 4, the transformer is built
resulting in the parameters from Table 8. The ambient temperature considered is
40 °C.

Table 81 Transformer construction parameters.

Parameter Value
Round Wire Gauge 20 AWG
Primary Number of Turns 0 99
Secondary Number of Turns 0 99
Core Temperature at Rated Power 81.5°C

Source: provided by the author, 2025.

Measurements of the transformer with the LCR Meter MS5308 from

Politerm can be seen in Table 9.
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Table 91 Measurements from built transformer with LCR Meter (at 10 kHz

frequency).
Parameter Value
Primary 0 25.87 mH
Secondary 0 25.91 mH
Primary Leakage
. 38.16 ' H
Inductance (a)
Secondary Leakage
) 38.18‘ H
Inductance (0)
Primary Windin
Y J 0.5m
Resistance
Secondary Winding
) 0.5m
Resistance

Source: provided by the author, 2025.

4.2.2 Additional Inductor

As can be seen in Table 9, the total leakage inductance of the built
transformer is not enough for the calculated value of 541.5 * "Qas shown in
equation (4.2). Therefore, an additional inductor 0 is built to achieve the

required value. The necessary inductance is given by equation (4.7).

0 0 «a — a
LT pm oPoQpTm — o@yYypm (4.7)
Top¢ O

The design method for the inductor can also be seen in (Oliveira, 2001).
The inductor was built with a NEE-30/15/07 core, also from Thornton. Table 10
sums up the main specifications of the inductor built (Thornton, 2025).

Measurements were made with the same LCR Meter at 10 kHz. The ambient
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temperature considered is 40 °C. Figure 38 shows a picture of both the

transformer and inductor built.

Table 10 i Additional inductor specifications.

Property Value
Core Type E
Model NEE-30/15/07
Core Area 60 mm?
Window Area 80 mm?
Volume 4 cms3
Round Wire Gauge 23 AWG
Number of Turns 60
Total Air Gap Calculated 0.0051 mm
Temperature @ 0 80.4 °C
Measured Inductance 463° O
Measured Resistance 232 mm)

Source: provided by the author, 2025.

Figure 38 1 Picture of the inductor (above pen) and transformer (below pen)

built for the prototype.

Source: provided by the author, 2025.
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4.2.3 DC Blocking Capacitors

The resonant frequency between the capacitors and the total inductance
is given by equation (4.8). It is chosen to suit the available capacitors and is close
to "Qfu.

"Q cgmpT

” _ T 7, 1] 4'8

Q- ST 18 UQ0a (4.8)
The total capacitance necessary is given by expression (4.9)

0 P P ¢® Y O (4.9)

™ Q0 1™ T qutdh pT

Therefore, the necessary capacitance at each side of the transformer is

given by equation (4.10).
0 0 ¢ uvpyx O (4.10)

By using a parallel combination of two 2.2 * F and one 0.68 * F capacitors,
the equivalent capacitance at each side of the transformer becomes 5.08° "O'he
capacitors are rated for 400 V, in order to withstand the full input/output voltage
in case of failure.

Using equation (3.74), the total voltage oscillation of the capacitors can be
calculated as shows expression (4.11). Thus, the maximum voltage over the
capacitors is given by equation (4.12), which is valid for capacitors in both sides

of the bridges, since ¢ p.

Yo U8 o (4.11)
o ? 6 (4.12)

A damping resistor is placed in parallel with the DC blocking capacitors.



101

Considering the full input voltage and a dissipated power of 0.1% of 0 , the value
of the resistance is calculated with equation (4.13).
@ oy
TP TP T

! (4.13)

4.2.4 Output Capacitor

Since the active boards already have built-in DC link capacitors (Table 5),
the output voltage ripple and the RMS value of the capacitor current can be
calculated with equations (A.35) and (A.36), respectively, considering a resistive

load.
30 LY @ W (4.14)
G ® pgpa o (4.15)

425 Semiconductors Stresses

Using equations (A.10) through (A.17), the current stress in the

semiconductors can be calculated. The results are shown in Table 11.

Table 117 Semiconductors current stresses for the prototype.

Parameter Value
‘O 0.81 A

{03 1.19A
O 0.02 A
O 0.16 A
KO) 0.02 A

‘G 0.16 A
O 0.81A
O 1.19A

Source: provided by the author, 2025.

The voltage stress that the semiconductors must be able to withstand is
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equal to w for the primary bridge and equal to w for the secondary bridge.

According to Table 6, the IGBT in the active bridges can safely withstand
both the voltage and current stresses, seen in Table 11.

The boards already have a heatsink mounted for the IGBTs. The thermal
resistance of the heatsink is 1.2 °C/W.

