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Summary

Modelling and Modulation Schemes for Multi-Level Dual
Active Bridge Converters

Power electronic converters are widely used for energy conversion and enable the

transition towards a more-electric society. They are key for renewable energy gener-

ation, battery chargers and powertrains of plug-in hybrid electric vehicles (PHEVs)

and battery electric vehicles (BEVs). More specifically, electrification of the auto-

motive industry requires power electronics converters with high efficiency and power

density in order to maximize the vehicle’s driving range and reduce their space uti-

lization. This thesis focuses on single-stage single-phase Dual Active Bridge (DAB)

DC–DC converters, which are suitable for automotive applications, because of the

soft-switching (SS) operation and bidirectional power flow capability, as well as the

provided galvanic isolation.

The research goal of the work described in this dissertation is to investigate single-

stage DC–DC converter topologies that achieve high efficiency and power density over

a wide range of voltage. This work presents the tools required to model any number

of multi-level DAB converters, suitable for bidirectional DC–DC and AC–DC power

conversion.

A generic modelling technique is established which scales for any multi-level DAB

converter, featuring a piecewise-linear and a Fourier series based modelling approach.

For a large number of bridge voltage levels, a large number of switching modes is

present. A systematic way to identify the number of modes, the edge sequence and
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to derive the relevant piecewise-linear voltage, current, charge and power flow equa-

tions is presented. Thus, the voltage, current and charge waveforms can be analysed

together with the power flow, for steady-state operation. An approximation of the

piecewise-linear equations can be represented by Fourier-series-based equations that

have no need for distinguishing switching modes. Furthermore, soft-switching can be

verified using either current or charge constraints.

Using the derived modelling techniques and by incorporating zero voltage switch-

ing (ZVS), numerical and close to optimal analytical modulation schemes are de-

rived, which assure ZVS and low circulating currents. For this, a numerical optimizer

is configured with the Fourier-series-based equations, which finds optimal converter

modulation for the entire operating region. By using the results of the numerical op-

timizer and the piecewise-linear equations, closed-form solutions are derived for each

control variable, that yield close-to-optimal operation of the converter in the entire

operating region. The procedure is applied separately using both current-based (CB)

and charge-based current-dependent (CBCD) ZVS constraints.

The analysis and the design of DAB converters are mainly focused on steady-state

and ignore transients and dynamic behaviour. A transient sequence derivation proce-

dure is presented which facilitates the transitions of a DAB converter between states

in a predictable manner, in order to avoid unwanted behaviour. A generic transition

switching sequence is derived that enables soft-switching operation during the tran-

sition from one state to another, using minimum number of switching events. The

transition switching sequence is used to derive start-up, shut-down and operating

point to operating point transition sequences that are able to guide the converter

from a state (or operating point) to another state within two switching events, assur-

ing soft-switching.

A comparative evaluation of various DAB variants is carried out, including the 3–

3L DAB and the 3–5L DAB. This evaluation confirms that, for equal conditions, the

multilevel 3–5L DAB converter variants can achieve full-operating-range ZVS with

lower circulating currents compared to the 3–3L DAB. Comparison among the 3–

5L DAB variants showed that the extra modules added (i.e. 222 and 333 variants)

can bring advantages, despite the practical constraints, and overall complexity.

The operation of the 3–5L DAB and the associated modulation schemes are experi-

mentally verified. For this purpose a 2.8 kW prototype 3–5L DAB DC–DC converter



was designed and built to operate with a low voltage (primary-side) range of 8−16 V

and high voltage (secondary-side) range of 175 − 450 V. The obtained experimen-

tal results show that the modelling theory and modulation schemes are applicable in

practice, and ZVS constraints are met. Thereby the theoretical analysis is confirmed.

When the converter is operated as one module of the 333 3-5L-T the proposed modu-

lation scheme demonstrates low circulating currents, soft-switching, and an efficiency

reaching 86 % for an output power level of 600 W.

Overall, it has been demonstrated that applying complex modulation strategies using

multi-level DAB topologies to high current, low voltage applications is challenging,

since the necessary very low inductance is difficult to achieve. Different DAB variants

should be studied to enable easier implementation and higher efficiencies.





Contents

Summary iii

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Dual Active Bridge topologies and variants . . . . . . . . . . . . . . . 3

1.3 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

I Modelling, Modulation Schemes and Transient Sequence 9

2 Dual Active Bridge Modelling 11

2.1 DAB and equivalent circuit model . . . . . . . . . . . . . . . . . . . . 12

2.2 Piecewise-linear modelling . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 Heaviside step function . . . . . . . . . . . . . . . . . . . . . . 21

2.2.2 Voltage modelling . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.3 Current, charge and power flow modelling of the general lp-ls DAB 26

2.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3 Fourier Series Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4 Soft-Switching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.4.1 Zero voltage switching (ZVS) principle . . . . . . . . . . . . . . 36

2.4.2 ZVS conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3 Modulation Schemes 45

3.1 General description of the method . . . . . . . . . . . . . . . . . . . . 46

3.1.1 Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.1.2 Numerical optimizer settings . . . . . . . . . . . . . . . . . . . 49

3.1.3 Analytical derivation procedure . . . . . . . . . . . . . . . . . . 50

3.2 Current-based modulation scheme . . . . . . . . . . . . . . . . . . . . 51

vii



3.2.1 Optimizer results . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2.2 Current-based analytical modulation scheme . . . . . . . . . . 52

3.2.3 Comparison 3-3L vs 3-5L . . . . . . . . . . . . . . . . . . . . . 59

3.3 Charge-Based modulation scheme . . . . . . . . . . . . . . . . . . . . . 63

3.3.1 Optimizer results . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.3.2 Charge-based current-dependent analytical modulation scheme 65

3.3.3 Comparison 3-3L vs 3-5L . . . . . . . . . . . . . . . . . . . . . 69

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4 Transient Sequence 77

4.1 Switching pattern modelling . . . . . . . . . . . . . . . . . . . . . . . . 78

4.1.1 Derivation of general switching pattern . . . . . . . . . . . . . 78

4.1.2 System of equations . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2 Minimum number of switching events . . . . . . . . . . . . . . . . . . 82

4.3 Soft-switching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.4 Operating point to operating point transition sequence derivation . . . 88

4.5 Start-up sequence derivation . . . . . . . . . . . . . . . . . . . . . . . . 89

4.6 Shut-down sequence derivation . . . . . . . . . . . . . . . . . . . . . . 91

4.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

II Comparative Evaluation and Experimental Verification 95

5 Comparative Evaluation 97

5.1 DAB converter variants . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2 Component modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.2.1 Semiconductor losses . . . . . . . . . . . . . . . . . . . . . . . . 103

5.2.2 Semiconductor and cold plate volume . . . . . . . . . . . . . . 104

5.2.3 Inductors and transformers . . . . . . . . . . . . . . . . . . . . 105

5.2.4 DC-Link capacitors . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.2.5 EMI filters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.2.6 Auxiliary circuits . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.3 Comparison results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.3.1 Semiconductor chip area based converter comparison
(SAC2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.3.2 Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.3.3 Power Density . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116



6 Experimental Verification 119

6.1 Prototype Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.1.1 Bridge realisation . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.1.2 Magnetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.1.3 DC-Link Capacitors . . . . . . . . . . . . . . . . . . . . . . . . 123

6.1.4 Gate Drivers, Control Platform and Final Prototype . . . . . . 123

6.1.5 Measurement Setup and Equipment . . . . . . . . . . . . . . . 125

6.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.3 Operation as one module of a 333 3-5L-T DAB converter . . . . . . . 128

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

III Closing 133

7 Conclusions and Recommendations 135

7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

7.2 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

7.2.1 Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.3 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

A Nomenclature 143

A.1 Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

A.2 Conventions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

A.3 Designators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

A.4 List of symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

A.5 List of matrix symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

B Modelling of the 3–5L DAB 151

B.1 Switching modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

B.2 Piecewise-linear equations . . . . . . . . . . . . . . . . . . . . . . . . . 154

C Modulation schemes 157

C.1 Current expressions for 3–5L DAB . . . . . . . . . . . . . . . . . . . . 157

C.2 Control angles for current-based modulation scheme . . . . . . . . . . 159

C.3 Control angles for charge-based current-dependent modulation scheme 163

Bibliography 169





Chapter 1

Introduction

1.1 Background

Energy policies worldwide aim to enhance energy availability and independence from

fossil fuels, to reduce air pollution and contribute to public health improvements. For

example, the Paris agreement [76] within the United Nations Framework Convention

on Climate Change, brings all nations together into a common cause to undertake

ambitious efforts to combat climate change. Similarly, the European Commission is

working towards its energy targets for 2030 [32] and is focusing on ’Building a low-

carbon, climate resilient future’ through its Horizon 2020 initiative for secure, clean

and efficient energy, where electricity will be a major energy carrier.

Key areas, to achieve the aforementioned goals, are clean energy, smart grids, trans-

portation and so forth, where the energy footprint can significantly be reduced. More

specifically, among the efforts in various areas, the transportation related CO2 emis-

sions should be reduced. The EU has recently put in place further legislation to reduce

CO2 emissions from new cars and vans, to a 40% decrease in emissions from new cars

in 2021 compared to 2005 and a 19% decrease for new vans in 2020 compared to 2012

[33].

Electrification of transportation (Electric mobility) is expected to play a major role

for achieving the emission reduction goals for three reasons. Electric powertrains are
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significantly more energy efficient than conventional ones, electricity can make direct

use of energy from renewable sources available for transport, and additionally, when

connected to the power grid, batteries of battery electric vehicles (BEVs) could stabi-

lize the grid and balance supply and demand facilitating the integration of renewable

sources [1, 19, 25, 26, 69, 100].

Power electronics play a key role in high voltage direct current (HVDC) power

transmission, the integration of solar and wind energy into the grid, and the elec-

trification of transportation, and thus contribute in the emission reduction goals

[17, 53, 59, 67, 73, 83]. More specifically, in the electrification of transportation,

efficient, lightweight, volume dense and cheaper power electronics converters cause

overall lower power losses, extend the driving ranges of electric vehicles (EVs) and

contribute towards faster penetration of EVs in the market [15, 19, 26]. Consequently,

power electronics can contribute in the reduction of the ecological footprint of trans-

portation.

Application areas of power electronics within transportation are numerous, such as

(fast-)chargers for EVs with bidirectional power flow capability and galvanic isola-

tion for vehicle-to-grid (V2G) operation, electric powertrains with bidirectional power

flow capability (regenerative braking), bidirectional isolated interfacing of batteries

in BEVs and plug-in hybrid electric vehicles (PHEVs), and power supply in auxiliary

loads. Figure 1.1 shows a typical battery electric vehicle (BEV) electric power system

architecture which is also applicable to PHEVs in case an internal combustion engine

and relevant energy conversion subsystems are present [26].

In more detail, DC–DC converters interface the low-voltage (LV) and high-voltage

(HV) batteries (further referred to as the low-voltage to high-voltage (LV2HV) in-

terface), AC–DC converters connect the HV batteries with the grid, while DC–AC

converters transfer power from the HV batteries to the electric motors (and vice

versa). High power density and efficiency are required in such applications in order to

maximize the driving range and space utilization, while galvanic isolation is required

for safety purposes. A common practise to achieve higher efficiency in LV2HV appli-

cations is the use of more conversion stages. For example, a boost converter can step

up a low voltage and then a DAB can regulate power (dual-stage approach). While

dual-stage approaches can increase efficiency, power density is reduced. The focus of
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Figure 1.1: Typical BEV electric power system architecture [26]. The BEV turns
into a plug-in hybrid electric vehicle (PHEV) in case an internal combustion engine

is present (as shown in the lower right part).

this work is on single-stage isolated DC–DC Dual Active Bridge (DAB) converters

suitable for high power density and efficiency.

1.2 Dual Active Bridge topologies and variants

The need for efficient and compact bidirectional isolated DC–DC converters in auto-

motive applications is discussed in the previous section. The DAB converter features

properties such as buck-boost operation, galvanic isolation and bidirectional power

flow capability and seems to be a promising choice to achieve high-efficiency and high

power density [11, 22–24, 36, 44, 52, 58, 61–64, 85, 98, 99, 103, 107].
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Figure 1.2: Single-phase Dual Active Bridge (DAB) DC–DC converter topology
(3–3L DAB) [22].

Figure 1.2 shows the circuit diagram of a DAB converter, which was introduced in

1988 [22, 24] for the realization of high-efficiency, high-power-density, isolated DC–DC

converters with buck-boost operation and bidirectional power flow capability [11, 13,

23, 36, 39, 44, 52, 58, 61–64, 85, 98, 99, 103, 105, 107]. It consists of two (primary-side

and secondary-side) full-bridges, coupled by a high-frequency (HF) transformer and

a series inductor L.

Since the first publication, various modulation strategies have been proposed for the

DAB. The original modulation strategy to regulate the power flow, is using a phase-

shift between the inverter bridge voltages, known as single phase-shift (SPS) modu-

lation. A major drawback of the SPS control method is that, when the primary-side

and primary referred secondary-side voltages differ, soft-switching operation is lost

and the circulating currents are relatively high.

This problem is solved by using additional degrees of freedom, i.e. controlling the

duty-cycle of both inverter bridges [38, 63, 98, 103]. Doing so, the control variables

are increased to three, and soft-switching and lower circulating currents for a wider

voltage-range can be achieved [38]. The main objective in the operation of a DAB is

to achieve full-operating-range ZVS and to minimize the RMS current of the induc-

tor/transformer [38, 40, 78].

To further lower the circulating currents for wider voltage-ranges, the 3–5L DAB was

introduced in [16, 35]. It consists of a primary-side full-bridge and a secondary-side

mixed bridge, coupled by a high-frequency (HF) transformer and series inductor L.

The 5L mixed bridge is implemented as a combination of a 3-level T-type leg and a
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Figure 1.3: Single-phase Dual Active Bridge (DAB) DC–DC converter topology
(3–5L DAB) with (a) one (3–5L–T) and (b) two T-Type (3–5L–TT) leg(s).

half-bridge leg (Figure 1.3(a)), or two 3-level T-type legs (Figure 1.3(b)) [16]. Other

implementations are also possible, using for example a Neutral Point Clamped (NPC)

[43, 71, 72, 101] or a flying capacitor bridge leg. Figure 1.3 shows the schematic of

the considered bidirectional 3–5L DAB.

Compared to the 3–3L DAB, of which the bridges each generate three voltage levels

(i.e. ±VDC and 0), the secondary-side bridge of the 3-5L DAB can generate two

additional voltage levels (i.e. ±VDC/2). This provides more flexibility for optimally

shaping the inductor/transformer current in order to minimize its RMS value [16].

The extra switches (S9, S10) used for the extra voltage levels need to be able to

block only half the DC-bus voltage, requiring devices with half the voltage rating and

typically less than half the on-resistance which improves the conversion efficiency.
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1.3 Research objectives

Power electronics play a key role in the electrification of transport. Their performance

indices such as efficiency, weight, volume and cost determine the overall efficiency,

range, cost and market penetration of EVs. These performance indices can possi-

bly be improved by more advanced (multi-level) converter topologies, soft-switching

techniques, higher switching frequencies and modular architectures.

The research goal of this dissertation is to investigate single-stage bidirec-

tional isolated DAB DC–DC converter topologies that achieve high effi-

ciency and power density over a wide range of voltage. DAB converters are

selected, for their soft-switching and bidirectional power flow capabilities, galvanic

isolation, and buck-boost operation, as suitable candidates for the implementation

of single-stage DC–DC converters for automotive applications. The state-of-the-art

DAB converter topologies are considered as a starting point. Based hereupon, modu-

lation strategies for multi-level DAB converters are introduced. Furthermore, different

architectures that can be scaled in power and/or voltage levels are considered and a

comparison is performed among the candidate converter variants.

To achieve this research goal, various objectives are defined.

� Development of a generic modelling method, that can be scaled to

any single-phase multi-level DAB converter.

A modelling framework is required for single-phase multi-level DAB converters

that is scalable and is able to overcome the limitations of modelling due to

the discrete operating modes of DAB converters. The framework should be

able to provide analytical equations of voltage, current and charge waveforms,

and power flow. Preferably, the framework should overcome the necessity of

distinguishing operating modes and should need low computational effort to

facilitate the increasing number of variables as levels increase.

� Derivation of analytical modulation strategies that result in soft-

switching and low circulating currents in the entire operating region.

In order to achieve high efficiency and power density for single-phase DAB con-

verters, modulation strategies have to be derived which result in soft-switching

and minimal circulating currents in the entire operating region. Analytical mod-

ulation strategies are preferred since they allow fast analysis and can be easily
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implemented in control platforms and achieve close-to-optimal operation of the

converter.

� Derivation of switching sequences that enable soft-switching opera-

tion and low circulating currents during the transition between op-

erating points and on/off states.

In order to improve the dynamic behaviour of the DAB converters, and to avoid

unwanted effects during transients, switching sequences are needed that enable

soft-switching operation and low circulating currents during transition from one

operating point to another or from on state to off state (or vice versa).

� Comparative evaluation of single-phase DAB converter variants.

In order to assess which of the investigated converter variants is best suited for

wide voltage-range applications, a comparative evaluation is required among all

possible DAB variants and architectures. Performance indices such as efficiency,

power density and semiconductor chip area should be evaluated to determine

the best performing converter. Consequently, power loss and volume models

of the semiconductors, transformer, inductors, capacitors and EMI filters are

required, in addition to the total semiconductor chip area of each converter

variant.