According to Figure 28, which shows current waveforms for buck mode
operation but can be adapted to voltage match mode by considering all currents
constant during the intervals (0,0) and (0,0 ), the current flowing in the diodes
always falls to zero, hence, diode turn off losses can be neglected. Insufficient
data in the datasheet and practical challenges for experimental tests prevents
diode turn on loss computation, thus it is also neglected.

At rated power, the converter operates within the ZVS operation region,
meaning the power switches do not have any turn on loss. Therefore, the only
switching losses to be considered is the turn off of the power switches.

The turn off switching loss can be calculated with equation (4.16), where

0 is the current fall time of the IGBT.

gooCbQ gibtpifps(@nnpnitnpn (OROY XN (4.16)

CA
=

The conduction loss in the collector-emitter channel of an IGBT can be
modeled using a DC voltage source in series with a resistor, and can be
calculated with equation (4.17), where wy and’Y j  are estimated using data
available in the datasheet of the component. Equations (4.18) and (4.19)
calculates the conduction loss of the power switches in the primary and
secondary bridge, respectively.

0 fp wp O YO ™ ® 1830 (4.17)
0 § X ® 18O, T @@ p MIXPP 0 X Caw (4.18)
0 § X ® 181G, T @BI¢ M)W @ pUga (4.19)

The conduction loss in the diodes can be calculated similarly, as shows

equation (4.20). wy and 'Y are also estimated using data available in the
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datasheet of the component. Equations (4.21) and (4.22) calculates the
conduction loss of the power switches in the primary and secondary bridge,

respectively.

0 rp WO YO

0 j ™ YO 18t ;
& YO8t ¢ TIBL I ¢ (4.21)
PRI W

0 & ™ O T8 j

T Oy p 18T PP w (4.22)

TOoOP®

(4.20)

Finally, the junction temperature ('Y) of the power switches can be
calculated. The ambient temperature ('Y) considered is 40 °C. The thermal
resistance of thermal paste (Y ) utilized is 0.68 °C/W. The junction-to-case
temperature of the collector-emitter channel (Y ) is 0.68 °C/W, whereas the
junction-to-case temperature of antiparallel diode (Y ) is 1.35 °C/W (Microchip,
2008).Y i s the heatsinkds ther mal resi stance.

The mathematical model used for the calculation of the thermal stress of
the semiconductors and the heatsink temperature in the following paragraphs is
given by Moraes (2021). This model considers that the same heatsink is used for
every semiconductor.

Equation (4.23) shows the result for the heatsink temperature of the
primary bridge (Y ), and equations (4.24) and (4.25) shows the result for the
junction temperature of the collector-emitter channel (Y, ) and diode ("Y; ) of
the primary bridge, respectively.

In the same manner, equation (4.26) shows the result for the heatsink
temperature of the secondary bridge (Y ), and equations (4.27) and (4.28)
shows the result for the junction temperature of the collector-emitter channel

(Y, ) and diode ("Y; ) of the secondary bridge, respectively.
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~ ~

"Yi 100 5 O f 0O 5 Y Y
TOT ¢ T @ @TBIp MPE T 10 (4.23)
T § ab

Y YR Yi Y 0 s 0 f

TEO ™Y TPYTE G TP Y (4.24)
T & G

Y Yi Y Y 0
T&o pd L ™ YIW@rp TTU (4.25)
T @ ud

Y i O vp U & 0 5 Y Y
TBIpYXE QOTE o (dPpE T T (4.26)
T & @0

Y Yr Yy Y 0 g 0

T&Q ™Y T YTBIp Y XD QP (4.27)
T @ o0

Y Yy Yy Y 0 g
T@&@ pduLv ™Y YOI’ 0 p (4.28)
T @ ab

The junction temperature of the semiconductors calculated in equations
(4.24), (4.25), (4.27) and (4.28) are much lower than the maximum junction
temperature of 150 °C informed by the d e v i datashset (Microchip, 2008).

Therefore, the power switches can safely operate in the proposed converter.
4.2.6 Soft-Switching Limits
According to Table 6, the output capacitance of the IGBT used is

0 Y ™ "OUsing equations from section 3.3.9, the phase-shift and power

threshold in which the converter will lose the ZVS capability can be calculated.
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First, the minimum switching current required for ZVS in the primary bridge

is calculated through equation (4.29).

o GljJTS:lIJT P I Cpa@o (4.29)

By rearranging equation (3.8) into equation (4.30), the phase-shift value in

which ' © O j can be found.

VFaADIQ O

%o T < DyYymnd
T T MTPTM ocYmoyYy (4.30)
™ p () Pc:bitqmp U] llJ:prnJ

P X

Finally, using equation (3.10), the power threshold at which the converter
will lose ZVS is given by equation (4.31).