� Experimental verification of the modelling methods and modulation

strategies.

The modelling methods, modulation strategies and transient sequences should

be validated by means of measurements on a prototype converter. Consequently,

a representative converter has to be designed and built in order to verify the

aforementioned concepts.

1.4 Thesis structure

The thesis is divided in three parts. Part I focuses on the generic modelling of DAB

converters in steady-state operation and on modulation strategies for the 3–5L DAB

converter. The analysis is based on piecewise-linear (PWL) and Fourier-series equa-

tions, and is covered in Chapter 2. Chapter 3 covers the numerically and analytically

derived modulation strategies for the 3–5L DAB converter. Chapter 4 introduces a
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systematic approach to derive switching pattern(s) (transient sequence(s)) that guide

a DAB converter from an initial state to a target state.

Part II addresses the evaluation and the comparison of a selected variety of DAB

converters and the experimental verification of the most promising solutions. A com-

parative evaluation of seven DAB variants is carried out in Chapter 5, considering

low-voltage to high-voltage (LV2HV) bidirectional power flow applications. Experi-

mental verification of the modelling, the modulation strategies, and the design and

realisation of a 3.2 kW prototype are presented in Chapter 6.

Lastly, Part III includes the main conclusions, the contributions and recommendations

for future research (Chapter 7). The analytical modulation strategies are presented

in the appendices.



Part I

Modelling, Modulation

Schemes and Transient

Sequence

9





Chapter 2

Dual Active Bridge Modelling

This chapter introduces a systematic way to model single-phase DAB converters us-

ing piecewise-linear (PWL) and Fourier-series based methods. A generic approach is

presented that incorporates all operating modes in a single formula for every quantity,

using the Heaviside step function. This principle can be expanded to model a DAB

of any level (lp-ls
2). The developed modelling technique is used for the derivation of

analytical ZVS modulation schemes discussed in Chapter 3. Moreover, Fourier-series

based formulas can be used to approximate a PWL waveform with a relatively low

number of frequency components and can also be used to model a DAB of any level

(lp-ls). The advantages of Fourier-series based modelling (compared to the Heaviside

This chapter is based on:
- J. Everts, G. E. Sfakianakis, and E. A. Lomonova, “Using Fourier Series to Derive Optimal Soft-
Switching Modulation Schemes for Dual Active Bridge Converters,” in IEEE 7th Annual Energy
Conversion Congress and Exposition (ECCE 2015), Sept. 2015, pp. 4648–4655
- G. E. Sfakianakis, J. Everts, H. Huisman, and E. A. Lomonova, “ZVS Modulation Strategy for a 3-5
Level Bidirectional Dual Active Bridge DC–DC Converter,” in Eleventh International Conference
on Ecological Vehicles and Renewable Energies (EVER 2016), April 2016, pp. 1–9
- G. E. Sfakianakis, J. Everts, H. Huisman, T. Borrias, C. G. E. Wijnands, and E. A. Lomonova,
“Charge–Based ZVS Modulation of a 3—5 Level Bidirectional Dual Active Bridge DC–DC Con-
verter,” in IEEE 8th Annual Energy Conversion Congress and Exposition (ECCE 2016), Sept.
2016, pp. 1–10

2 lp is used to designate the voltage levels of the primary-side bridge and ls to designate the
voltage levels of the secondary-side bridge.
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based PWL modelling) is that the computational effort needed is reduced with contin-

uous waveforms. Therefore this technique is suitable for the derivation of numerical

modulation schemes (i.e. repetitive calculations) presented in Chapter 3.

2.1 DAB and equivalent circuit model

Figure 2.1: Circuit schematic of the lp-ls DAB Dual Active Bridge converter.

The single-phase lp-ls DAB consists of a primary-side and a secondary-side bridge,

coupled by a high-frequency (HF) transformer of winding ratio N, a series inductor

L and commutation inductances L1, L2. The inductances L1, L2 are used to increase

the commutation current and, thus, contribute in achieving ZVS. The single-phase

lp-ls DAB shown in Figure 2.1 can be modelled using linear storage elements, ideal

switches and ideal voltage sources. This neglects resistances and non-linear effects.

For a given state of switches, a linear circuit is formed and a continuous-time model

can be derived by solving linear differential equations.

The equivalent circuit of the single-phase lp-ls DAB is shown in Figure 2.2, where all

secondary-side quantities are referred to the primary-side. Its dynamics are generally

described by:

diL(t)

dt
=
v1(t)− v′2(t)

L
, (2.1)

diL1
(t)

dt
=
v1(t)

L1
, (2.2)
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Figure 2.2: Primary-side referred equivalent circuit of the Dual Active Bridge
converter

diL′2(t)

dt
=
v′2(t)

L′2
, (2.3)

where

L′2 = L2 ·N2, (2.4)

v′2(t) = N · v2(t), (2.5)

and N being the transformer turns ratio

N = n1/n2, (2.6)

from which the respective inductor currents and charges are derived. The bridge

currents iHF1(t) and i′HF2(t) are given by:

iHF1(t) = iL(t) + iL1
(t), (2.7)

and

i′HF2(t) = iL(t)− iL′2(t). (2.8)

The commutation inductance current iL′2(t) and bridge current i′HF2(t) can be referred

to the secondary-side using:

iHF2(t) = N · i′HF2(t), (2.9)

and

iL2(t) = N · iL′2(t). (2.10)
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Voltage modelling

The voltage sources v1 and v2 can be modelled as square-wave pulses, using piecewise-

linear methods as shown in Figure 2.3, or using Fourier-series based methods as shown

in Figure 2.9(a). Both figures show an example of v1 and v2 waveforms for a 3–3L DAB

converter. The voltage modelling will be further discussed later in this chapter.

Main inductor and commutation inductances current

Solving (2.1)-(2.3), and assuming steady state and symmetric operation (e.g. iL(t) =

iL(t + Ts) and iL(t) = −iL(t + Ts/2)), yields the expressions for the main inductor

current:

iL(t) =

t∫
0

v1(τ)− v′2(τ)

L
dτ + iL(0), (2.11)

the primary-side commutation inductance current, which represents the magnetising

inductance of the transformer:

iL1
(t) =

t∫
0

v1(τ)

L1
dτ + iL1

(0), (2.12)

and the secondary-side commutation inductance current:

iL′2(t) =

t∫
0

v′2(τ)

L′2
dτ + iL′2(0). (2.13)

For simplicity. the variable t is bounded between 0 and Ts (0 ≤ t ≤ Ts), where Ts is

the switching period, fs = 1/Ts the switching frequency and ωs = 2πfs the angular

frequency.
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Bridge charge

The bridge charge is used to find the ZVS conditions that are discussed in Sec-

tion 2.4.2, and is given by

q1(t) =

t∫
0

iHF1(τ) dτ + q1(0), (2.14)

for the primary-side bridge, and by

q′2(t) =

t∫
0

i′HF2(τ) dτ + q′2(0), (2.15)

for the secondary-side bridge, which can be referred to the secondary side by

q2(t) = N · q′2(t). (2.16)

Power flow

Assuming lossless operation, equations (2.1)-(2.3) would need to be solved resulting

to the input power P1 and input current IDC,1 of the DAB, i.e. averaged over a

switching period Ts = 1/fs. Both can be controlled by the modulation parameters,

and are given by

P1 =
1

Ts

∫ Ts

0

v1 · iHF1 dt, (2.17)

IDC,1 =
P1

VDC,1
. (2.18)

2.2 Piecewise-linear modelling

Switched-mode power converters can be considered as a linear circuit for a given state

of switches. During a full switching period, multiple states of switches will occur, each

representing a linear circuit. This set of linear circuits can be modelled as a PWL

system. Therefore, in literature [34, 55, 56], the DAB is often analysed and modelled

using PWL equations.
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3-3L DAB

Figure 2.3 shows the square pulse waveforms of voltages v1 and v2, the relevant

voltage edges and the control variables. Each voltage edge is characterized as rising

(1) or falling (-1) depending on the voltage transition. The voltage edges of the

3–3L DAB and the relevant rf indices are summarized in Table 2.1. The control

variables τ1.1 and τ2.1 define the pulse width of the primary-side and secondary-side

voltage, respectively, and φ2.1 the relative phase shift between them. The limits of

the control variables are given by

0 ≤ τ1.1, τ2.1 ≤ π, (2.19)

and

− π ≤ φ2.1 ≤ π. (2.20)

Figure 2.3: General waveforms of v1 and v2 referred to the primary side, for the
3–3L DAB.

All switching instants/voltage edges of Table 2.1 are summarized in

θi = {α, β, γ, δ, µ′, ν′, κ, λ, µ, ν, κ′′, λ′′}. (2.21)

The extra edges µ′, ν′, κ′′ and λ′′ are used to correctly model voltage v2 in every case.

If φ2.1 and τ2.1 are equal to π, then angle of edge µ′ is 0, which brings edges µ′ and

ν′ inside the interval [0, 2π]. Similar for edges κ′′ and λ′′, if φ2.1 = −π, both edges

are within the interval [0, 2π]. This can be seen in Figure 2.4.
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Table 2.1: Voltage edges for the 3–3L DAB. The rf index denotes if the edge is
rising (1) or falling (-1).

Primary-side Secondary-side

Edge Angle Type rf Edge Angle Type rf

- - - - µ′ φ2.1 − τ2.1 Falling -1

- - - - ν′ φ2.1 Rising 1

α π − τ1.1 Rising 1 κ π + φ2.1 − τ2.1 Rising 1

β π Falling -1 λ π + φ2.1 Falling -1

γ 2π − τ1.1 Falling -1 µ 2π + φ2.1 − τ2.1 Falling -1

δ 2π Rising 1 ν 2π + φ2.1 Rising 1

- - - - κ′′ 3π + φ2.1 − τ2.1 Rising 1

- - - - λ′′ 3π + φ2.1 Falling -1

Table 2.2: Operating modes of the 3–3L DAB and the respective voltage edge
sequence of the edges that fall within the [0, π] interval.

Mode Edge Sequence Mode Edge Sequence Mode Edge Sequence

1 α µ′ ν′ β 5 ν′ α κ β 9 κ λ α β

2 µ′ α ν′ β 6 ν′ κ α β 10 α λ µ β

3 µ′ ν′ α β 7 α κ λ β 11 λ α µ β

4 α ν′ κ β 8 κ α λ β 12 λ µ α β

Depending on the edge sequence (order) of the primary-side and secondary-side bridge

voltages, a different operating mode is formed which leads to a different set of linear

equations. The operating modes are resulting from all possible and unique combina-

tions of primary-side and secondary-side voltage edges. The more voltage edges, the

more operating modes result. For the 3–3L DAB, 12 different operating modes are

distinguished and shown in Table 2.2.
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Figure 2.4: Waveforms of v1 and v2 for the 3–3L DAB, where (a) all considered
edges all visible, (b) φ2.1 = π and (c) φ2.1 = −π.

General lp-ls DAB

The same approach can be applied to the general multi-level (lp-ls) DAB converter,

where lp primary-side and ls secondary-side voltage levels are available. Figure 2.5

shows the PWL waveforms of v1 and v2 voltages, the relevant voltage edges and the

control variables. The voltage edges of the lp-ls DAB are summarized in Table 2.4.

The control variables τx.l, define the pulse width of the x-side voltage level l, and φx.l

the relative phase shift between the x-side, level l from the β1 falling edge. The limits

of the control variables are presented in Table 2.3.

All switching instants (shown in Table 2.4) are combined in

θp = {αp, βp, γp, δp} (2.22)



Chapter 2. Dual Active Bridge Modelling 19

Table 2.3: Limits of the control variables of the lp-ls DAB.

0 ≤ τ1.lp ≤ ... ≤ τ1.1 ≤ π 0 ≤ τ2.lp ≤ ... ≤ τ2.1 ≤ π

−π ≤ φ1.lp ≤ ... ≤ φ1.1 ≤ π −π ≤ φ2.ls ≤ ... ≤ φ2.1 ≤ π

for p = 2...lp: φ1.p−1 − φ1.p + τ1.p ≤ τ1.i−1

for s = 2...ls: φ2.s−1 − φ2.s + τ2.s ≤ τ2.s−1

Table 2.4: Voltage edges for the lp-ls DAB, for the pth level for the primary-side
bridge and sth level for the secondary-side bridge. The rfp and rf s indices denote

if the relevant edge is rising (1) or falling (-1).

Primary-side pth level Secondary-side sth level

Edge Angle Type rfp Edge Angle Type rf s

- - - - µ′s φ2.s − τ2.s Falling -1

- - - - ν′s φ2.s Rising 1

αp π + φ1.p − τ1.p Rising 1 κs π + φ2.s − τ2.s Rising 1

βp π + φ1.p Falling -1 λs π + φ2.s Falling -1

γp 2π + φ1.p − τ1.p Falling -1 µs 2π + φ2.s − τ2.s Falling -1

δp 2π + φ1.p Rising 1 νs 2π + φ2.s Rising 1

- - - - κ′′s 3π + φ2.s − τ2.s Rising 1

- - - - λ′′s 3π + φ2.s Falling -1

for the p-level of the primary-side, and in

θs = {µ′s, ν′s, κs, λs, µs, νs, κ
′′
s , λ
′′
s } (2.23)

for the s-level of the secondary-side.

Producing the voltage edges for every voltage level of the primary-side (i.e. p =

1, ..., lp)

θPrim = {θp=1, ..., θp=lp}, (2.24)
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Figure 2.5: General waveforms of v1 and v2 referred to the primary side, for the
lp-ls DAB.

and the secondary-side (i.e. s = 1, ..., ls)

θSec = {θs=1, ..., θs=ls}, (2.25)



Chapter 2. Dual Active Bridge Modelling 21

a new set of voltage edges is formed

θi = {θp=1, ..., θp=lp , θs=1, ..., θs=ls}. (2.26)

Depending on the voltage edge sequence of the primary-side and secondary-side

bridges, different operating modes are formed, which leads to a different set of linear

equations. Increasing the number of voltage edges, the ordering possibilities increase

and thus the number of feasible operating modes. The number of feasible operating

modes is dependent on the voltage levels of the primary-side (lp), and the secondary-

side (ls), and is given by

MModes =
2 · (lp + ls − 3)!

(lp − 2)! · (ls − 2)!
, where lp, ls ≥ 2. (2.27)

For the 3–5L DAB, 40 modes are distinguished compared to 12 for the 3–3L DAB.

More details on the operating modes are presented in Appendix B. Increased mode

numbers bring complexity in deriving current and charge equations. To address this

complexity, the Heaviside step function is used and presented in Section 2.2.1.

2.2.1 Heaviside step function

In order to simplify the derivation of the equations for every mode, the Heaviside step

function is used, which is defined as

H(t) = HV(t) =


1, t > 0

1/2, t = 0

0, t < 0

, (2.28)

used in voltage modelling, its integral HC(t) as

HC(t) =

t∫
−∞

H(τ) dτ =

t∫
0

H(τ) dτ = t ·H(t), (2.29)
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used in current modelling, the integral HQ(t) as

HQ(t) =

t∫
−∞

τ ·H(τ) dτ =
1

2
· t2 ·H(t), (2.30)

used in charge modelling, and the integral HP(tx, t1, t2) as

HP(tx, t1, t2) =

t2∫
t1

(τ − tx) ·H(τ − tx) dτ =

1

2
· (t2 − tx)2 ·H(t2 − tx)− 1

2
· (t1 − tx)2 ·H(t1 − tx),

(2.31)

used in power modelling.

The Heaviside function can be used to model the voltage edges. By summing and

subtracting Heaviside functions, a square wave pulse, identical to what the DAB

bridges can produce, can be modelled.

2.2.2 Voltage modelling

Each voltage waveform is modelled as a summation of Heaviside step functions. For

every edge θi, with a rising or falling index rf i the component

rf i ·H
(
t− θi/ωs

)
, (2.32)

is formed. By adding the relevant components (i.e. relevant edges) of a voltage

waveform, the summation of the Heaviside step functions is formed and thus the

representation of the voltage waveform. This procedure is shown in Figure 2.6 and

Figure 2.7, applied for the primary-side voltage v1 of the 3–3L DAB. In Figure 2.6(a),

the component of (2.32) is presented, applied to the rising edge α. In Figure 2.6(b),

the respective component is added for the falling edge of β, forming the desired square-

wave pulse valid in the [0, π] interval. In a similar manner, the rest of the primary-side

voltage v1 is constructed as shown in Figure 2.7(a) and Figure 2.7(b). The waveform

of Figure 2.7(b) is multiplied by the voltage amplitude (VDC,1) and represents the

complete primary-side voltage v1.
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Figure 2.6: Overview of the derivation of the Heaviside step function summation
used for the modelling of a square wave voltage waveform. Part I.