%o j %o i
f) 5 EWW p ||| T P l]J Tt
h 'Y 11 143
cuQ
DX ®X (4.31)
P YD YT p U, -

CLTPT pT LM PT

X @ @

Since ¢ pand U p, the analysis is valid for both the primary and
secondary bridge, i.e., both bridges will lose ZVS when 0 0.
When the converter operates at the limit of the ZVS region, i.e., %0 %o f ,

the required time for the charging of the capacitances is given by equation (4.32).

. CWB YT pT .
0 i - O TIEPe | 4.32
" O i & P G P (4.32)
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As will be shown in the next chapter, the operation point used in the
experiments with the lowest power transfer uses % L& p, vhich results in a
switching current of 'O v o § 0. Equation (4.33) calculates the time of

charge/discharge for this operation point.

CHWHD YWt pm

S i 4.33
B0 X B oY p papE | (4.33)

=x

Since equation (4.33) results in a period lower than the dead time of
300 ns, all operation points utilized in the experiments with the prototype can
safely operate with ZVS, due to the fact that operation points with higher power
transfer - i.e., larger “O - will result in a lower charge/discharge period than

calculated in equation (4.33).
4.2.7 Parameters Corrections
The leakage inductance from the built transformer (Table 9) and the

inductance from the built inductor (Table 10) results in a higher inductance than

initially calculated, as shows expression (4.35).

0 0 a o
wWw
TQoOoPP O — oY O (4.34)
W W
VowO
0 0O vid' O (4.35)

This will require a small adjustment in the %o value for the converter to
reach the nominal power specification. Equation (4.36) calculates the new value.
As a result, other parameters calculated earlier in this chapter will be
slightly different with the new nominal phase-shift value. Nevertheless, these
differences will be ignored, given the small difference between the old and new

values.
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(4.36)

Figure 39 shows a circuit diagram of the converter designed for

experimental tests.

A development kit from Texas Instruments with a DSP, the LAUNCHXL-

F28379D, is responsible for the generation of the PWM signals for controlling the

power switches. Figure 40 shows a picture of the board.

Finally, Figure 41 shows a picture of all the components assembled to form

the DAB converter prototype.

Figure 39 1 Prototype circuit diagram: (a) power converter (b) AC-Link.
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Source: provided by the author, 2025.



Figure 40 1 DSP LAUNCHXL-F28379D board from Texas Instruments.

| ——

Source: provided by the author, 2025.

Figure 4117 Assembled DAB prototype and its components.

Rectifier
(Auxiliary Power Supply)

AC Link:
Capacitors
Inductor
Transformer

Primary (top)
and

Secondary (bottom)
Active Bridges

DSP

Source: Active Bridges provided by Castellain (2024). Other components provided by the
author, 2025
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5 EXPERIMENTAL VALIDATION OF THE PROTOTYPE

In this chapter, the DAB prototype designed in the previous chapter is
tested with SPS modulation, for the purpose of validating the theoretical analysis
presented in Chapter 3.

Figure 42 shows the workbench with the prototype and some of the
measurement equipment for the tests. Table 27 in Appendix B shows all the
equipment utilized for acquiring the measurement data and power supplies,
shown in the following sections of this chapter.

Figure 42 1 Setup for experimental tests with prototype for SPS modulation.

Source: provided by the author, 2025.

For the experimental tests, five points of operation are chosen for
measurements, shown in Table 12. The converter is operated in open-loop. The
necessary phase-shift and the power transmitted are calculated based on the
specifications of the converter (Table 4), except the inductance, in which the
value from Equation (4.19) is used. The equivalent resistance of the load used is
based on the series connection of resistors in the resistor bank available in the
laboratory, shown in Table 27.

Due to PCB construction constraints, some waveforms and measurements
of interest are unable to be acquired, such as the semiconductors current and the

output capacitor current.
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Table 12 - Operation points for measurements acquisitions.

Operation ) Output
. Load (m) )
Point Power (%)
OP1 727 5.51 33%
OoP2 610 6.60 39 %
OP3 497 8.17 49 %
OP4 374 11.05 66 %
OP5 246 17.47 98 %

Source: provided by the author, 2025.

5.1 MAIN WAVEFORMS
Figure 43 shows where each voltage and current is measured.
Figure 43 1 Measured voltages and current: (a) Converter, (b) AC-Link.
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Source: provided by the author, 2025.
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The main waveforms of the converter are acquired only for point OP5, which
is under full load, approximately.

Figure 44 presents the waveforms of 0,0 and "Q Figure 45 presents the
waveforms of 0 «x, U « and ‘Q It can be noted that b and 0 are almost
identical to U « and U ., respectively. That is because the voltage across the
DC blocking capacitors is much lower than the amplitude of b and 0 , which
makes it hard to see any kind of fluctuationin 0 x and 0 « .