The voltage v1, shown in Figure 2.3 (identical to Figure 2.7(b)), is modelled as a

summation (indicated by S) of Heaviside step functions and is given by

v1(t) = VDC,1 · SHp(t), (2.33)

where

SHp(t) =

4∑
i=1

rf i ·H
(
t− θp,i/ωs

)
, (2.34)
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Figure 2.7: Overview of the derivation of the Heaviside step function summation
used for the modelling of a square wave voltage waveform. Part II

as described in Figure 2.6 and Figure 2.7, and

v1(t+ k · Ts) = v1(t),where k ∈ N. (2.35)

Voltage v2 is modelled in a similar manner and is given by

v2(t) = VDC,2 · SHs(t), (2.36)
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where

SHs(t) =

8∑
i=1

rf i ·H
(
t− θs,i/ωs

)
, (2.37)

and

v2(t+ k · Ts) = v2(t),where k ∈ N. (2.38)

General lp-ls DAB

The same principle can be extended to the general lp-ls DAB. The general lp-ls DAB

has non-zero and absolute value3 voltage levels equal to lV,Prim = (lp − 1)/2 for

the primary-side bridge and lV,Sec = (ls − 1)/2 for the secondary-side bridge. The

primary-side bridge voltage square wave v1, can be modelled as

v1(t) =
VDC,1

lV,Prim
·
lV,Prim∑
x=1

SHp,level=x(t), (2.39)

where

SHp,level=x(t) =

4∑
i=1

rfx,i ·H
(
t− θx,i/ωs

)
, (2.40)

and

v1(t+ Ts) = v1(t). (2.41)

Similarly, the secondary-side bridge voltage square wave v2, can be modelled as

v2(t) =
VDC,2

lV,Sec
·
lV,Sec∑
x=1

SHs,level=x(t), (2.42)

where

SHs,level=x(t) =

8∑
i=1

rfx,i ·H
(
t− θx,i/ωs

)
, (2.43)

and

v2(t+ Ts) = v2(t). (2.44)

3For a 5 level voltage waveform (−VDC,1, −VDC,1/2, 0, VDC,1/2, VDC,1), the non-zero and
absolute value voltage levels are VDC,1/2 and VDC,1 and for a 3 level voltage waveform (−VDC,1, 0,
VDC,1), the non-zero and absolute value voltage level is VDC,1.
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The relation between v2 and v′2 is given by

v′2(t) = N · v2(t). (2.45)

2.2.3 Current, charge and power flow modelling of the general

lp-ls DAB

Applying the modelled primary-side and secondary-side bridge voltages, results in

current through inductors L, L1 and L′2. This section presents how the derived

voltage expression results in the expressions for current through the inductors, as

well as the charge and power flow.

Figure 2.8: General waveforms of v1, v2, iL, iL1 , and iL′2 , referred to the primary
side, for the 3–3L DAB.

Current of inductors L, L1, L
′
2

The main inductor (L) current iL(t) of the general lp-ls DAB is modelled by combining

equations (2.11), (2.29), with the voltage equations (2.39) and (2.42). Thus, the iL(t)
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expression is given by

iL(t) =
1

L
· VDC,1

lV,Prim
·
lV,Prim∑
x=1

SHC,p,level=x(t)

− 1

L
· N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

SHC,s,level=x(t)

− 1

2ωs L
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x +
N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

τ2.x

 ,

(2.46)

where

SHC,p,level=x(t) =

4∑
i=1

rfx,i ·HC

(
t− θx,i/ωs

)
, (2.47)

and

SHC,s,level=x(t) =

8∑
i=1

rfx,i ·HC

(
t− θx,i/ωs

)
. (2.48)

The −1/2ωs L · (...) part of (2.46) is the constant of the integration (i.e. iL(0) of

(2.11)). Following the same principle and combining (2.12) and (2.29) with (2.39) of

the general lp-ls DAB, the primary-side commutation inductance L1 current iL1
(t) is

given by

iL1(t) =
1

L1
· VDC,1

lV,Prim
·
lV,Prim∑
x=1

SHC,p,level=x(t)− 1

2ωs L1
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x

 .

(2.49)

The commutation inductance (L′2) current is given by the combination of (2.13),

(2.29) and (2.42)

iL′2(t) =
1

L′2
· N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

SHC,s,level=x(t) +
1

2ωs L′2
·

N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

τ2.x

 .

(2.50)
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Currents of primary-side and secondary-side bridges

Combining (2.46) and (2.49), the primary-side bridge current iHF1(t) is given by

iHF1(t) =

(
1

L
+

1

L1

)
· VDC,1

lV,Prim
·
lV,Prim∑
x=1

SHC,p,level=x(t)

− 1

L
· N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

SHC,s,level=x(t)

− 1

2ωs L
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x +
N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

τ2.x


− 1

2ωs L1
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x

 ,

(2.51)

and by combining equations (2.46) and (2.50) the secondary-side bridge current

i′HF2(t) is given by

i′HF2(t) =
1

L
· VDC,1

lV,Prim
·
lV,Prim∑
x=1

SHC,p,level=x(t)

−
(

1

L
+

1

L′2

)
· N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

SHC,s,level=x(t)

− 1

2ωs L
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x +
N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

τ2.x


− 1

2ωs L′2
·

N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

τ2.x

 .

(2.52)
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Charge of primary-side and secondary-side bridges

The primary-side bridge charge q1(t) is given by integrating the primary-side bridge

current iHF1(t),

q1(t) =

(
1

L
+

1

L1

)
· VDC,1

lV,Prim
·
lV,Prim∑
x=1

SHQ,p,level=x(t)

− 1

L
· N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

SHQ,s,level=x(t)

− 1

2ωs L
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x +
N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

τ2.x

 · t
− 1

2ωs L1
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x

 · t
+Qoffset,1,lp−ls ,

(2.53)

and the secondary-side bridge charge q′2(t) is given by integrating the secondary-side

bridge current i′HF2(t),

q′2(t) =

1

L
· VDC,1

lV,Prim
·
lV,Prim∑
x=1

SHQ,p,level=x(t)

−
(

1

L
+

1

L′2

)
· N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

SHQ,s,level=x(t)

− 1

2ωs L
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x +
N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

τ2.x

 · t
− 1

2ωs L′2
·

N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

τ2.x

 · t
+Qoffset,2,lp−ls ,

(2.54)

where

SHQ,p,level=x(t) =

4∑
i=1

rfx,i ·HQ

(
t− θx,i/ωs

)
, (2.55)
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and

SHQ,s,level=x(t) =

8∑
i=1

rfx,i ·HQ

(
t− θx,i/ωs

)
. (2.56)

The quantities Qoffset,1,lp−ls and Qoffset,2,lp−ls are not calculated as only the charge

difference (i.e. q1(t1)− q1(t2)) is relevant, where the subtraction leads to zero.

Power flow

Considering a lossless converter, the power flow can be modelled by using equation

(2.17) and combining equations (2.39) and (2.51). This results in:

P1 =
1

Ts

∫ Ts

0

v1 · iHF1 dt

=
2 · VDC,1

Ts
·

 lp∑
i=2

i− 1

lp
·
∫ π−τ1.i

π−τ1.i−1

iHF1 +

∫ π

π−τ1.lp
iHF1

 ,

(2.57)

where

∫ β

α

iHF1(t) dt =

(
1

L
+

1

L1

)
· VDC,1

lV,Prim
·
lV,Prim∑
x=1

(
4∑
i=1

(
rfx,i ·HP(θx,i/ωs, α, β)

))

− 1

L
· N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

(
8∑
i=1

(
rfx,i ·HP(θx,i/ωs, α, β)

))

− 1

2ωs L
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x +
N · VDC,2

lV,Sec
·
lV,Sec∑
x=1

τ2.x

 · (β − α)

− 1

2ωs L1
·

 VDC,1

lV,Prim
·
lV,Prim∑
x=1

τ1.x

 · (β − α),

(2.58)

2.2.4 Discussion

The proposed modelling technique may seem complex, but allows the modelling and

analysis of any level DAB (lp-ls DAB). The main advantage offered compared to

existing solutions is that a single equation (i.e. for inductor L current) can be used

that incorporates every operating mode. Moreover, this technique can be scaled to
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DAB converters of any level (lp-ls) and thus the implementation and the evaluation

effort of a family of multi-level DAB converters is reduced. This modelling technique

is used to derive the analytical modulation schemes presented in Chapter 3.

2.3 Fourier Series Modelling

Apart from the traditional piecewise-linear modelling approaches, the trigonometric

Fourier series representation [41, 46, 81] of a periodic signal is used to describe the

square wave voltages v1 and v′2, being generally given by

x(t) =
a0

2
+

∞∑
k=1

(ak · cos(k ω0 t) + bk · sin(k ω0 t)), (2.59)

where ω0 = ωs = 2πfs is the fundamental angular frequency. The Fourier coefficients

ak and bk are given by

ak =
2

T0
·
∫ t0+Ts

t0

x(t) · cos(kω0t) dt, (2.60)

bk =
2

T0
·
∫ t0+Ts

t0

x(t) · sin(kω0t) dt. (2.61)

Since x(t + π/ωs) = −x(t), all Fourier coefficients with even k-indexes are zero, i.e.

ak, bk = 0, when k is even.

The general representation of square wave voltages v1 and v′2, of the 3–3L DAB,

is constructed using the Heaviside function, as described in equations (2.33)-(2.36).

Substituting the resulting functions into equations (2.60) and (2.61) gives the Fourier

coefficients for v1 and v′2:

av1,k =
VDC,1 ·

(
−1 + (−1)k

)
· sin(k τ1.1)

k π
, (2.62)

bv1,k =
VDC,1 ·

(
−1 + (−1)k

)
· (−1 + cos(k τ1.1))

k π
, (2.63)
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av′2,k =
2 ·N · VDC,2

(
−1 + (−1)k

)
· cos(k (φ− τ2.1

2 )) · sin(k τ2.12 )

k π
, (2.64)

bv′2,k =
2 ·N · VDC,2

(
−1 + (−1)k

)
· sin(k (φ− τ2.1

2 )) · sin(k τ2.12 )

k π
. (2.65)

Using equations (2.62)-(2.65), the Fourier coefficients for all other voltages, currents,

as well as for the available commutation charges (see Section 2.4), of the equivalent

DAB model shown in Figure 2.2 can easily be calculated according to Table 2.5,

resulting in a much lower implementation effort compared to the piecewise-linear

modelling approach.

Table 2.5: Fourier coefficients for each voltage, current, and charge of the equiv-
alent DAB model depicted in Figure 2.2.

Parameter Coefficient Parameter Coefficient

vL

avL ,k = av1,k−av′2,k
iL

aiL ,k =
−bvL,k

k ωsL

bvL ,k = bv1,k − bv′2,k biL ,k =
avL,k

k ωsL

iL1

aiL1
,k =

bv1,k · −1
k ωsL1 iL′2

aiL′2 ,k
=

bv′2,k ·
−1

k ωsL′2

biL1
,k =

av1,k · 1
k ωsL1

biL′2 ,k
=

av′2,k ·
1

k ωsL′2

iHF1

aiHF1,k =
aiL ,k + aiL1 ,k i′HF2

ai′HF2,k
=

aiL ,k − aiL′2 ,k

biHF1,k =
biL ,k + biL1

,k

bi′HF2,k
=

biL ,k − biL′2 ,k

q1

aq1,k = biHF1,k · −1
k ωs

q′2
aq2,k = bi′HF2,k

· −1
k ωs

bq1,k = aiHF1,k · 1
k ωs

bq2,k = ai′HF2,k
· 1
k ωs
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Power flow

Using equations 2.17 and 2.18, the expressions for the cycle-averaged DAB input

power P1 and the cycle-averaged input current IDC,1 are respectively:

P1 =
1

2
·
∞∑
k=1

(av1,k · aiHF1,k + bv1,k · biHF1,k), (2.66)

IDC,1 =
P1

VDC,1
. (2.67)

Scaling to general lp-ls DAB

The same procedure (substituting (2.39)-(2.42) into (2.60) and (2.61)) as described

above can be used for the derivation of the Fourier series representation of voltages

for the lp-ls DAB converter. The coefficients for the square wave voltages v1 and v′2

result in the formulas

av1,k =

lV,Prim∑
p=1

VDC,1 ·
(
−1 + (−1)k

)
· sin(k τ1.p)

lV,Prim · k π
, (2.68)

bv1,k =

lV,Prim∑
p=1

VDC,1 ·
(
−1 + (−1)k

)
· (−1 + cos(k τ1.p))

lV,Prim · k π
, (2.69)

av′2,k =

lV,Sec∑
s=1

2 ·N · VDC,2

(
−1 + (−1)k

)
· cos(k (φ− τ2.s

2 )) · sin(k τ2.s2 )

lV,Sec · k π
, (2.70)

bv′2,k =

lV,Sec∑
s=1

2 ·N · VDC,2

(
−1 + (−1)k

)
· sin(k (φ− τ2.s

2 )) · sin(k τ2.s2 )

lV,Sec · k π
, (2.71)

where the coefficients of every non-zero, absolute voltage level is summed. In a sim-

ilar manner, the current and charge coefficients are derived using the coefficients of

Table 2.5.
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Comparison to piecewise-linear implementation

Figure 2.9 shows the primary-side referred bridge voltage v1 (Figure 2.9(a)), bridge

current iHF1 (Figure 2.9(b)), and bridge charge q1 (Figure 2.9(c)) for a relevant set

of modulation parameters x = (φ2.1, τ1.1, τ2.1, fs). Lines B and C are calculated with

the proposed Fourier approximation, applying respectively two and eight effective

Fourier frequency components. Lines A are obtained using the exact piecewise-linear

model of the DAB as described in sections 2.2.3 and 2.2.2. It can be observed that

the Fourier approximation of the piecewise-linear waveforms is almost identical for

the charge shown in Figure 2.9(c). The approximation is improving for current in

Figure 2.9(b) compared to the voltage in Figure 2.9(a). This is because the expansion

of equation (2.59), representing the square wave voltages, converges slowly, suffering

from the Gibbs phenomenon. The convergence results for its integrals, representing

the inductor currents and bridge charges, are much better. Table 2.6 shows the ratio,

in percent, of the RMS value of the error of PWL implementation versus the Fourier

series implementation, and the RMS value of the PWL implementation (i.e. for charge

rq = rms(qfourier − qpwl)/rms(qpwl)). The higher harmonics are significantly reduced,

as the integrals of current and charge behave like a low pass filter.

The approximation with Fourier-series brings advantages in modelling DAB converter

waveforms, as it results in continuous waveforms without the need to distinguish oper-

ating modes. Moreover, with a relative low number of frequency components, current

and charge waveforms can be approximated without significant error or discontinu-

ities. This results in lower calculation effort for current, charge and power which is

important for repetitive calculations (i.e. in an optimizer). This modelling technique

can also be scaled to DAB converters of any level (lp-ls). In Chapter 3, the presented

modelling technique is used for the derivation of numerical modulation schemes.

2.4 Soft-Switching

Soft-switching of power converters brings advantages over hard-switching, as it re-

duces switching losses and EMI emission. As a consequence, the efficiency and the

power density of the converter are improved. Soft-switching is achieved using zero

voltage switching (ZVS) or zero current switching (ZCS) techniques. Zero current
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,

Figure 2.9: Voltage, current and charge waveforms, calculated with the proposed
Fourier approximation and the piecewise-linear DAB model.

switching is achieved when the transistor turn-off occurs at zero current, while zero

voltage switching occurs when the drain-source voltage is zero.
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Table 2.6: Ratio (%) of the RMS value of the error of PWL implementation versus
the Fourier series implementation, and the RMS value of the PWL implementation.

Effective freq. components

1 2 3 8 9 10 15

Voltage 58.00 32.04 31.39 18.3 17.79 16.03 13.32

Current 91.05 75.21 51.26 5.9 5.53 4.8 3.69

Charge 46.05 27.75 14.53 0.54 0.47 0.35 0.21

DAB converters can be operated under zero voltage switching, quasi completely4, and

it is of great importance to assure zero voltage switching conditions.

2.4.1 Zero voltage switching (ZVS) principle

Zero voltage switching operation is based on a resonant transition, where the reso-

nant tank consists of the inductor L and the parasitic non-linear capacitances Cx1

and Cx2, which are dependent on the drain-source voltages of Tx1 and Tx2, as shown

in Figure 2.10. Zero-voltage turn-off is achieved by the turn-off of the switches in

combination with a limited voltage increase (dvY/dt) of switching node voltage vY

during commutation. The limited voltage increase is achieved by charging and dis-

charging the switch non-linear capacitances Cx1 and Cx2, using the energy stored in

the main inductor L, during the dead time.

Assuming linear switch capacitances, the minimum current through L that is required

to guarantee complete commutation of the switching node voltage [23, 84], is given

by

IZVS,x =

{
2
Z

√
VDC,x · vY, vY > 0

0, otherwise
, (2.72)

where the impedance Z is equal to Z =
√
L/(Cx1 + Cx2) and the LC circuit is

assumed lossless.

To enable easier formulation of ZVS conditions, constant current during commutation

and linear switch capacitances are assumed as shown in Figure 2.11(a). Zero voltage

4Zero-voltage turn-off is achieved under significantly reduced/negligible voltage. For simplicity,
significantly reduced/negligible voltage turn-off will be further referred to as zero-voltage turn-off.
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Figure 2.10: DAB phase leg including the parasitic capacitances of the, Metal-
Oxide-Semiconductor Field-Effect Transistor (MOSFET)-type, switches. Each
switch (i.e. Sx1) consists of the corresponding transitor (Tx1), the diode (Dx1)

and the parasitic capacitance (Cx1).

switching operation of the switches (according to Figure 2.11, Sx1, Sx2), is explained

for a voltage transition that is initiated by the turn-off of the transistor Tx1 (t1). The

current iHFx, shown in Figure 2.11(b), charges and discharges, simultaneously, the

capacitance Cx1 (charge) and Cx2 (discharge), respectively, between the time intervals

t1 and t2. By the time (Figure 2.11(c)) the diode Dx2 takes over the current (vYZ ≤ 0),

the transistor Tx2 can be turned-on (t3) under ZVS, as shown in Figure 2.11(d).

This concludes the ZVS commutation from Sx1 to Sx2. The corresponding voltage

waveforms are shown in Figure 2.12. The same principle can be applied for ZVS

commutation from Sx2 to Sx1 (t4 - t6), however, this requires an iHFx current of

opposite direction. If both commutations complete under ZVS, then the converter is

considered to operate under ZVS. This requires the current to change direction (sign)

at least once per switching cycle.

A minimum turn-off charge is needed to complete this resonant transition. To calcu-

late the exact charge needed for the commutation, the non-linear switch capacitances

should be taken into account. However, in order to avoid this complicated procedure,

the charge-based current-dependent (CBCD) method is used [37, 38], where the equiv-

alent charge needed is calculated (Figure 2.13), assuming linear switch capacitances.

The equivalent charge is incorporated into ZVS conditions.

Another, more simplified, method to assure ZVS is the current-based method where

current criteria are used. Instead of the equivalent charge, a sufficiently large current

value is pre-defined for the primary-side and the secondary-side bridge switches, for all
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Figure 2.11: Current paths during the commutation from Sx1 to Sx2, assuming
constant current and linear switch capacitances.

the operating points. The disadvantage of this method is that only the instantaneous

value of the current waveform is taken into account, ignoring its slope. In Figure 2.14,

currents i1 and i2 are hypothetical bridge currents (i.e. two different/independent

cases). Both reach the same value (IZVS), however, current i1 can provide charge A,

within the time frame [t1, t2], while current i2 can provide charge equal to A plus B.

Consequently, reaching a certain current value can lead to a different charge outcome.

Thus, the CBCD method is more accurate compared to the current-based, as ZVS

is, by its nature, a problem directly related with charge. However, the current-based

method is easier to implement and to use for deriving analytical modulation strategies.

The ZVS conditions, for both methods, are discussed in Section 2.4.2.

2.4.2 ZVS conditions

Taking into account the ZVS principle, the ZVS constraints for all methods can be

described. The constraints are used for the derivation of ZVS modulation strategies

discussed in Chapter 3.

Current-based (CB)

In order to assure soft-switching using the current-based method, the following con-

straint should apply, in every switching event ti (i.e. voltage edge),

rf i · pidx · iHF1(tn−1) + ISS,Prim ≥ 0, (2.73)
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Figure 2.12: Idealized waveforms of switch voltages (vSx1 , vSx2), output voltage
(vYW) and conduction states of the switches Sx1, Sx2 and the diodes Dx1, Dx2, for
ZVS commutation from Sx1 to Sx2 (left) and from Sx2 to Sx1 (right). Constant

current during commutation and linear switch capacitances are assumed.

if the edge belongs to the primary-side bridge voltage, or

rf i · sidx · i′HF2(tn−1) + ISS,Sec ≥ 0, (2.74)
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Figure 2.13: Switching transition of voltage vx from zero to DC-bus voltage
VDC,x, with accompanying bridge current iHFx.

if the edge belongs to the secondary-side bridge voltage, where pidx = −1, sidx = 1,

rf = 1 for a rising edge or rf = −1 for a falling edge. ISS,Prim is the soft-switching

limit for the primary-side and ISS,Sec is the soft-switching limit for the secondary-side.

Charge-based current-dependent (CBCD)

The total charge needed to complete the commutation QReq,x(0, VDC,x), can be subdi-

vided into charges QReq,x,A(0, VDC,x) and QReq,x,B(0, VDC,x), each required to achieve

a voltage change of half the DC-bus voltage (VDC,x/2). ZVS is then achieved, as

shown in Figure 2.13, when:
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Figure 2.14: Switching transition of voltage vx from zero to DC-bus voltage, with
two possible bridge currents i1 and i2. Current i2 can provide more charge (area
A and B) than i1 (area A), showing that the slope of the current is important in

achieving ZVS.

� the charge QAv,x,A, available in bridge-current iHFx within a maximum time pe-

riod tA,Av before the switching instant tsw, is at least equal toQReq,x,A(0, VDC,x):

QAv,x,A|t1−tsw > QReq,x,A(0, VDC,x),

� the charge QAv,x,B, available in bridge-current iHFx within a maximum time pe-

riod tB,Av after the switching instant tsw, is at least equal to QReq,x,B(0, VDC,x):

QAv,x,B|tsw−t4 > QReq,x,B(0, VDC,x).

Similar ZVS constraints can then be composed for every switching transition of the

DAB. The direction of the current is also important, thus the positive or negative

sign in the soft-switching constraints assures the correct direction of the current to

achieve ZVS. The general expression of the charge-based current-dependent (CBCD)

ZVS constraint, for every edge, is given by

rf i · pidx ·
(
q1(ti)− q1(ti − tA,1)

)
+QReq,Prim,A ≥ 0,

rf i · pidx ·
(
q1(ti + tB,1)− q1(ti)

)
+QReq,Prim,B ≥ 0,
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for primary-side bridge voltage edges, and

rf i · sidx ·
(
q′2(ti)− q′2(ti − tA,2)

)
+QReq,Sec,A ≥ 0,

rf i · sidx ·
(
q′2(ti + tB,2)− q′2(ti)

)
+QReq,Sec,B ≥ 0.

for secondary-side bridge voltage edges.

The required charges (QReq,x,A(0, VDC,x) and QReq,x,B(0, VDC,x)) for the Fairchild

FCH76N60NF MOSFET are shown in Figure 2.15, and are obtained from the Coss

characteristic available in the datasheet of the device, and is given by

QReq,x(v1, v2) =

v2∫
v1

Coss,Sx1
(v) dv +

v2∫
v1

Coss,Sx2
(v) dv, (2.75)

and

QReq,x,A(v1, v2) = QReq,x,B(v1, v2) =
1

2
·QReq,x(v1, v2), (2.76)

where v1 and v2 are the voltage levels before and after the commutation (i.e. applied

to Figure 2.15, v1 = 0 and v2 = VDC,x).

Using this procedure, also the effective delay time tdel = tsw − t2 and the minimum

dead-time tdead,min = t3 − t2 (see Figure 2.13) can be calculated5.

2.5 Summary

A systematic approach is introduced to model single-phase Dual Active Bridge (DAB)

converters. The well known piecewise-linear (PWL) modelling is extended to the

generic lp-ls DAB converter, overcoming the problem of the exponentially increasing

operating mode number, and incorporating every mode into a single formula. The

proposed method is easily implemented in computational packages (i.e. Matlab) and

can effortlessly scale to a higher number of voltage levels. Contrary to PWL, trigono-

metric Fourier series can bring advantages in the modelling of the DAB. Using Fourier

series, voltage, current and bridge charge are modelled with a relatively low number

5For 3L bridge legs, of the 3–5L DAB, there is a combination of 3 capacitors which can be
charged/discharged with/from VDC,x or VDC,x/2, depending on the voltage edge.
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Figure 2.15: Parasitic capacitance model and required commutation charge for
the Fairchild FCH76N60NF MOSFET.

of frequency components as a continuous function. This principle can be scaled to

the generic lp-ls DAB and is preferred in numerical optimizations. Furthermore, con-

ditions to verify and assure ZVS are presented, utilizing both current-based (CB)

and charge-based current-dependent (CBCD) methods, for the investigated topolog-

ical variants. The work of this chapter is used in the derivation of full-operating-

range current-based (CB) and charge-based current-dependent (CBCD) modulation

schemes, as brought forward in chapter 3.





Chapter 3

Modulation Schemes

The purpose of power electronics converters is to process power while regulating

output voltage or current. Given an input and output voltage, and a reference power

transfer (operating point), the control variables should be calculated, accordingly,

such that the reference power transfer is achieved. A modulation strategy/scheme is

a description of the control variables for an operating point and is used to dictate the

value of each control variable in steady state.

Since the introduction of the DAB in [22], various modulation strategies have been

proposed for the traditional 3–3L DAB. Among them is the well known phase-shift

modulation (PSM). Other modulation strategies generally use extra degrees of free-

dom (e.g. pulse-width), where the main objective is to minimize the RMS current of

the inductor/transformer and to maintain ZVS in every operating point [38, 40, 78].

This chapter is based on:
- G. E. Sfakianakis, J. Everts, H. Huisman, and E. A. Lomonova, “ZVS Modulation Strategy for a 3-5
Level Bidirectional Dual Active Bridge DC–DC Converter,” in Eleventh International Conference
on Ecological Vehicles and Renewable Energies (EVER 2016), April 2016, pp. 1–9
- G. E. Sfakianakis, J. Everts, H. Huisman, T. Borrias, C. G. E. Wijnands, and E. A. Lomonova,
“Charge–Based ZVS Modulation of a 3—5 Level Bidirectional Dual Active Bridge DC–DC Con-
verter,” in IEEE 8th Annual Energy Conversion Congress and Exposition (ECCE 2016), Sept.
2016, pp. 1–10

45
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The 3–5L DAB was introduced in [35] and an efficiency optimized modulation strat-

egy was presented in [16]. Using a 5 level secondary-side bridge, extra degrees of

freedom appear (τ2.2, φ2.2). This section proposes two modulation strategies for the

3–5L DAB converter, that achieve zero voltage switching, based on current or charge

ZVS constraints, in the entire operating range. The extra degrees of freedom bring

extra complexity. However, ZVS can be achieved in the entire operating region with

lower circulating current, compared to less degrees of freedom, as the main inductor

(L) current can be ’shaped’ more efficiently.

3.1 General description of the method

Using the expressions presented in Chapter 2 and given the control variables, the

resulting currents, charges and power flow can be calculated (i.e. from τ1.1, τ2.1,

τ2.2, φ2.1, φ2.2 → iHF1(t), iHF2(t), q1(t), q2(t), IDC,1). The modulation strategy is

aiming to provide the value of the control variables (τ1.1, τ2.1, τ2.2, φ2.1, φ2.2) which

achieve soft-switching with the lowest circulating current, for a given operating point

(VDC,1, VDC,2, IDC,1). For one operating point, more than one mode (or combination

of control variables) can give a valid solution. Thus, a systematic way to identify the

most efficient mode for every operating point is needed. A numerical optimization

(non-linear constrained minimization) procedure is used that identifies the mode that

can achieve the desired power delivery and assures ZVS with the lowest possible

circulating current. The numerical optimizer is detailed in Section 3.1.2, using the

converter specifications described in Section 3.1.1.

The numerical optimization procedure yields the optimal mode (and control variables)

for every operating point, forming a numerical modulation strategy. In principle,

this operating mode can be used (using lookup tables) as a modulation strategy in

a DAB converter with such characteristics. In practice, the characteristics of an

inverter will change due to component tolerances and non-idealities, and for every

minor change the numerical optimizer should be triggered, which is computationally

intensive and increases complexity. For implementation of a modulation strategy that

can be easily modified, a generic analytical solution is required. The advantages of an

analytical solution is that minor changes in characteristics can be taken into account
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Figure 3.1: Circuit schematic of the 3-5L Dual Active Bridge converter (3–5L–
TT) [35]. The 5-level (secondary-side) bridge can be implemented in different

ways, which will be discussed in Chapter 5.

by re-calculating the value of the control variables in much shorter time than an

optimization algorithm can.

Using the results of the numerical optimizer (i.e. numerical modulation strategy),

analytical expressions for every control variable are derived, in combination with the

PWL expressions presented in Section 2.2. After defining the analytical expressions

that give every control variable for each region, a decision tree is presented, which is

a direct mapping of operating points to the desired control angles.

The last step is to verify and assure that ZVS constraints are met. The analytical

algorithm is evaluated and in case ZVS is not achieved, the commutation inductances

L1 and L2 can be slightly decreased. Thus, the commutation current is increased and

ZVS constraints can be met. This procedure is applied for both current-based and

charge-based current-dependent modulation strategies.

3.1.1 Specification

The DAB variant that is considered for a low-voltage to high-voltage (LV2HV) in-

terface converter for automotive applications, is the 3–5L DAB bidirectional DC–DC

converter (Figure 3.1). The input voltage range is 8 V ≤ VDC,1 ≤ 16 V, the output

voltage range is 175 V ≤ VDC,2 ≤ 450 V, and the maximum input current is ± 200 A.

Full details about the specifications are listed in Table 3.1.
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Table 3.1: Converter specifications.

LV Side
VDC,1 8 V ≤ VDC,1 ≤ 16 V, nom. 14 V

IDC,1,max ±200 A

HV Side VDC,2 175 V ≤ VDC,2 ≤ 450 V, nom. 400 V

The main inductor L, is chosen to be L ≈ 0.75 · Lmax, where Lmax is determined by

the maximum input power of the DAB2. According to [62], the maximum positive

DAB power is achieved when τ1.1 = τ2.1 = τ2.2 = π and φ2.1 = φ2.2 = π/2, thus, the

input current equation3 is given by

IDC,1 =
N · VDC,2,min

8 · fs,max · L
,

IDC,1 ≥ IDC,1,max = 200 A,

(3.1)

where N = n1/n2 is the transformer ratio, fs,max is the maximum switching frequency

and VDC,2,min the minimum DC voltage of the secondary-side bridge.

The result of solving the inequality of equation (3.1) for L, is the inequality

L ≤ N · VDC,2,min

8 · fs,max · IDC,1,max
. (3.2)

The commutation inductors are chosen such that ZVS is achieved, as will be discussed

later in this chapter. The transformer ratio N is chosen to be 1/9, so that VDC,1 is

always lower than N · VDC,2. In this way the derivation of the modulation strategies

is less complex as fewer operating regions have to be distinguished. The switching

frequency fs is chosen equal to 120 kHz mainly for electromagnetic compatibility

(EMC) purposes. It is also a ’sweet’ spot between excessive switching frequency

related losses (mainly magnetic core and switching losses) and compact converter

design4 [34, 60, 63]. The aforementioned design choices are summarized in Table 3.2.

2The factor 0.75 is used as a rule of thumb [34] and its purpose is to add a safety margin. If this
factor is 1, the maximum power is achieved when φ = π/2. If the φ increases beyond π/2 the power
is then decreasing and this can cause instability in the controller. Another reason is to compensate
for possible stray inductances that can limit the ability of the converter to deliver the desired power.

3According to equation (14) of [62]
4As switching frequency increases, the volume of magnetics decreases.
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Table 3.2: Converter design choices.

Considered Switches
LV Side Infineon IPT007N06N

(COSS) HV Side Infineon IPZ65R019C7

AC-link

n1/n2 = N 1/9

L, L1, L2 0.0683 µH, 0.46 µH, 62.1 µH

fs 120 kHz

3.1.2 Numerical optimizer settings

To determine the optimal mode for each operating point and the corresponding con-

trol angles (τ1.1, τ2.1, τ2.2, φ2.1 and φ2.2), an optimization algorithm (non-linear con-

strained minimization) is developed. The constraints applied during the optimization

process are the soft-switching inequality constraint (current-based or charge-based

current-dependent), the physical limits of the control variables (as discussed in Sec-

tion 2.4.2) and the input current IDC,1 equality constraint (IDC,1 = IDC,1,ref) of

equation (2.67). The soft-switching constraints are described using the Fourier-series

based expressions of Section 2.3 in order to assure ZVS in every operating point and

quasi zero switching losses.

Under ZVS operation, the conduction losses of the transistors account for the biggest

part (≥ 50 %) of the total converter losses [36]. Thus, the objective function used in

the optimization is related to the overall conduction losses and is given by

fobj = I2
RMS,HF1 +

I2
RMS,HF2

N2
, (3.3)

where the quantities I2
RMS,HF1 and I2

RMS,HF2 are proportional to the primary-side and

secondary-side conduction losses, respectively.

Assuming that the switches of the primary-side and secondary-side have on-resistance

RDS,on,1 and RDS,on,2, respectively, the objective function could be formulated as

fobj = I2
RMS,HF1 · RDS,on,1 + I2

RMS,HF2 · RDS,on,2. However, this increases complexity

as the on-resistance depends on drain current and temperature, and is different for
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every switch technology and manufacturer. Thus, the objective function shown in

equation (3.3) is preferred, as it is independent on the switches and their character-

istics.

For the calculation of the respective bridge currents in the switching instances and

the input power of the DAB, the Fourier-based approach has been used as proposed in

Chapter 2. In order to avoid significant errors in the current calculation 30 frequency

components are used5.

3.1.3 Analytical derivation procedure

In both cases, the numerical optimizer is initiated and produces a numerical modula-

tion strategy which is the basis for the analytical modulation strategy. The derived

operating points are inspected step-by-step and critical ZVS conditions are identi-

fied. The critical ZVS conditions are the conditions, presented in Section 2.4.2, that

are more difficult to satisfy and usually they are satisfied in their boundaries. The

non-critical ZVS conditions are the inequalities, presented in Section 2.4.2, which are

fulfilled with great margin. For example, when a bridge current is much greater than

a ZVS current (ix(tsw)� IZVS,x), this condition is considered non-critical.