Figure 46 shows the current "Q in more detail, along with the estimated
voltage 0 U « U «. It can be seen that "Qis not constant when both 0
and v . have the same polarity, which is not expected for when the converter
operates in Voltage Match mode. Rather, it shows the behavior of Boost mode,
since the amplitude actually decreases when 0 . and 0 x have the same
polarity. There are the many non-idealities of the converter that were not
considering during the analysis. One of them is the parasitic resistance of the
power switches and PCB traces. The transformer current creates a voltage drop
across these resistances, which are added up to the voltage applied by the active
bridges, causing the amplitude of 0 . to be slightly greater than w. Moreover,
the voltage drop in the antiparallel diodes also affects the voltage applied to the
transformer.

This can be confirmed by looking at the waveform of 0 , which gets slightly
negative during the first half of “Y and slightly positive during the other half of Y.
Besides that, the DC blocking capacitor will also smooth out the shape of Q
Figure 47 shows the voltage across the DC blocking capacitor of the primary
bridge (0 ).

Figure 48 shows the voltage (0 ) and current ('Q ) waveforms at the load.

Figure 49 shows the voltage across the switch P1 (0 ) and its command
signal voltage (U { ) during turn-on, along with current "Q It can be noted that
U  dropsto zero while 0  is still negative, confirming ZVS operation of the
switches in the primary bridge. During this period, "Qis negative and its amplitude
is large enough to completely discharge the output capacitance of the switch

before 0 | turns positive.
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Figure 44 1 Experimental waveform results of SPS modulation: 0 ,0 and "Q
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Source: provided by the author, 2025.

Figure 45 - Experimental waveform results of SPS modulation: 0 «,0 « and
Q
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Figure 46 - Experimental waveform results of SPS modulation: b and Q
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Figure 47 - Experimental waveform results of SPS modulation: 0
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Figure 48 - Experimental waveform results of SPS modulation: b and Q .
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Figure 49 - Experimental waveform results of SPS modulation: 0  , U
Q
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5.2 ESTIMATED AND MEASURED RESULTS

Measurements acquired from the operation points are compared with
results from theoretical expressions derived in Chapter 3. For saving space, the
following nomenclature may be used in the tables of this chapter:
MM = Mathematical Model and MS = Measured.

Table 13 shows the calculated %o necessary for each operation point
compared to the actual %eused in practice. The output load is measured only once
before the test starts. Therefore, measured results are impacted by the change
oft h e | resstdn@esover time caused by its increase in temperature during

operation of the converter.

Table 131 Actual phase-shift values used for each operation point.

Operation Q)
Point Model Actual
OP1 551 6.00
OoP2 6.60 7.10
OP3 8.17 8.40
OP4 11.05 10.80
OP5 17.47 16.50

Source: provided by the author, 2025.

Table 14 shows results for the average value of the current from the input
voltage source (O, i.e., input current and the input power. The measured values
are expected to be greater, since the mathematical model presented in Chapter 3
considers lossless components. In other words, the input power must be greater
in order to compensate for the losses in the components of the converter.

Table 15 shows results for RMS and peak values of transformer/inductor
current and RMS values of the voltages at both sides. Concerning the measured
valuesof w xy and w x ,they are expected to be different than w and w,
due to the DC blocking capacitors which slightly alters the waveform of the

voltages applied to the total inductance (0), modifying its RMS value.
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Furthermore, depending on the direction of power flow, a voltage value can be
added to U « or U x because of the voltage drop on non-idealities of
components, such as PCB trace resistances and winding resistance. Since the
converter is operating with positive power flow, a voltage is added on the

secondary side of the transformer, i.e., 0 « , increasing its amplitude.

Table 14 i Experimental results of input current and input power.

OIpErEoN 9 (A) - w)
Point Model Measured Model Measured
OP1 0.52 0.55 198.74 208.58
OP2 0.62 0.65 236.57 249.56
OP3 0.76 0.82 290.20 310.00
OP4 1.01 1.08 385.92 411.80
OP5 1.54 1.64 586.95 622.85

Source: provided by the author, 2025.

Table 1571 Experimental results of current and voltages on the transformer.

Operation | bpo ¢A) Eho ¥A) 4o EY) | TEmeo €VY)

Point MM MS MM MS MM MS MM MS

OP1 053 | 055 | 053 | 0.55 380 385 380 384
oP2 064 | 0.66 | 0.64 | 0.67 380 383 380 386
OP3 079 | 0.83 | 0.79 | 0.82 380 384 380 386
OP4 1.06 1.11 1.06 1.12 380 384 380 386
OP5 1.65 1.71 1.65 1.72 380 384 380 386

Source: provided by the author, 2025.