The operating points are distinguished in areas, where every operating point of the

same area has the same critical ZVS conditions. The analytical expressions of the

ZVS conditions, as presented in Section 2.4.2, are used. The inequalities of the critical

ZVS conditions are then becoming equalities. The resulting equalities form a system

of equations that is solved for the control variables. For each operating point region,

in total four equality constraints should be identified, on top of the input current

(power) expression (Table 3.3), in order to be able to form and solve the system of

equations for the control variables (τ1.1, τ2.1, τ2.2, φ2.1 and φ2.2).

After defining the analytical expressions that produce every control variable for each

region, a decision tree is produced, which is a direct mapping of operating points to

the desired control angles. The decision tree assures that the produced values stay

5In Chapter 2, it is presented that 8 frequency components can approximate current and charge
with an error of less than 2%, thus the effective frequency components chosen are 30, to ensure error
less than 2%.
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Table 3.3: Input current (IDC,1) expressions for modes 21, 14 and 11 derived from
equation (2.57) by applying the boundaries of each mode. All modes are listed in

Table B.3 of Appendix B.

Mode 21
N VDC,2 ((φ2.1+τ1.1−τ2.1) τ2.1+(2φ2.1+τ1.1) τ2.2−τ2

2.2)
4π L ωs

Mode 14
NVDC,2(−2φ2

2.1+2φ2.1(τ2.1+τ2.2)+τ1.1(τ2.1+τ2.2)−τ2
2.1−τ

2
2.2)

4π L ωs

Mode 11

N VDC,2

4π L ωs

(
4φ2

2.1 + 2π2 − 4πτ1.1 + 2τ2
1.1 − τ1.1τ2.1

+τ2
2.1 − τ1.1τ2.2 + τ2

2.2 − 2φ2.1(2π − 2τ1.1 + τ2.1 + τ2.2)
)

within the physical limits of control variables and that for every operating point the

correct set of expressions (operating region) is used.

3.2 Current-based modulation scheme

The method proposed in Section 3.1.2 has been applied, using the current-based

ZVS constraints presented in Table 3.4. A minimum commutation current value

of 2 A [61] is used for the primary-side and secondary-side high-frequency switches

(ISS,Prim = ISS,Sec = 2 A).

The ZVS current limits have a theoretical value and are calculated based on the

method proposed in [12], where the equivalent charge is calculated and divided by

the deadtime. The secondary-side (HV) ZVS current limit is calculated to be equal

to 2 A and the primary-side (LV) ZVS current limit equal to 0.6 A. To simplify

the process both current limits were set to 2 A, as this method, anyway, assures

theoretical ZVS and is dominated by the charge-based current-dependent method.

3.2.1 Optimizer results

The outcome of this optimization procedure is depicted in Figure 3.2. By analysing

the outcome, only two modes (mode 21,11) are used for positive power flow, and

two modes (mode 21,31) for negative power flow. Waveforms of mode 21 and 11 are

depicted in Figure 3.3(a) and Figure 3.3(b), respectively. The transition from mode
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Table 3.4: Current-based Soft-Switching Constraints.

Critical
ZVS Con-
straints

per
Region

Edge Current Constraint Type 1 2 3 4

α1 iHF1(α1) ≤ −ISS,Prim Rising

β1 iHF1(β1) ≥ ISS,Prim Falling x x x x

κ1 iHF2(κ1) ≥ ISS,Sec Rising x

κ2 iHF2(κ2) ≥ ISS,Sec Rising x

λ1 ≡ λ2 iHF2(λ1) ≤ −ISS,Sec Falling x x x x

21 to 11 (i.e. from negative to positive phase-shift), makes using the commutation

inductances necessary because the injected current in each bridge is contributing

positively, in most cases, to meet the soft-switching constraints (see Section 3.2.2).

For brevity, only positive power flow is considered (LV → HV ) for the derivation of

the analytical modulation strategy of Section 3.2.2. The analysis for reverse power

flow is similar, since the secondary-side bridge waveform is mirrored for the corre-

sponding operating point. If the control angles for the operating point (VDC,1, VDC,2,

+IDC,1) are known, the control angles for the operating point (VDC,1, VDC,2, −IDC,1)

are calculated using τ ′1.1 = τ1.1, τ ′2.1 = τ2.1, τ ′2.2 = τ2.2, φ′2.1 = −φ2.1 − τ1.1 + τ2.1 and

φ′2.2 = φ′2.1 + τ2.2− τ2.1. The proposed strategy is for positive power flow and is based

only on modes 21 and 11.

3.2.2 Current-based analytical modulation scheme

A close look into the results of the numerical optimization (presented in Figure 3.2),

shows that the optimizer chooses to keep the edges λ1 and λ2 in the same switching
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Figure 3.2: Switching modes obtained from the current-based numerical opti-
mization algorithm. The output voltage is VDC,2 = 175 V.

instant for both modes (21 and 11), leading to the constraint

φ2.1 = φ2.2, (3.4)

as shown in Figure 3.3.

In order to derive an analytical modulation scheme, the operating points were in-

spected step-by-step and critical ZVS conditions were identified. For each operating

point, in total three constraints should be identified, on top of the constraints denoted

by the equation (3.4) and the input power expression (Table 3.3), in order to be able

to solve the system of equations towards the control variables (τ1.1, τ2.1, τ2.2, φ2.1

and φ2.2). Following this procedure, five regions were identified (R1, R2, R3, R4,

R5), where every operating point of a region has the same critical6 ZVS conditions,

which are summarized in Table 3.47. Figure 3.4 depicts an overview of them and

their boundaries. In Figure 3.5(b) and Figure 3.5(a) the critical switch commutation

currents are shown as function of input current for VDC,1 = 9 V and VDC,1 = 14.5 V,

6Critical ZVS conditions are the conditions that are more difficult to satisfy and usually they are
satisfied in their boundaries (i.e. ≤, ≥ → =).

7Region 5 is separately discussed in the end of this section.
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(a)

(b)

Figure 3.3: Ideal voltage and current waveforms for (a) mode 21 and (b) mode 11.
The waveforms are derived for: VDC,1 = 8.5 V, and VDC,2 = 175 V.

respectively. Dashed lines denote commutation currents for L1 = ∞, L2 = ∞ and

solid lines for finite L1 and L2. The resulting ZVS conditions of the commutation

currents that are not shown in Figure 3.5(a) and Figure 3.5(b) are either less im-

portant (iHF2(x) � ISS,Sec) or identical to ZVS conditions of another voltage edge

((iHF1(α1) ≤ −ISS,Prim) ≡ (iHF1(β1) ≥ ISS,Prim)).

Infinite L1 and L2

First, infinite L1 and L2 are used, which means that inductors L1 and L2 are effectively

not in the equivalent circuit. Starting from operating point 1 (OP1) of Figure 3.5,
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Figure 3.4: Overview of the five operating regions, resulted from the current-
based numerical optimization, detailed in Section 3.2.2. Every operating point of

the same region has the same critical ZVS conditions.

the soft-switching constraints (edges β1, κ2, and λ1) are satisfied. As it can be seen

in Figure 3.5(a) (dashed lines), every commutation occurs at the minimum required

current for edges β1 and κ2, and the maximum required current for the edge λ1. Thus,

from every soft-switching inequality constraint the inequality becomes equality. The

resulting system of equations for region 1 is depicted in Table 3.5 and the expressions

for the control variables are summarized in Table C.4 of Appendix C.

Using the region 1 expressions for the control variables and following path 1 of Fig-

ure 3.4 (i.e. keeping the same voltage and increasing the input current), at a certain

operating point the pulse-width of voltage v1 is exceeding π, which is beyond the

physical limits and τ1.1 is saturated to its maximum value (τ1.1 = π). This operat-

ing point (OP2) defines the boundary between region 1 and 2. In Figure 3.5(a), it

can be seen that the current iHF2(κ2) is increasing as IDC,1 increases, meeting the

ZVS condition iHF2(κ2) ≥ ISS,Sec until current IDC,1 reaches its maximum value. The

soft-switching constraints for edges β1 and λ1 are still satisfied in the minimum and

maximum value, respectively. The system of equations for region 2 is depicted in

Table 3.5, where the ZVS condition of edge κ2 is replaced with the condition τ1.1 = π.
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Figure 3.5: Switch commutation currents as function of input current for (a)
VDC,1 = 9 V and (b) VDC,1 = 14.5 V. Dashed lines denote switch commutation
currents for L1 =∞ and L2 =∞, and solid lines for finite L1 and L2 values. The

output voltage is VDC,2 = 175 V.

The resulting expressions for the control variables are summarized in Table C.5 of

Appendix C.

Figure 3.5(b) (dashed lines) shows the switch commutation currents for edges β1, κ1,
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and λ1 for regions 3, 4, and 5. The same procedure is followed in region 3, starting

from the operating point 3 (OP3). The soft-switching constraints are satisfied using

the minimum required values for edges β and κ1, and maximum required values for

edge λ1. A system of equations is solved (Table 3.5), resulting in the expressions for

the control variables of Table C.6 of Appendix C.

Following path 2 of Figure 3.4 (i.e. VDC,1 = 14.5 V and increasing the input cur-

rent), the control variables for every operating point are calculated using the region

3 expressions. At a certain operating point, the pulse-width of voltage v1 exceeds its

physical limit (τ1.1 > π), which is impossible and thus, τ1.1 is saturated to π. This op-

erating point (OP4) defines the boundary between region 3 and 4. The soft-switching

constraint for edges β1 and λ1 are still satisfied in the minimum and maximum value,

respectively. The current iHF2(κ1) is increasing as IDC,1 increases, meeting the re-

quirement iHF2(κ1) ≥ ISS,Sec until current IDC,1 reaches its maximum value. The

system of equations that corresponds to region 4 is summarized in Table 3.5 and the

control variables are calculated using the expressions8:

τ1.1 = π,

τ2.1 =
e7 −

√
e11

N2 VDC,1 V 2
DC,2

,

τ2.2 =
e7 +

√
e11

N2 VDC,1 V 2
DC,2

, (3.5)

φ2.1 = −Lωs (ISS,Prim + ISS,Sec)

VDC,1
.

which are also summarized in Table C.5 of Appendix C. In this point, it is observed

that the resulting expressions of region 2 and region 4 are identical, but they are

treated separately for practical reasons (distinction between VDC,1 ≤ N ·VDC,2/2 and

VDC,1 > N · VDC,2/2).

Following path 3 of Figure 3.4 and calculating the control variables for every operating

point using the expressions of region 4 results in the operating point 5 (OP5). In this

operating point, the e11 term of equation (3.5) becomes negative and this causes the

square root (
√

) to return a complex number. OP5 defines the boundary between

regions 4 and 5 and the transition point from mode 21 to mode 11. Mode 21 is not

8Expressions for ex elements are summarized in Table C.8 and Table C.9 of Appendix C.
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able to transfer more power (under ZVS) and the optimizer selects to switch to mode

11.

In Figure 3.5(b) (dashed lines, region 5), the soft-switching currents are satisfied for

edges β1 (iHF1(β1) ≥ ISS,Prim) and κ1 (iHF2(κ1) ≥ ISS,Sec), while not for edge λ1

(assuming ISS,Prim = ISS,Sec = 2 A). This problem can be solved using finite values

for commutation inductances (L1, L2) and is discussed in Section 3.2.2.

Another important consideration is to conserve smooth transition of the control vari-

ables from mode 21 to mode 11, because a sudden transition (i.e. discontinuous

function of one or more control variable) causes an unwanted dynamic behaviour of

the DAB. If the control variables are discontinuous, the initial value of the inductors’

current of the next cycle may be far from the desired one, which causes a transient

behaviour until the currents settle to the expected values. If the control variables are

continuous, the transition from one operating point to another is smoother. This is

true when considering small steps (increase or decrease) in power. A more sophisti-

cated way to transition from one operating point to another is outlined in Chapter 4.

To calculate the control variables for region 5, the real part of the τ2.1 and τ2.2

equations is used. In this way, it is verified that the resulting control angles are close

to the optimal control angles of the optimization procedure and smooth transition

from mode 21 to mode 11 is achieved. Finally, φ2.1 for region 5 is calculated using the

input power equation of mode 11, while τ1.1 remains equal to π. The expressions for

the control variables used in region 5 are summarized in Table C.7 of Appendix C.

Finite L1 and L2

In Figure 3.5(b) (dashed lines), a ZVS limit violation is observed for edge λ1 (iHF2(λ1) <

ISS,Sec). Therefore, L1 and L2 should be used to enhance ZVS9. The resulting com-

mutation currents are depicted with solid lines in Figure 3.5(a) and Figure 3.5(b).

As discussed in [40], commutation inductances always enhance ZVS operation in the

traditional 3-3L DAB. However, in the case of the 3–5L DAB, L2 counteracts to ZVS

9The needed inductance values of the L1 and L2 inductors can be calculated by identifying
the most critical ZVS current for primary-side and secondary-side bridges, and by requesting these
current values to be greater (or lower) than the respective ZVS limit (i.e.

∣∣iHF1(tZVS,Prim)
∣∣ ≥

ISS,Prim and
∣∣iHF2(tZVS,Sec)

∣∣ ≥ ISS,Sec). By solving for L1 and L2, the maximum primary-side and
secondary-side commutation inductances results.
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Table 3.5: System of equations used for the derivation of the analytical current-
based modulation strategy.

Regions

1 2 and 4 3

iHF1(β1) = ISS,Prim iHF1(β1) = ISS,Prim iHF1(β1) = ISS,Prim

iHF2(κ2) = ISS,Sec τ1.1 = π iHF2(κ1) = ISS,Sec

iHF2(λ1) = −ISS,Sec iHF2(λ1) = −ISS,Sec iHF2(λ1) = −ISS,Sec

for edge κ2, as can be seen in Figure 3.5(a) (solid line). A trade-off is introduced

for achieving ZVS in edge κ2 in region 1 and λ1 in region 5. Edge κ2 in region 1,

is chosen to violate ZVS, because the resulting switching losses will be lower (lower

voltage and current). However, ZVS is achieved in the entire operating range assuming

ISS,Prim = ISS,Sec = 0 A.

Using the proposed strategy, soft-switching operation is achieved in the entire op-

erating range (ISS,Prim = ISS,Sec = 0 A) of the 3–5L DAB. The analytical solution

for every sub-region is available in Appendix C. The complete algorithm derived

during this process is depicted in Figure 3.6, showing how every operating point

(VDC,1, VDC,2, IDC,1) results in the appropriate region and solution set. The control

variables τ1.1, τ2.1, τ2.2 and φ2.1 are depicted in Figure 3.7, as function of the input

current for nominal and minimum input voltage. A continuous waveform can be seen

for every variable which brings the advantage that undesirable dynamic behaviour

can be avoided.

3.2.3 Comparison 3-3L vs 3-5L

In order to demonstrate the advantages of the 3–5L DAB, a comparison is performed

between the 3–5L DAB and the traditional 3-3L DAB. For the latter, the analyti-

cally derived modulation scheme from [40] is used. The basis for this comparison is

the RMS value of the currents iHF1(t) and iHF2(t) over the entire operating range,

using identical system specifications (Table 3.1). First, the maximum value of the

commutation inductances that assures ZVS (ISS,Prim = ISS,Sec = 0 A) in the entire
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Figure 3.6: Diagram of the calculation algorithm for the control angles τ1.1, τ2.1,
τ2.2, φ2.1 and φ2.2, given the operating point (VDC,1, VDC,2, IDC,1), used for the

current-based modulation scheme.

operating region is identified for each topology. Using these values, Figure 3.8 is

derived. Figure 3.8(a) and Figure 3.8(b) show the RMS values of the primary-side

and secondary-side bridge currents for the traditional 3–3L DAB. Figure 3.8(c) and
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Figure 3.7: Control angles τ1.1, τ2.1, τ2.2 and φ2.1 (rad) resulting from the current-
based modulation scheme. The output voltage is VDC,2 = 175 V.

Figure 3.8(d) show the RMS values of the primary-side and secondary-side bridge cur-

rents for the 3–5L DAB, respectively. Figure 3.8(e) depicts the difference in percent

between Figure 3.8(a) and Figure 3.8(c), and Figure 3.8(f) depicts the difference in

percent between Figure 3.8(b) and Figure 3.8(d). For the derivation of Figure 3.8(e)

and Figure 3.8(f) the following expression is used:

RMS% = 100% ·
I2
RMS,HFx,3−5L(v, i)− I2

RMS,HFx,3−3L(v, i)

I2
RMS,HFx,3−3L(v, i)

. (3.6)

The advantage of the 3–5L DAB is mainly observed in the low-voltage, low-current

region, where the expected conduction losses for both primary-side (Figure 3.8(e))

and secondary-side (Figure 3.8(f)) bridges are up to 70% lower. On the contrary,

in the high-voltage, high-current region there is no significant advantage because the

secondary-side bridge is operated as a full-bridge (τ2.1 ≈ τ2.2).
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Figure 3.8: RMS current of (a) LV-side bridge (IRMS,HF1) and (b) HV-side bridge
(IRMS,HF2) of the 3-3L DAB topology. (c) and (d) show the RMS current of LV-
side bridge (IRMS,HF1) and HV-side bridge (IRMS,HF2) of the 3-5L DAB topology,
respectively. Figure (e) shows the percent difference of (a) and (c), and figure
(f) shows the percent difference of (b) and (d), according to equation (3.6). The

figures are produced by using/comparing current-based modulation strategies.
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3.3 Charge-Based modulation scheme

Taking into consideration the results of the current-based modulation scheme pre-

sented in Section 3.2 (i.e. the use of commutation inductances and the preference of

φ2.1 = φ2.2), the same method has been applied, using the charge-based current-

dependent ZVS constraints presented in Table 3.6. The required charge for the

primary-side and the secondary-side, has been derived using the relevant data from

the datasheets of the Infineon MOSFETs IPT007N06N and IPZ65R019C7, respec-

tively, as described in Section 2.4.2.

The produced waveforms for φ2.1 = φ2.2, can also be obtained from the topology of

Figure 3.9. Switch 10 of the 3–5L–TT (Figure 3.1) can be neglected resulting in fewer

used semiconductors and lower complexity. The topology 3–5L–T (Figure 3.9) will

be further referred to as 3–5L DAB.

Figure 3.9: Circuit schematic of the 3-5L Dual Active Bridge converter (3–5L–
T) [35], considered for the charge-based current-dependent modulation scheme.
Switch S10 of Figure 3.1 is removed, as it is becoming obsolete after the derivation

of the current-based modulation strategy.

3.3.1 Optimizer results

The outcome of the optimization procedure is depicted in Figure 3.10. Only three

modes (mode 21, 14, 11) are used for positive power flow, and three similar modes

(mode 21, 24, 31) for negative power flow. Waveforms of modes 21, 11 and 14 are

respectively depicted in Figure 3.3(a), Figure 3.3(b), and Figure 3.15. The smooth
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Table 3.6: Charge-based current-dependent Soft-Switching Constraints.

Critical
ZVS Con-
straints

per
Region

Edge Charge Constraint Type 1 2 3 4 5

α1

QAv,1,A ≤ −QReq,Prim,A
Rising

QAv,α1,B ≤ −QReq,Prim,B x x x

β1

QAv,β1,A ≥ QReq,Prim,A
Falling

QAv,β1,B ≥ QReq,Prim,B

κ1

QAv,κ1,A ≥ QReq,Sec,A
Rising

QAv,κ1,B ≥ QReq,Sec,B

κ2

QAv,κ2,A ≥ QReq,Sec,A
Rising

QAv,κ2,B ≥ QReq,Sec,B x

λ1 ≡ λ2

QAv,λ1,A ≤ −QReq,Sec,A
Falling

x

QAv,λ1,B ≤ −QReq,Sec,B

transition from mode 21 to 11, i.e. from negative to positive phase-shift, makes the

use of commutation inductances L1 and L2 necessary due to contradictory ZVS con-

straints, similar as for the traditional 3–3L DAB. L1 and L2 solve this issue since they

inject small reactive currents into each bridge, having, in most of the cases, a positive

contribution to the ZVS conditions.

For brevity, only positive power flow is considered (LV → HV ) for the derivation of

the analytical modulation strategy presented in Section 3.3.2. The analysis for reverse

power flow is similar, since the secondary-side bridge waveform is mirrored for the

corresponding operating point. The secondary-side bridge waveform, calculated for
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the operating point (VDC,1, VDC,2, +IDC,1), is mirrored horizontally around the center

of the voltage waveform, to represent the waveform for the operating point (VDC,1,

VDC,2, −IDC,1). The analytically derived strategy proposed, is thus based only on

modes 21, 14 and 11.

Figure 3.10: Results of the charge-based current-dependent numerical optimiza-
tion algorithm. The output voltage is VDC,2 = 175 V.

3.3.2 Charge-based current-dependent analytical modulation

scheme

Similar to the process of deriving the current-based analytical modulation strategy,

the results of the numerical optimization, presented in Figure 3.10, are the starting

point of the derivation of the charge-based current-dependent analytical modulation

strategy. In order to derive an analytical modulation scheme, the operating points

were checked step-by-step and critical ZVS conditions were identified. For each oper-

ating point, in total three constraints should be identified, on top of the input current

(power) expression (Table 3.3), in order to be able to solve the system of equations for

the control variables (τ1.1, τ2.1, τ2.2, and φ2.1). Following this procedure, five regions
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(R1, R2, R3, R4, R5) were identified, where every operating point of a region has the

same critical ZVS conditions, which are summarized in Table 3.610. Figure 3.11 de-

picts an overview of them and their boundaries. In Figure 3.12(a) and Figure 3.12(b)

the critical switch commutation charges (absolute values) are shown as function of

the input current for VDC,1 = 9 V and VDC,1 = 12 V, respectively. The resulting

ZVS conditions of the commutation charges that are not shown in Figure 3.12(a) and

Figure 3.12(b) are less important (i.e. easier to achieve, QAv,x � QReq,x).

Figure 3.11: Overview of the five operating regions, resulted from the charge-
based current-dependent numerical optimization, detailed in Section 3.3.2. Every

operating point of the same region has the same critical ZVS conditions.

Regions 1 and 2 (VDC,1 ≤ N · VDC,2/2)

Starting from operating point 1 (OP1) of Figure 3.11 and Figure 3.12(a), the soft-

switching constraints (edges α1, κ2, and λ1) are satisfied. As it can be seen in Fig-

ure 3.12(a), each commutation charge has exactly the minimum required value. Thus,

from every soft-switching inequality constraint the inequality becomes equality (≤, ≥
→ =). The corresponding system of equations for region 1 is depicted in Table 3.7

10It is not feasible to identify such conditions for each region, thus a different approach is used,
which will be discussed later in this section.
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Figure 3.12: Switch commutation charges as function of input current for (a)
VDC,1 = 9 V and (b) VDC,1 = 12 V, for finite L1 and L2 values. The output
voltage is VDC,2 = 175 V. For simplicity only absolute values of charges are used.

and the resulting expressions for the control variables are summarized in Table C.10

of Appendix C.
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Using the region 1 expressions for the control variables and following path 1 of Fig-

ure 3.11 (i.e. keeping the same voltage and increasing the input current), at a certain

operating point the pulse-width of voltage v1, is getting> π, which is beyond the phys-

ical limits and τ1.1 is clipped to its maximum value (τ1.1 = π). This operating point

(OP2) defines the boundary between region 1 and 2, and the transition from mode 21

to mode 11. In Figure 3.12(a), it can be seen that the charges QAv,λ,B, QAv,µ,A are

increasing as IDC,1 increases, meeting the ZVS conditions, until current IDC,1 reaches

its maximum value. The soft-switching constraint of edge α1 is still satisfied in its

minimum value (QAv,α1,B = −QReq,Prim,B). However, in region 2, it is not feasible

to identify a third equality and form a system of equations like in region 1. Another

important consideration is to conserve smooth transition of the control variables from

mode 21 to mode 11, because a sudden transition (i.e. discontinuous function of

one or more control variable) might cause an unwanted dynamic behaviour of the

DAB. To form a system of equations for region 2, the expression of τ2.1, resulted

from region 1, is used on top of the equality expressions discussed above (τ1.1 = π,

QAv,α1,B = −QReq,Prim,B). In this way, it is verified that the resulting control angles

are close to the optimal control angles of the optimization procedure and smooth

transition from mode 21 to mode 11 is achieved. The resulting expressions for the

control variables are summarized in Table C.11 of Appendix C.

Regions 3, 4 and 5 (VDC,1 > N · VDC,2/2)

Figure 3.12(b) shows the switch commutation charge for edge α1 for regions 3, 4,

and 5. The same procedure is followed in region 4, starting from the operating point

4 (OP4). The soft-switching constraint QAv,α1,B = −QReq,Prim,B is satisfied in its

minimum required value. By observing the optimizer, it can be seen that control

variables τ1.1 and τ2.1 are saturated to the maximum possible value (τ1.1 = τ2.1 = π).

The system of equations is solved (Table 3.7), resulting in the expressions for the

control variables of Table C.13.

Following path 2 of Figure 3.11 (i.e. VDC,1 = 12 V and increasing the input cur-

rent), the control variables for every operating point are calculated using the region

4 expressions. At a certain operating point, the e16 term of the τ2.2 expression (Ta-

ble C.13) becomes negative and this causes the square root (
√

) to return a complex

number. This operating point (OP5) defines the boundary between region 4 and 5.
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To calculate the control variables for region 5, the τ2.2 variable is saturated to π.

Finally, the variable φ2.1 for region 5 is calculated using the input power equation of

mode 11 (phase shift modulation). The expressions for the control variables used in

region 5 are summarized in Table C.14 of Appendix C.

Starting again from the operating point 4 (OP4) and following path 3 towards oper-

ating point 3 (OP3) of Figure 3.11 (decreasing the input current), the boundary of

regions 3 and 4 is met. According to the optimizer, a solution closer to the optimum

can be achieved, thus a system of equations can be formed, for region 3 (mode 14).

Since there is no ZVS constraint that is satisfied in the boundary, the criteria used to

form the system of equations are the continuous waveforms of the control variables

and the observations that can be concluded from the behavior of the optimizer. The

expression of τ2.2 of region 4 is used as it assures a continuous waveform and a result

close to the optimum value. Another obvious observation is that across the whole

region 3, the variables τ1.1 and τ2.1 are almost equal, thus another equality that can

be used is τ1.1 = τ2.1. The remaining equality constraint is derived observing the

optimizer. There is a relation between the half-period volt-second area, of voltage

v1 and v′2 which is mathematically expressed as Av1 = fcA · Av′2
11. The factor fA is

constant across the operating region 3 and equal to 0.9. The resulting expressions for

the control variables are summarized in Table C.12 of Appendix C.

Using the proposed strategy, soft-switching operation (charge-based) is achieved in

the entire operating range of the 3–5L DAB. The analytical solution for every region

is available in Appendix C. The complete algorithm derived during this process is

depicted in Figure 3.13, showing how every operating point (VDC,1, VDC,2, IDC,1) re-

sults in the appropriate region and solution set. The control variables τ1.1, τ2.1, τ2.2,

and φ2.1 are depicted in Figure 3.14, as function of the input current for nominal and

minimum input voltage. A continuous waveform can be seen for every variable which

is necessary to avoid undesirable dynamic behavior.

3.3.3 Comparison 3-3L vs 3-5L

In order to demonstrate the advantages of the 3–5L DAB, a comparison is performed

between the 3–5L DAB and the traditional 3-3L DAB. For the latter, the analytically

11VDC,1 · τ1.1 = fA · (τ2.1 + τ2.2) ·N · VDC,2/2
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Table 3.7: System of equations used for the derivation of the analytical charge-
based current-dependent modulation strategy.

Regions

1 4

QAv,α1,B = −QReq,Prim,B QAv,α1,B = −QReq,Prim,B

QAv,κ2,B = QReq,Sec,B τ1.1 = π

QAv,λ1,A = −QReq,Sec,A τ2.1 = π

derived modulation scheme from [34] is used. The basis for this comparison is the

RMS value of the currents iHF1(t) and iHF2(t) over the entire operating range, using

identical system specifications (acc. to Table 3.1). First, the maximum value of the

commutation inductances that assures ZVS in the whole operating range was identi-

fied for each topology. Using these values, Figure 3.16 is derived. Figure 3.16(a) and

Figure 3.16(b) show the RMS values of the primary-side and secondary-side bridge

currents for the traditional 3–3L DAB. Figure 3.16(c) and Figure 3.16(d) show the

RMS values of the primary-side and secondary-side bridge currents for the 3–5L DAB,

respectively. Figure 3.16(e) depicts the difference in percent between Figure 3.16(a)

and Figure 3.16(c), and Figure 3.16(f) depicts the difference in percent between Fig-

ure 3.16(b) and Figure 3.16(d). For the derivation of Figure 3.16(e) and Figure 3.16(f)

the following expression is used:

RMS% = 100% ·
I2
RMS,HFx,3−5L(v, i)− I2

RMS,HFx,3−3L(v, i)

I2
RMS,HFx,3−3L(v, i)

. (3.7)

The primary-side bridge expected conduction losses (Figure 3.16(e)) of the 3–5L DAB

are lower (up to 80%) in the entire operating region, except for a relatively small region

(low-current) where the expected conduction losses of the 3–3L DAB are lower. The

secondary-side bridge squared RMS current (Figure 3.16(f)) of the 3–5L DAB is

lower (up to 90%) in the low-voltage, low-current region. On the contrary, in the

high-voltage, high-current region there is no advantage because the secondary-side

bridge is operated as a full-bridge (τ2.1 = τ2.2).
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Figure 3.13: Diagram of the calculation algorithm for the control angles τ1.1,
τ2.1, τ2.2, and φ2.1, given the operating point (VDC,1, VDC,2, IDC,1), used for the

charge-based current-dependent modulation scheme.
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Figure 3.14: Control angles τ1.1, τ2.1, τ2.2 and φ2.1 (rad) resulting from
the charge-based current-dependent modulation scheme. The output voltage is

VDC,2 = 175 V.

Figure 3.15: Ideal voltages and current waveforms for mode 14. The depicted
waveforms are derived for VDC,1 = 8.5 V , VDC,2 = 175 V .
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Figure 3.16: RMS current of (a) LV-side bridge (IRMS,HF1) and (b) HV-side
bridge (IRMS,HF2) of the 3-3L DAB topology. (c) and (d) show the RMS current of
LV-side bridge (IRMS,HF1) and HV-side bridge (IRMS,HF2) of the 3-5L DAB topol-
ogy, respectively. Figure (e) shows the percent difference of (a) and (c), and figure
(f) shows the percent difference of (b) and (d), according to equation (3.7). The
figures are produced by using/comparing charge-based current-dependent modu-

lation strategies.
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3.4 Discussion

As described in Section 2.4, the goal of ZVS conditions is to assure that the parasitic

capacitances will charge and discharge within a reasonable time frame. Using current-

based ZVS conditions, only the current is taken into account, ignoring its slope, which

means that setting the same current limit in every operating point can lead to either

hard-switching (HS), or ZVS with the circulating bridge current (i.e. conduction

losses) being higher than the lowest possible, or ZVS with the current value and slope

forming an area (charge) that is exactly the charge needed to charge and dis-charge

the parasitic capacitances of the transistors.

The latter possibility is difficult to achieve using current expressions. Charge-based

current-dependent ZVS conditions are using charge and implement the latter, where

in every operating point the exact ZVS current limit is identified by comparing the

amount of charge being available and needed. Referring the charge-based current-

dependent ZVS conditions to the current-based ZVS conditions, in every operating

point the exact ZVS current limit is set, avoiding hard-switching or excessive circu-

lating current.

Comparing the derived modulation strategies, a difference is expected between them,

depending on the operating point. A direct numerical comparison of the modulation

strategies is not fair. In certain operating regions the current-based may show lower

RMS bridge currents but ZVS may not be achieved, leading to an unreliable compari-

son. The ZVS constraints of the charge-based current-dependent modulation strategy

are considered more accurate thus, between the strategies discussed, this strategy is

preferred.

3.5 Summary

This chapter presents modulation schemes for the 3–5L DAB converter. The mod-

elling expressions of Chapter 2 are applied to the 3–5L DAB. The converter spec-

ifications are given followed by an initial design. The general method followed to

derive analytical modulation schemes is described, presenting the optimizer setting

and how the results of the optimizer are used, incorporating the ZVS constraints.
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First, the current-based modulation strategy is presented, showing the necessity of

the commutation inductances and the choice of the optimizer to keep λ1 and λ2 edges

in the same switching instant for ZVS purposes. The second modulation strategy

presented is charge-based current-dependent, which assures ZVS, using the relevant

ZVS conditions. For both cases, the Fourier-seriesq based formulas are used in the

numerical optimizer. The results of the numerical optimizer, are used to derive an-

alytical modulation strategies, where the piecewise-linear modelling expressions are

used for the derivation. The decision trees presented, incorporate the derived expres-

sions into a well-defined procedure, that lead to direct mapping of operating points

(VDC,1, VDC,2, IDC,1) to the desired control angles. Both strategies show an advan-

tage of the 3–5L DAB compared to the 3–3L DAB, where ZVS is achieved in the

entire operating region, while the circulating current is reduced. The difference of

the current-based and charge-based current-dependent modulation schemes of the 3–

5L DAB is discussed, showing the advantages of the charge-based current-dependent

method as the description of zero voltage switching conditions is more accurate.





Chapter 4

Transient Sequence

The analysis and design of DAB converters are often focused on steady-state operation

and ignore transients and dynamic behaviour. However, transients are always present

in practical situations but are rarely taken into account. In particular, by definition

every converter operation starts in transient and usually settles in steady state after a

few cycles, after which the steady state analysis is valid. A similar situation occurs for

the transition of one operating point to another. During transients, non-zero DC-bias

currents can occur, as well as, high voltage over-shoots across the switches.

To avoid such unwanted behaviour, a transient sequence is needed. A transient se-

quence that can take soft-switching condition into consideration, with a predictable

current waveform, can minimize possible voltage overshoots across the switches and/or

prevent excessive current through the passive components and the switches, and thus,

reduce possible breakdown. This transient sequence could be used for the start-up or

the shut down of a DAB converter, as well as for the transition from one operating

point to another.