Table 16 shows results of the switching currents at both sides of the
transformer.

Table 17 shows the results of the transformer-inductor set apparent power
("Y), which is estimated with Equation (3.37) using the measured values of Table
15. The difference between the results is in agreement with the other results so

far.
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Table 16 - Experimental results of the switching currents.

Operation L (A) L (A) Siv (&) v )

Point MM MS MM MS MM MS MM MS

OP1 0.54 | 0.66 0.54 0.48 0.54 0.81 054 | 031
OoP2 0.65 0.81 0.65 0.53 0.65 0.95 0.65 0.39
OP3 0.80 0.95 0.80 0.73 0.80 1.05 0.80 | 0.57
OP4 1.08 1.27 1.08 0.99 1.08 1.37 1.08 | 0.83
OP5 1.71 1.85 1.71 1.57 1.71 2.00 1.71 1.38

Source: provided by the author, 2025.

Table 17 17 Experimental results of the transformer apparent power.

Operation {ly (VA)
Point Model Estimated
OP1 202.92 211.47
OP2 242.56 255.70
OP3 299.36 317.62
OP4 402.65 429.28
OP5 628.65 660.28

Source: provided by the author, 2025.

Regarding Tables 15 and 16, the difference between the magnitude of the
currents in the primary and secondary is due to the discrete inductor being placed
at the primary side of the converter. For this reason, the current of the
magnetizing inductance of the transformer is provided by the secondary bridge,
thus increasing its current (Guenter et al., 2023).

Moreover, the equations derived in this thesis considers an infinite
magnetizing inductance of the transformer, whereas in practice, this value is finite
and can increase the magnitude of the current "Q which explains the difference
between mathematical model and measured values.

Table 18 shows results for output current and output power. The table
shows that the measurements of point OP1, OP2 and OP5 are very close to the

expected values, whereas OP3 and OP4 have slightly different values.



Table 18 i Experimental results of output current and power.

Operation L. (A) k. (w)
Point Model Measured Model Measured
OP1 0.52 0.52 198.74 198.03
OoP2 0.62 0.62 236.57 237.80
OP3 0.76 0.78 290.20 297.47
OP4 1.01 1.04 385.92 393.70
OP5 1.54 1.55 586.95 589.50

Source: provided by the author, 2025.
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Table 19 shows results of the ripple and peak values of the DC blocking

capacitor voltage in the primary side. Although the shape of

(see Figure 47)

is as expected, the measured values are approximately double the mathematical

model values. It is believed that one of the 2.2 * "@apacitors had a bad solder

and was not connected in parallel with the other two capacitors during the tests,

which would explain these values being almost double than expected.

The AC-link board ended up being modified before these results were

analyzed (to fix problems from later tests). Thus, it wo u | dé&em equired to

measure every parameter in this section again just in order to get the correct

values for Table 19. Due to time constraints, it was decided to maintain these

results.

Table 191 Experimental results of DC blocking capacitor voltage.

Operation Y1 (V) mote (V)
Point Model Measured Model Measured
OP1 2.61 7.00 1.30 3.50
OP2 3.12 8.00 1.56 4.00
OP3 3.85 9.60 1.92 4.60
OP4 5.16 8.06 2.58 6.50
OP5 8.01 19.00 4.00 9.50

Source: provided by the author, 2025.
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The differences between mathematical model and measurements are
expected for many reasons: non-ideal behavior from real components (parasitic
resistances, inductances and capacitances, delays in switching, unmatched
parameters between power switches, measurement noise and others) and the
fact that the expressions were derived for an ideal lossless converter without the
DC blocking capacitors in series with the transformer. Phase-shift values used in
practice are different to compensate these unconsidered aspects in the
theoretical analysis.

Table 20 shows the measured temperatures of the transformer and
inductor during the tests of each operation point. Initial temperatures of the
magnetic cores are 28.5 °C and 22.5 °C for the transformer and inductor,
respectively. The temperatures at OP5 are close to what was defined during the

design.

Table 20 1 Experimental results of the temperature in the magnetic cores.

Operation Temperature (°C)
Point Transformer | Inductor
OP1 35.0 36.5
OoP2 36.0 34.0
OP3 42.0 40.0
OP4 50.5 51.0
OP5 77.5 80.0

Source: provided by the author, 2025

5.3 EFFICIENCY OF THE POWER STAGE

The efficiency of the prototype is estimated using the equations of Chapter
4 and measurements of the inductor and transformer that were built. Table 21
presents a comparison of the estimated efficiency with the measured efficiency
of the prototype. It can be seen that the maximum difference is of 2.43% and the
minimum is 1.04%.