Numerous methods have been proposed for the transient control of single-phase

[20, 65, 68, 79, 80, 93, 95–97, 108] and three-phase [48, 66] DAB converters, as well

as, methods for start-up procedures [47, 109]. However, in most of the cases the

commutation inductances and/or the magnetizing inductance of the transformer are

ignored. Thus, a transient control method, that includes commutation inductances
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and the magnetizing inductance of the transformer, is necessary to facilitate the safe

transition between operating points, the start-up and/or the shut down of a DAB.

This chapter introduces a systematic approach to derive a switching pattern that

guides an lp-ls DAB converter from an initial state to a target state within a limited

number of switching events and short time (less than a period), assuring soft-switching

and the lowest possible RMS currents in the DAB bridges. This methodology can be

applied to the derivation of a start-up or shut down sequence. Moreover, the same

methodology can lead to the derivation of an operating point to operating point (OP-

to-OP) transient sequence, and potentially to the derivation of modulation strategies

with variable switching frequency.

4.1 Switching pattern modelling

The equivalent circuit of Figure 2.2 is assumed, where the presented procedure is

applicable to DAB converters of any level (lp-ls) that fit to the equivalent circuit (i.e.

including the commutation inductances L1 and L2). To model the switching pattern,

a square wave voltage is assumed across the inductor, as shown in Figure 4.1.

The converter in time instant t0 is in a certain initial state (t0, v0, i0) and by applying

a switching pattern (consisting of n switching events), it can be ’guided’ to a certain

target state (tn = ttarget, vn, in). The target state can be within a desired operating

mode, and from the tn onwards, the operation of the converter can continue in steady

state, as modelled in Chapter 2.

4.1.1 Derivation of general switching pattern

The derivation of this switching pattern starts from the general current expression of

a single arbitrary inductor (L) for the nth switching event, which is given by

iL(tn) =
vL,n

L
· (tn − tn−1) + iL(tn−1). (4.1)
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Figure 4.1: General transient sequence, showing the voltage applied across an
inductor (vL) and the inductor current (iL) for n switching events. The initial state
is (t0, vL,1, iL,0) and the target state is (tn, vL,n, iL,n−1). For every n, current iL,n

is equal to iL(tn).

The term iL(tn−1) can be expanded backwards to the 1st term and equation (4.1) is

then changed to

iL(tn) =
vL,n

L
· (tn − tn−1) +

vL,n−1

L
· (tn−1 − tn−2)

+ ... +
vL,1

L
· (t1 − t0) + iL(t0).

(4.2)

Manipulating the current terms of equation (4.2) and expanding the parentheses,

equation (4.2) is changed to

(iL(tn)− iL(t0)) · L = vL,n · tn − vL,n · tn−1 + vL,n−1 · tn−1

−vL,n−1 · tn−2 + ...+ vL,1 · t1 − vL,1 · t0,
(4.3)

and grouping by t terms and using matrix notation, equation (4.3) can be rewritten

as
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(iL(tn)− iL(t0)) · L =

[vL,n − (vL,n − vL,n−1)− · · · − (vL,2 − vL,1)− vL,1] ·



tn

tn−1

...

t1

t0


.

(4.4)

To allow easier handling of the calculations, the time vector t can be scaled by tn =

ttarget, i.e.

t′n = 1, · · · , t′0 = t0/tn,

and equation (4.4) is transformed and given by

(iL(tn)− iL(t0)) · L
tn

− vL,n = UL ·Qm · t’ (4.5)

where

UL =
[
vL,n vL,n−1 · · · vL,2 vL,1

]
,

Qm =



−1 0 · · · 0 0

1 −1 · · · 0 0

0 1
. . .

...
...

...
...

. . . −1 0

0 0 · · · 1 −1


,

and

t’ =


t′n−1

...

t′1

t′0

 .
The dimensions of UL , Qm and t’ are 1 x n, n x n and n x 1, respectively. The

presented derivation is assumed for a DAB that facilitates three inductors. For a

DAB with a single inductor, the modelling of the switching pattern is still valid, but

in that case it is straight forward that only one switching event is enough.
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4.1.2 System of equations

The same principle, leading to equation (4.5), can be applied to inductors L1, L2, L

of the lp-ls DAB. The derived expression, for L1 is given by

(iL1
(tn)− iL1

(t0)) · L1

tn
− v1,n = U1 ·Qm · t’, (4.6)

for L2 it is given by

(iL′2(tn)− iL′2(t0)) · L′2
tn

− v′2,n = U’2 ·Qm · t’, (4.7)

and for L it is given by

(iL(tn)− iL(t0)) · L
tn

− (v1,n − v′2,n) = [U1 −U’2] ·Qm · t’. (4.8)

Combining equations (4.6), (4.7), and (4.8), the following system of equations is

formed:

b = A · t’, (4.9)

where

b =



(iL1
(tn)−iL1

(t0))·L1

tn
− v1,n

(iL′2
(tn)−iL′2 (t0))·L′2

tn
− v′2,n

(iL (tn)−iL (t0))·L
tn

− (v1,n − v′2,n)


, (4.10)

A =

 U1

U’2

U1 −U’2

 ·Qm, (4.11)
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t’ = x =
1

tn
· t, (4.12)

for n ≥ 2. Given a target time instant tn, target current values iL1
(tn), iL′2(tn), iL(tn)

and U1, U’2 voltage vectors, the system of equations is solved for the time vector

t’. The resulting time vector might not be valid. For a valid t’ vector, the following

expression t0 ≤ t1 ≤ ... ≤ tn−1 ≤ tn should be guaranteed, and is expressed as[
1

t’

]ᵀ
·Qm(n+ 1) ≤ 0. (4.13)

Given a DAB converter configuration (inductor values and voltage levels), only the

vectors U1 and U2 are independent (i.e. switching pattern). All the possible combina-

tions (permutations) can be calculated (by brute forcing), and the system of equations

4.9 can be solved. Apart from a valid t’ vector, given by equation (4.13), different as-

pects should be addressed. It is desired that the minimum amount of switching events

take place, in order to minimize the complexity of this start-up sequence. Assuring

soft-switching is important, as it will avoid unwanted over-voltage. Furthermore, the

RMS current through the switches should be minimized in order to prevent switch

breakdown. Last, but not least, the target time instant should be selected such that

all the previous constraints are met.

4.2 Minimum number of switching events

Assuming that n = 2, the system of equations (4.12) is overdetermined, consisting of

3 equations and 2 unknowns (t0, t1). A solution can be found only if one equation is

linear combination of the other. Indeed row 3 is a linear combination of row 1 and 2,

which is proved below.

It is observed that

r3,A = r1,A − r2,A , (4.14)

so if

r3,b = r1,b − r2,b (4.15)
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is proved, then equation (4.8) is linear combination of equation (4.6) and equa-

tion (4.7).

Starting with (4.15)⇔ r3,b = r1,b − r2,b ⇔

⇔ (iL(tn)− iL(t0)) · L
tn

=
(iL1

(tn)− iL1
(t0)) · L1

tn
−

(iL′2(tn)− iL′2(t0)) · L′2
tn

and by manipulating, the expression results in

iL(tn) · L − iL1(tn) · L1 + iL′2(tn) · L′2 =

iL(t0) · L − iL1(t0) · L1 + iL′2(t0) · L′2.
(4.16)

To allow easier explanation, the two parts of the expression (4.16) are separated to

A = iL(tn) · L − iL1
(tn) · L1 + iL′2(tn) · L′2, (4.17)

and

B = iL(t0) · L − iL1
(t0) · L1 + iL′2(t0) · L′2, (4.18)

and thus expression (4.16) is transformed to A = B.

Currents iL(tn), iL1
(tn), iL′2(tn) belong to the same mode, which are derived using

the equations (2.46), (2.49), (2.50) presented in Chapter 2. Substituting them to the

expression

iL(tn) · L − iL1
(tn) · L1 + iL′2(tn) · L′2 = 0. (4.19)

and by manipulating, it can easily be proved that expression (4.19) is true for every

tn, thus A = 0. Consequently, if B = 0, then the assumption of expression (4.15) is

true, and equation (4.8) is linear combination of equation (4.6) and equation (4.7).

Expression B = 0 can be true if the currents iL(t), iL1
(t), iL′2(t) are part of a mode,

i.e. replacing tn with t0 in equation (4.19), which means that this method can be

used in the transition from one operating point to another by a predefined transient

sequence. The same method can be used in the start-up process of a DAB converter.

In this case all currents have initial value equal to zero,

iL(t0) = iL1
(t0) = iL′2(t0) = 0, (4.20)
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where equality B = 0 is true.

It is then proved that equation (4.8) is linear combination of equation (4.6) and

equation (4.7), which means that the system of equations (4.9) can be reduced to

n = 2 (i.e. the 3rd row can be discarded) and still produce a valid solution.

Solution for n = 2

Proving that (4.8) is a linear combination of (4.6) and (4.7), the system of equations

(4.12) can produce a solution for n = 2. The general solution then is given by

t’ =


v12 v11

v22 v21

 ·Qm


−1

·


(iL1 (tn)−iL1 (t0))·L1

tn
− v1,n

(iL′2
(tn)−iL′2 (t0))·L′2

tn
− v′2,n

 (4.21)

or in short

t’ = A−1 · bn=2, (4.22)

assuming A−1 exists, i.e. det(A) 6= 0. Setting λ = det(A), the following expression

should be true:

λ = det(A) = v12 · v21 − v11 · v22 6= 0, (4.23)

which assures that the inverse of matrix A exists. If λ 6= 0, the A−1 is given by

A−1 =
1

λ
·

[
−v21 v11

v22 − v21 −v12 + v11

]
. (4.24)

Equation (4.13) is transformed to[
1

A−1 · bn=2

]ᵀ
·Qm(3) ≤ 0, (4.25)

and in order to obtain a valid t’ vector, this constraint should be guaranteed.

Taking into account the expressions (4.23) and (4.25), every v1, v2 combination can

be examined in advance and verified if a valid solution can be derived from this
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combination. Expanding equation (4.25), the constraints that result are
−1 + 1

λ · (−v21 · b1 + v11 · b2)

− 1
λ · (−v21 · b1 + v11 · b2) + 1

λ · [(v22 − v21) · b1 + (v11 − v12) · b2]

− 1
λ · [(v22 − v21) · b1 + (v11 − v12) · b2]



ᵀ

≤ 0, (4.26)

and further manipulation results to

sign(λ) ·
(

(b2 + v22) · v11 − (b1 + v12) · v21

)
≤ 0,

sign(λ) ·
(
v22 · b1 − v12 · b2

)
≤ 0,

sign(λ) ·
(
v11 · b2 − v21 · b1

)
≥ −sign(λ) · (−v12 · b2 + v22 · b1).

(4.27)

The term v22 · b1− v12 · b2 is known and independent on the U1,U’2 sequence, as v12

and v22 are known. Two possible cases can then be distinguished, which take into

account (4.27) and enable easier detection of a valid solution:

� v22 · b1 − v12 · b2 ≤ 0:

(b2 + v22) · v11 − (b1 + v12) · v21 ≤ 0

λ > 0

v11 · b2 − v21 · b1 ≥ −(−v12 · b2 + v22 · b1)

(4.28)

� v22 · b1 − v12 · b2 ≥ 0:

(b2 + v22) · v11 − (b1 + v12) · v21 ≥ 0

λ < 0

v11 · b2 − v21 · b1 ≤ −(−v12 · b2 + v22 · b1)

(4.29)

The resulting expressions can be used for easier verification of v1, v2 combinations, and

consequently to easier derivation of valid switching pattern for a start-up sequence or

OP-to-OP point transition. These expressions may be further expanded or used in

more sophisticated ways to derive such switching patterns.
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4.3 Soft-switching

One of the features of the DAB is the soft-switching operation. In the start-up se-

quence discussed in this chapter, it is important to include this feature in the deriva-

tion process.

The soft-switching concept is similar to Chapter 2. The pidx and sidx indexes used

for primary-side and secondary-side bridges are

pidx = −1,

sidx = +1.
(4.30)

In every switching event tk, where k is integer and k ∈ [1, n − 1] (i.e. excluding

t0 and tn), the following soft-switching constraints should apply, for current-based

soft-switching:

sign(v1,k+1 − v1,k) · pidx · iHF1(tk) + ISS,Prim ≥ 0

sign(v2,k+1 − v2,k) · sidx · i′HF2(tk) + ISS,Sec ≥ 0,
(4.31)

and for CBCD soft-switching, on the primary-side:

sign(v1,k+1 − v1,k) · pidx ·
(
q1(tk)− q1(tk − tA,1)

)
+QReq,Prim,A ≥ 0

sign(v1,k+1 − v1,k) · pidx ·
(
q1(tk + tB,1)− q1(tk)

)
+QReq,Prim,B ≥ 0,

(4.32)

and on the secondary-side:

sign(v2,k+1 − v2,k) · sidx ·
(
q′2(tk)− q′2(tk − tA,2)

)
+QReq,Sec,A ≥ 0,

sign(v2,k+1 − v2,k) · sidx ·
(
q′2(tk + tB,2)− q′2(tk)

)
+QReq,Sec,B ≥ 0.

(4.33)

The calculation of charge is based on equation (4.1) of current and is given by

q(t) =
vL,n

2 · L
·
(
t − tn−1

)2

+ q(tn−1), (4.34)
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for t ∈ [tn−1, tn]. Thus the charge of each bridge is given by

q1(t) =

(
v1,n − v2,n

2 · L
+

v1,n

2 · L1

)
·
(
t − tn−1

)2

+ q1(tn−1), (4.35)

and

q′2(t) =

(
v1,n − v2,n

2 · L
− v2,n

2 · L2

)
·
(
t − tn−1

)2

+ q′2(tn−1), (4.36)

for the primary-side and secondary-side bridge, respectively and t ∈ [tn−1, tn]. Using

equations (4.35) and (4.36), and replacing t with tn−1 the charge differences are given

by

q1(tn−1 + tB,1)− q1(tn−1) =(
v1,n−1 − v2,n−1

2 · L
+
v1,n−1

2 · L1

)
·
[
t2B,1 + 2 · tn−1 · tB,1 − 2 · tB,1 · tn−2

]
,

(4.37)

q1(tn−1)− q1(tn−1 − tA,1) =(
v1,n−1 − v2,n−1

2 · L
+
v1,n−1

2 · L1

)
·
[
− t2A,1 + 2 · tn−1 · tA,1 − 2 · tA,1 · tn−2

]
,

(4.38)

q′2(tn−1)− q′2(tn−1 − tA,2) =(
v1,n−1 − v2,n−1

2 · L
− v2,n−1

2 · L2

)
·
[
− t2A,2 + 2 · tn−1 · tA,2 − 2 · tA,2 · tn−2

]
,

(4.39)

and

q′2(tn−1 + tB,2)− q′2(tn−1) =(
v1,n−1 − v2,n−1

2 · L
− v2,n−1

2 · L2

)
·
[
t2B,2 + 2 · tn−1 · tB,2 − 2 · tB,2 · tn−2

]
.

(4.40)

The expressions above can be used in CBCD soft-switching conditions/inequalities

given by equations (4.32) and (4.33).
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4.4 Operating point to operating point transition

sequence derivation

The methodology discussed in the previous sections is used for the transition from

one operating point to another operating point. The target points can vary within

a switching period and can be selected such to assure soft-switching and minimum

RMS current in both bridges. For a given target point, more than one transition

sequence can be derived. Given a target point, all v1, v2 combinations are taken into

account for two switching events (i.e. n = 2). For each v1, v2 combination the system

of equations (4.21) is solved for the timing vector t. The first check assures that the

timings are valid, i.e. t0 ≤ t1 ≤ ... ≤ tn−1 ≤ tn, and given this, the soft-switching

constraints of Section 4.3 are verified. If one of these verifications fails, the v1, v2

combination is discarded. In case both verifications succeed, the RMS currents of

both bridges are stored and the procedure continues to the next v1, v2 combination.

All valid transition sequences are then compared based on the minimum combined

RMS current1, and the sequence with the lowest combined RMS current value is

selected. Figure 4.2 shows an overview of the described procedure. The initially

selected target point can be ignored, and a different target point can be selected.

Thus the procedure can be repeated for different or multiple target points in order to

derive a transition sequence.

As an example, Figure 4.3 shows the transition sequence, that leads from mode 21 to

mode 11, applied to a 3–5L DAB. The primary-side voltage is equal to VDC,1 = 8.5 V,

the secondary-side voltage is equal to VDC,2 = 175 V and the primary-side DC current

is transitioning from IDC,1 = 50 A to IDC,1 = 100 A. The figure shows a time duration

equal to 18 µs and is divided in three parts. The first part of the figure shows the

initial operating point (8.5 V, 175 V, 50 A) in steady-state, the second part shows

the derived transition sequence and the third part shows the target operating point

(8.5 V, 175 V, 100 A) in steady-state. At t = Ts, the transition sequence is initiated

and in time instant t = t2 the voltage and current values are equal to the target

values. Finally, from t = t2 onwards, the steady-state modulation strategy is applied

again as derived in Chapter 3.

1I2RMS,HF1 +
I2RMS,HF2

N2 , where N is the transformer ratio as presented in Chapter 3.
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Figure 4.2: Procedure to derive optimal transition sequence for a DAB converter
with commutation inductances, assuming one or multiple target points.