Figure 50 presents the mathematical model curve (blue) of the efficiency

in function of %eand 0, as well as the experimental results (purple) from Table 21.
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It is clear that the tendency curve formed by the experimental points starts to
decrease much earlier than the estimated curve. This is likely because the IGBTs
of the active bridges have already been used for other projects and its
performance might have degraded due to past tests, thus making the use of the
dat asheetds parameter for | oss estimati ve
should be done to find out the exact reason for such differences in the results,

but such investigation is beyond the scope of this thesis.

Table 211 Efficiency estimates and measurements from each operation point.

Operation Efficiency (%)
Point Model Measured
OP1 96.64 94.94
OP2 96.85 95.29
OP3 97.00 95.96
OP4 97.13 95.60
OP5 97.08 94.65

Source: provided by the author, 2025.

Figure 50 1 Plot of efficiency estimative (continuous line) and experimental

results (dots) for the prototype operating with SPS modulation.
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5.4 OPERATION POINTS OUT OF ZVS REGION

It can be noticed that the lowest phase-shift value is 6° (point OP1), which
is greater than %o j calculated in the previous chapter, section 4.2.6. This
means that the converter should be operating with ZVS for all the operation points
in Table 12.

However, during tests of the prototype, it is noted that the primary bridge is
actually not operating with ZVS for OP1 to OP3. Figure 51 shows the waveforms
for OP3, where % (& Jthe voltage across the switch P1 (0 ; ) and its
command signal voltage (0 f ) during turn-on, along with current 'Q It can be
seenthat 0  is still decreasing when the 0  receives the command to turn
positive, interrupting the process of ZVS, which was nearly at the end. One
solution would be increasing the dead-time, however, it would mess with the

converterds oper atshifngpedode. t o t he phase

Figure 51 - Experimental waveform results of SPS modulation: 0  ,0 f and
‘Qfor OP3.
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This indicates that other parasitic capacitances present in other elements,
such as the transformer and the additional inductor, are probably influencing the
circuit and increasing the required current for discharging the output capacitance
of the power switch, since the other capacitances also needs to be
charged/discharged as well.

Parasitic resistances and the magnetizing inductance of the transformer are
other elements that modifies the ZVS region of the converter. Nevertheless, the
equations derived in this thesis does not considers these elements, which might
be one of the explanations for the differences between the theoretical and

experimental results.
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6 DUAL PHASE-SHIFT MODULATION

In this chapter, the operation principle of the DAB converter using the DPS
modulation is briefly described. Later, an algorithm is proposed to minimize the
RMS and the peak value of the transformer current, which decreases conduction
and magnetic core losses, thus increasing the efficiency of the converter. The
algorithm is developed for when the converter operates with a specific condition,

presented in the next sections. The analysis is done for positive power flow only.

6.1 OPERATION OVERVIEW

In the DPS modulation, there are two control variables, which are commonly
referred as: the external phase-shift % and the internal phase-shift % . The
external phase-shift is the same control variable of the SPS modulation. The
internal phase-shift is applied between the command signals of the power
switches in the same bridge, and it is equal for both bridges.

The addition of the internal phase-shift results in a three-level voltage
waveform at the output voltage of the bridge: , 0 and . This is the same
principle that is applied on full bridge inverters to achieve a three-level output
voltage.

Figure 52 shows the switching signals with the definitions of %.and %o , as
well as the voltage waveforms of 0 and 0 and the current waveform of “Qfor
the case of %o %0 %o wTJ % T \When operating in Voltage Match
mode.

Figure 53 shows other possible combinations of % and %. with their
respective voltage and current waveforms.

As can be seen in Figure 52 and Figure 53, the new control variable allows
shaping the transformer current in different ways, which creates optimization
possibilities, especially for the medium to low power range of the converter. On
the other hand, the converter analysis becomes more complex. Equations are
much more difficult and time consuming to derive, and also requires more

processor power in digital control systems.
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Figure 52 1 Main waveforms for DPS modulation operating in Voltage Match

mode and %o %0 %o WTTJI% wTJd
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The power transmitted 0 can be calculated with equation (6.2) (Kim et al.,
2011). Figure 54 shows the plot of the normalized power transmitted 0 070 as

a function of %ocand %o
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Figure 53 1 Different "Q shapes for other conditions in Voltage Match mode:
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Figure 54 1 Normalized power transmitted plot versus %.and %. for DPS

modulation.

¢..(°) 180 ) 0 é(°)

Source: provided by the author, 2025.

As can be seen in Figure 54, there are many possible phase-shift pair
values that can be used to transfer the same value of active power. However,
other parameters such as RMS value of the inductor current, circulating power
and peak value of the inductor current are different for each phase-shift pair (Kim
et al., 2011). Hence, depending on the optimization objective, a different phase-
shift pair value can be used to improve a certain aspect of the converter
operation.

Moreover, it can be seen that the possibilities for improvement belongs in
the lower to intermediate power range of the converter, since under maximum
power level %0 w Ttand %o 1t Jwhich is essentially the SPS modulation.

In the particular conditions of %o %0 %o wTJ % T dlustrated
in Figure 52, there is a period in which no active power is transferred between
the input and output ports of the converter. This happens when both the voltages
O and0 are zero at the same time (e.g., at the [0,0 ] interval). Current does

not flow through the input and output ports, but it might still flow through the
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transformer and the power switches. Thus, only conduction losses are generated
during this period.

In Voltage Match mode, the inductor current during this period is zero, as
shown in Figure 52. However, this does not happen for boost and buck modes,
as can be seen in Figure 55. The waveform of currents "Qand "Q for modes buck
and boost can be seen in at Appendix C.

This also happens when %o %0 %o WTTJI % wTTAr %o %0
%o wTJ% w T but these conditions are not covered because the current
‘Q, is much greater in these cases.

Many DPS-based modulation strategies proposed focus on reducing either
the overall conduction loss, circulating power or improving the ZVS region of the
converter, but none offered an analysis or solution for improving this particular
aspect of the converter operation.

Therefore, in the next section, an investigation to verify if it is possible to
improve this aspect is done.

Figure 55 -0 , a2 and ‘Qwaveforms in DPS modulation when %o %o

%0 wTJ % wTfdr: a) Boost mode; b) Buck mode.
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6.2 CURRENT STRESS UNDER THE CONDITION %o %o

In order to verify a possible solution, two target parameters are defined:

‘O and WY , seen in Figure 52 and Figure 55. This period in which there is no

active power being transferredisd esi gnat egpoaverizéemot his

t hes
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The inductor current is constant during the zero-power period, thus O is
a constant value. For reducing losses, 'O should be reduced. It is important to
note that the value of ‘O will impact on the ability of the switches to operate with
ZVS. Furthermore, &Y should also be reduced, to increase the period in which
the converter is actually transferring active power.

As stated before, deriving equations to analyze the behavior of the target
parameters can be exhaustive. Hence, to understand how the control variables
%0and %o modify these parameters, a series of simulations in PLECS 4.8.6 are
done to gather some data. Specifically, the parameters 0, 'O, Y, @  and
‘G, are analyzed for various operation points.

The simulations are done for all three operation modes of the converter:
voltage match, boost and buck, i.e., 0 p,0 pand0 p, respectively. The
converter parameters are the same as presented in Table 4 with 0 v WT QO
unless stated otherwise.

For a fair comparison, data from operation points with the same level of
power transmitted have to be considered. For this purpose, the power level of
0 o Ta is chosen for the Voltage Match mode. Table 22 presents the

parameters values of the operation points for the given power transmitted.

Table 22 1 Simulation results in Voltage Match mode for investigation of DPS

modulation.
%() | % () | OW) | OmA)[FY (s)[aG B Q &)
20 90 299.35 6.94 9.66 1.21 1.78
18 80 306.43 6.93 8.50 1.15 1.60
16 70 305.25 6.85 7.40 1.08 1.42
14 60 295.82 6.68 6.32 0.99 1.24
12 40 300.57 6.68 3.89 0.92 1.07

Source: provided by the author, 2025.

It can be seen in Table 22 that 'O is not zero. There are a few reasons that

can lead to this: a DC component in “Q 0 ; Voltage drops on the parasitic

resistances of the PCB traces might increase the voltage applied to the
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transformer, which would modify the shape of the current; Dead time will cause
slightly different slew rates of the voltages applied to the transformer in a
switching period. Since this analysis considers an ideal converter, the results for
‘O are not much relevant for developing the solution.

For the Boost mode simulations, ®w o v @iandw o Y a6 Vice-versa for
Buck mode simulations. Table 23 presents the data collected of the operation
points for 0 ¢ v 6. Due to the symmetrical nature of the converter, the results

for Buck and Boost mode are almost identical.

Table 23 - Simulation results in Buck and Boost modes for investigation of DPS

modulation.
0 O 3Y G G
(%q%o )
(W) (mA) (‘s) (A) (A)

)

Buck Boost | Buck Boost | Buck Boost | Buck Boost | Buck Boost

(18,90) | 2525 251.0 | 310 320 | 10.00 9.96 1.08 1.08 1.79 1.78
(16,80) | 255.0 253.3 | 340 360 8.86 8.85 1.03 1.03 1.66 1.66
(14,70) | 2499 248.1 | 380 390 7.74 773 | 0.96 0.96 1.53 1.53
(12,50) | 258.1 255.9 | 450 460 5.25 528 | 0.92 0.91 144 1.44
(10,30) | 251.6 249.2 | 520 530 2.77 275 | 0.85 0.84 1.34 1.34

Source: provided by the author, 2025.

By looking at Table 22 and Table 23, a couple of conclusions can be made:
1 As the value of the phase-shift pair decreases, 'O increases, while
W'Y decreases.
1 As the value of the phase-shift pair decreases, both ‘G, and G,

decrease.

6.2.1 Final Remarks

With the data shown, choosing the phase-shift pair which minimizes 'O

might not be the best choice, since this will increase the other parameters

A

analyzed (WY, @ and®} ). Besides that, there isnodt

ol

‘O, which is approximately 200 mA between the maximum and minimum value
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of Table 23, which are from phase-shift pairs (18°, 90°) and (10°, 30°). This is
about the same difference between the maximum and minimum value obtained
of @, . The biggest difference comes from the maximum and minimum value of
‘Q, , which is about 400 mA.

Of course, utilizing a phase-shift values with more decimal points can yield
large reductions for 'O . However, this comes at the expense of increasing ‘G,
and @, , which are much more important parameters when trying to increase the
efficiency of the converter. Furthermore, if ‘O is increased, it might guarantee that
the power switches operate with ZVS.

As seen in the mathematical model of the converter operating with SPS
presented in Chapter 3, and also from equations of ‘G, and ‘G, derived from
DPS modulation by Kim et al. (2011), using the lowest phase-shift pair possible
will result in the lowest current stress.

More possibilities of improvement can be achieved if "Qis modified, but it

is out of the scope of this thesis.

6.3 ALGORITHM PROPOSAL

I n | i ght of the investigationoés
algorithm to automatically find the lowest phase-shift pair value for a given power
level (or output voltage). The algorithm stems from so | ar i nver
algorithms, which uses Perturb & Observe techniques to track the maximum
power operation point. In this case, the algorithm tracks the minimum current
stress operation point. Thus, it is going to be referred as minimum Current Stress
Point Tracking (mMCSPT).

The algorithm is supposed to be executed when the converter is already
in steady state at the desired power level. Therefore, there needs to be a main
controller that provides the initial values of the phase-shift pair. The design of
such controller will not be covered in this thesis since it could be used with any
controller. For example, a standard PI controller for SPS, in which a design
method is presented by Santos-Silva (2019), with a fixed % value could be

used, among other modulations strategies more elaborated such as presented

out come

terso
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by Kim et al. (2011) or Ding et al. (2021). Figure 56 presents a block diagram of

the system with the proposed algorithm.

Figure 56 1 Block diagram of a control system using the mCSPT algorithm.
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Source: provided by the author, 2025.

The external controller may be configured to limit operation of the
converter under the conditions of %o %o %o W % T, Which can
reduce EMI caused by the converter since the switches are activated one by one.
Hence, the developed algorithm will be demonstrated only for this case.

The advantage of using an automatic and online algorithm is that it does
not rely on mathematical expressions, which would require accurately measured
converter parameters. Otherwise, theoretical and experimental results would
notably deviate due to non-ideal aspects of the converter, such as dead-time,
mi smat ch i n sowoffttimds easdosignal udelays. The goal for the

developed algorithm is for its implementation to be as simple as possible.

6.3.1 Description of the Algorithm Operation

The mCSPT operation is based on a simple action: decrementing both
phase-shift values in steps, one phase-shift at a time, until they reach the
minimum value necessary for delivering the required active power.

Figure 57 illustrates the idea by showing the power transmission plot

versus the internal phase-shift, where each curve has a different %o value.
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Basically, the algorithm walks through every operation point that can transmit the

desired active power until it reaches the last one.

Figure 57 i Plot of 0 versus %o and % illustrating the operation of the mCSPT

algorithm.

Source: provided by the author, 2025.

For a demonstration considering a resistor as a load, the algorithm is going
to use the output voltage as a reference (wy ), instead of the active power
transfer. This will simplify the implementation of the algorithm by requiring only
an output voltage sensor. Furthermore, it is assumed that the initial values of the
phase-shift pair will be the highest possible.

Four algorithm parameters are defined for its operation: the external
phase-shift step (w %, the internal phase-shift step («% ), a voltage margin
tolerance (@ ) and a waiting period ("Y). The waiting period is necessary for the
settling time of U after a phase-shift step, due to the dynamics of the output
capacitor. If "Y is not enough for 0 to achieve steady state after a phase-shift

step, the algorithm might not work as expected.




































































































