4.5 Start-up sequence derivation

The same principle is applied to the start-up sequence derivation. The initial currents

of equation (4.10) are zero and thus b is simplified. Given a target point, all v1, v2
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Figure 4.3: Transition sequence, that leads from mode 21 to mode 11 operating
point, applied to a 3–5L DAB. The primary-side voltage is equal to VDC,1 = 8.5 V,
the secondary-side voltage is equal to VDC,2 = 175 V and the primary-side DC
current is transitioning from IDC,1 = 50 A to IDC,1 = 100 A. The initial control
angles are equal to τ1.1 = 2.52 rad, τ2.1 = 2.06 rad, τ2.2 = 0.39 rad and φ2.1 =
−0.024 rad. The target control angles are equal to τ1.1 = π rad, τ2.1 = π rad,

τ2.2 = 0.76 rad and φ2.1 = 0.215 rad.

combinations are taken into account for two switching events (i.e. n = 2). For each

v1, v2 combination the system of equations (4.21) is solved for the timing vector t.

Following the same procedure as shown in Figure 4.2, the start-up sequence with the

lowest combined RMS current value is selected.

As an example, Figure 4.4 shows the start-up sequence, that leads to a mode 21

operating point, applied to a 3–5L DAB. The primary-side voltage is equal to VDC,1 =

8.5 V, the secondary-side voltage is equal to VDC,2 = 175 V and the primary-side DC

current is equal to IDC,1 = 70 A. The figure shows a time duration equal to two

periods and is divided in three parts. The first part of the figure is the start-up

sequence, the second part is a half period in steady-state and the third part shows a

complete period in steady-state. Initially, all currents are equal to zero (t = 0). At

t = t0, the start-up sequence is initiated and in time instant t = ttarget the voltage

and current values are equal to the target values. Finally, from t = ttarget onwards,

the steady-state modulation strategy is applied as derived in Chapter 3.
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Figure 4.4: Start-up sequence, that leads to a mode 21 operating point, applied
to a 3–5L DAB. The primary-side voltage is equal to VDC,1 = 8.5 V, the secondary-
side voltage is equal to VDC,2 = 175 V and the primary-side DC current is equal

to IDC,1 = 70 A.

4.6 Shut-down sequence derivation

As in start-up, the same principle is applied to the shut-down sequence derivation.

The target currents are set to zero and thus b is simplified. Given an initial point, all

v1, v2 combinations are taken into account for two switching events (i.e. n = 2). For

each v1, v2 combination the system of equations (4.21) is solved for the timing vector

t. Following the same procedure as shown in Figure 4.2, the shut-down sequence with

the lowest combined RMS current value is selected.

Figure 4.5 shows the shut-down sequence, that leads to shut-down of the converter

from mode 21, applied to a 3–5L DAB. The primary-side voltage is equal to VDC,1 =

8.5 V, the secondary-side voltage is equal to VDC,2 = 175 V and the primary-side DC

current is equal to IDC,1 = 50 A. The figure shows a time duration equal to 11.65 µs

and is divided in two parts. The first part of the figure shows the initial operating

point (8.5 V, 175 V, 50 A) in steady-state, and the second part of the figure shows

the shut-down of the converter. At t = Ts, the shut-down sequence is initiated and

in time instant t = t2 the voltage and current values are equal to zero.
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Figure 4.5: Shut-down sequence, that leads to shut-down of the converter from
mode 21, applied to a 3–5L DAB. The primary-side voltage is equal to VDC,1 =
8.5 V, the secondary-side voltage is equal to VDC,2 = 175 V and the primary-side

DC current is equal to IDC,1 = 50 A.

4.7 Discussion

In Section 4.5, every v1, v2 combination is taken into account. The conditions (4.28)

and (4.29) can further be used to speed up this process by discarding v1, v2 combina-

tions that do not give a valid solution. Another way of deriving a transient sequence,

would be to use numerical methods such as simplex but they are strongly dependent

on the circuit parameters. Thus, brute forcing may be a less time consuming and

more straightforward approach.

For the implementation of this methodology in a DAB converter, practical aspects

should also be taken into account. This method is sensitive to the parameters of the

converter and various effects such as the inductance of the inductors, stray induc-

tances, effective voltage across the inductors, the saturation of the inductors/trans-

formers, delays in voltage transitions and PWM signals, dead times and FPGA time

resolution (FPGA clock). To apply this methodology, the aforementioned parameters

and effects should be taken into account, such that non-idealities are compensated.

For the OP-to-OP transition, variable switching frequency results during transients, as

the sequence duration may be different for each transition. From the implementation

point of view, the transient sequence between two operating points can be calculated

in real time or off line (lookup tables), where the real time calculation would be
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the preferred solution. In case the real time calculation is not feasible, all transient

sequences between two operating points should be derived for every combination of

operating points. Assuming that there are k discrete operating points, in total k − 1

transient sequences should be derived. Repeating this process for all k operating

points, leads to k · (k − 1)/2 transient sequences, which grows rapidly as k increases.

Another option is to guide all currents through zero (OPa to t0
2 to OPb), which

is essentially turning-off and on the converter. With this option the effort can be

minimized, as only k transient sequences should be derived for turning-off and k

transient sequences for turning-on. Thus, the required transient sequences are reduced

from k · (k − 1)/2 to 2 · k, which for k ≥ 5 is advantageous3.

The same principle can be used for steady-state operation with a reference power

delivery requirement. Setting the appropriate initial and target points, the proce-

dure described in this chapter can be used and a new modulation strategy can be

derived, where variable switching frequency will result with the potential of lower

RMS current compared to the proposed modulation strategies of Chapter 3. The

selection of variable switching frequency in each operating point is more complex to

implement following the techniques proposed in chapters 2 and 3, thus fixed switching

frequency is selected in the entire operating range. Consequently, following the prin-

ciple described in this chapter, the frequency is naturally selected, and a frequency

optimization is performed. This method can potentially be applied in any lp−ls DAB
converter.

4.8 Summary

This chapter presents a transient sequence derivation principle for an lp-ls DAB con-

verter, with one main inductor and two commutation inductances. First, the mo-

tivation and the general idea of this chapter are described. The general switching

pattern for a single inductor and n switching events is derived, which is applied to the

inductors (L, L1, L2) of the DAB. The resulting equations are combined to a system

of equations. This system of equations, when solved, produces the switching pattern

that can ’guide’ the converter from one (initial) state to another (target) state in less

2Where every current (iL , iL1 , iL′2
) crosses zero at the same time instant.

3For 200 operating points the number decreases from 19900 to 400.
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than one switching period. It is proven that the general switching pattern equation

of L is a linear combination of the corresponding equations of L1 and L2. Thus,

in principle, only two switching events (n = 2) are sufficient to derive a transient

sequence. For a valid transient sequence, the resulted timing vector should be realiz-

able, which can be incorporated into constraints that can be used to narrow down the

v1, v2 combinations. Soft-Switching constraints are also taken into account to reduce

possible over-voltages and breakdown of the switches.

Based on the aforementioned transient sequence, the complete derivation process, for

an OP-to-OP transition, a start-up and a shut-down, is presented. Further expansion

of the transient method and practical implementation issues are discussed. The same

principle can be applied for the derivation of new modulation strategies that include

variable switching frequency, which potentially results in a lower RMS current in the

high-frequency link.
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Chapter 5

Comparative Evaluation

In chapters 2 and 3, the 3–3L DAB and the 3–5L DAB are discussed. However

different implementations and architectures can be considered and, depending on the

application and the specifications, each implementation leads to different power losses

and volume. This chapter is aiming to explore promising architectures and secondary-

side bridge (3 or 5 level) implementations. The resulting power losses and volumes

are assessed, in order to identify the converter variant(s) that achieve the highest

performance indices. The considered application is for a LV2HV interface converter.

The input voltage range is 8 V ≤ VDC,1 ≤ 16 V (nominal 14 V), the output voltage

range is 175 V ≤ VDC,2 ≤ 450 V (nominal 400 V), and the maximum primary-side

input current is ± 200 A. The modulation strategy presented in [38] is used for

the 3–3L DAB, and the modulation strategy presented in Chapter 3 is used for the

3–5L DAB variants.

Different architectures can bring the advantage of dividing the input (LV side) cur-

rent over multiple switches by interleaving two or three modules, which also leads to

reduced filtering effort. The voltage applied to secondary-side switches can be divided

This chapter is based on:
- G. E. Sfakianakis, J. Everts, H. Huisman, and E. A. Lomonova, “Comparative Evaluation of
Bidirectional Dual Active Bridge DC–DC Converter Variants,” in IEEE 13th Annual Vehicle Power
and Propulsion Conference (VPPC 2016), Oct 2016, pp. 1–6
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resulting in switches with lower blocking voltage. By using multiple modules (archi-

tectures), the complexity is increased as the number of discrete components (switches,

magnetics) increases.

Five level implementation of the secondary-side bridge can lead to lower RMS cur-

rent in the high-frequency (HF) link compared to three level implementations, but

increases the complexity as more switches are used. The five level secondary-side

bridge can be implemented using either T-Type, a neutral point clamped (NPC) or

a flying capacitor (FC) type switching legs, where each configuration brings different

advantages.

A comparative evaluation is carried out to evaluate which combination of bridge

implementation and architecture is optimal to realize [14, 18, 36]. The considered

performance indices are the Semiconductor Chip Area based Converter Comparison

(SAC2), the efficiency and the power density. The outcome of this evaluation is used

for the realization of a prototype converter presented in Chapter 6.

5.1 DAB converter variants

Figure 5.1 presents the general circuit schematic of the considered Dual Active Bridge

converters, consisting of a primary-side full-bridge (LV side) and a secondary-side

bridge block (HV side), coupled by a HF transformer and series inductor L. Various

5-level secondary-side configurations are studied in this framework. All considered

secondary-side bridge implementations are shown in Figure 5.2. Substituting the

secondary-side bridge block with the full-bridge shown in Figure 5.2(a), the 111 3-3L

DAB converter is formed (further referred to as 3-3L DAB). For the implementation

of the multi-level bridge (MB) of the 3–5L DAB, a T-Type, a Neutral Point Clamped

(NPC) [43, 72] or a flying capacitor bridge leg can be used. Substituting the bridge

of Figure 5.2(b) in Figure 5.1, forms the first variant of the 3–5L DAB, which is

further referred as 111 3-5L-T DAB. In a similar way, the 111 3-5L-NPC DAB is the

outcome of substituting the bridge of Figure 5.2(c) in Figure 5.1. The flying capacitor

variant is not considered due to its increased complexity, as extra hardware and effort

is required for the measurement and the balancing of the flying capacitor(s) voltage
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[70, 94]. For the balancing of the C2,α and C2,β capacitor voltages of the T-Type and

NPC, no extra effort is required as there is an auto-balancing effect2.

The T-Type mixed bridge (Figure 5.2(b)) of the 111 3-5L-T DAB is implemented as a

combination of a 3-level T-type leg and a half-bridge leg [16, 35], utilizing 4 switches

with a voltage rating of VDC, and 2 switches with voltage rating of VDC/2. The NPC

mixed bridge (Figure 5.2(c)) [43, 72], is implemented as a combination of a 3-level

NPC leg and a half-bridge leg, utilizing 2 switches with full-DC voltage rating, and 4

switches and 2 diodes with VDC/2 voltage rating.

Figure 5.1: Circuit schematic of the considered single-module (111) Dual Active
Bridge converter topologies.

Apart from the single-module3 implementation, shown in Figure 5.1, the use of dif-

ferent architectures is considered.

The relatively high current in the primary-side bridge can lead to the parallel con-

nection of two or three parallel primary-side bridges in order to distribute the current

among each bridge. Similarly the relatively high voltage in the secondary-side bridge

can be divided, if more bridges are connected in series, and reduces the required

blocking voltage of the switches. Moreover, two (222) and three (333) modules in

parallel/series connection can bring the advantage of interleaving the modules which

results in the reduction of electromagnetic interference (EMI) and ripple filtering ef-

fort by reducing the RMS current that needs to be filtered. Thus, the architecture

2The higher the capacitor voltage, the higher the discharging current through the capacitor.
3Single-module implementation consists of one primary-side bridge, one transformer and one

secondary-side bridge, i.e. 111 bridge.
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Figure 5.2: Schematic of the secondary-side bridge variants used in the considered
converter concepts. (a) full-bridge (b) mixed-bridge: half-bridge leg and T-Type
leg (c) mixed-bridge: half-bridge leg and NPC leg. Each secondary-side bridge

variant is substituted in the secondary-side bridge block of Figure 5.1.

variants considered for this comparison are the single-module (111), the two-module
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Table 5.1: Summary of the considered DAB variants in this chapter.

Configuration Module No Secondary-side Bridge Type

(111) 3-3L 1 full-bridge

111 3-5L-T 1 T-Type mixed

111 3-5L-NPC 1 NPC mixed

222 3-5L-T 2 T-Type mixed

222 3-5L-NPC 2 NPC mixed

333 3-5L-T 3 T-Type mixed

333 3-5L-NPC 3 NPC mixed

(222) in parallel/series connection and the three-module (333) in parallel/series con-

nection, which are shown in Figure 5.3. The paralleling of switches (current sharing),

the addition of more secondary-side switches in series, and the paralleling of trans-

formers/inductors for heat distribution or stray inductance minimization is not taken

into account and can be considered in the design phase of the converter.

Three implementations of the DAB converter are considered and result from the

combination of Figure 5.1 with each sub-figure of Figure 5.2. Moreover, four extra

implementations of the DAB converter are considered and result from the combination

of 222 and 333 architectures with Figure 5.2(b) and Figure 5.2(c). In total seven

architectures are considered which are summarized in Table 5.1.

Performance indices of a power electronics converter (e.g. efficiency and power den-

sity) are competing and moreover strongly dependent on the underlying specifications

and technology. Therefore, this chapter focuses on a comparison which is based on

common specifications, technology standards and detailed analytical loss and volume

models.

5.2 Component modelling

The most important loss contributions are the semiconductor conduction losses, the

gate driver losses and the losses in the magnetics. The switching losses for the soft-

switching DAB variants are quazi-zero and therefore not taken into account. The
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Figure 5.3: Considered architectures for the realization of a bidirectional DAB
DC–DC converter, where one (111, top inset), two (222, middle inset) and three
(333, bottom inset) DAB modules are used in parallel/series connection. The
primary-side bridge is in all cases a full-bridge. The secondary-side bridge block is
replaced by either a T-Type mixed bridge, or an NPC mixed bridge, or a full-bridge

(only for the 111 3-3L variant).
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modulation strategies utilized to perform this comparison are presented in [34] for

the 3-3L DAB and in Chapter 3 for the 3–5L DAB.

5.2.1 Semiconductor losses

The conduction losses of a MOSFET are proportional to the on-resistance RDS(on).

However, for allowing direct and fair comparison of different devices and device tech-

nologies it is more convenient to consider the active Silicon (Si) area ASi,act
4. The

conduction losses of a power MOSFET is given by

PS,cond =
R∗DS(on)

ASi,act
I2
S,rms, (5.1)

where I2
S,rms is the RMS current of the MOSFET and R∗DS(on) [ Ω ·mm2] the specific

on-resistance, being a function of the junction temperature Tj, the drain current

density JD and the gate voltage Vg:

R∗DS(on) = R∗DS(on)|Tj=Tj,Ref ,JD=JD,Ref ,Vg=Vg,Ref

·(1 + α1 ∆Tj + α2 ∆T 2
j )

·(1 + β1 ∆JD + β2 ∆J2
D)

·(1 + γ1 ∆Vg + γ2 ∆V 2
g ).

(5.2)

∆Tj, ∆JD and ∆Vg are deviations from the reference junction temperature Tj,Ref , the

reference drain current density JD,Ref and the reference gate voltage Vg,Ref . Conduc-

tion losses in the internal body diodes are neglected as in normal operation they only

conduct for a very short time interval. The only switching frequency related losses

are the gate losses, as soft-switching is assumed and the transistor switching losses

are neglected. The gate drive losses are given by

PS,sw = fs ·
Q∗GASi,act

Vg,Ref
Vg

2, (5.3)

where Q∗G [ C ·mm2] is the specific total gate charge.

4The relation between active and real chip are is given by: ASi,act = 0.9864 ·ASi− 1.3662 (mm2),
and is derived from manufacturer data of the considered devices.
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The MOSFET junction temperature Tj depends on the total MOSFET losses and the

thermal resistance Rth,j−c between the die and the cold plate/heatsink, and is given

by

Tj = PS ·Rth,j−c + Tb, (5.4)

where PS = PS,cond + PS,sw and Tb is the bottom temperature of the cold plate.

Thermal equilibrium can be found by solving the interlinked equations (5.1), (5.3),

(5.4) for power losses and the junction temperature.

The data for Si Infineon IPT007N06N [51] MOSFET are used for the low voltage

primary-side bridge. For the high voltage secondary-side bridge, the Si Fairchild

FCH76N60NF MOSFET [42] is used for the half-DC switches and for the full-DC

switches the Si Infineon IPZ65R019C7 MOSFET [50].

5.2.2 Semiconductor and cold plate volume

The volume occupied by each semiconductor device is related to its losses. For lower

semiconductor losses, a higher thermal resistance is allowed which typically results

in reduced heatsink volume. Thus, the semiconductor losses and volume (incl. cold

plate) are interlinked. The same transistor cooling is assumed in every topology, con-

sisting of an aluminium plate with thickness of hcp = 8 mm and constant temperature

Tb = 80◦C, combined with thermal pad and semiconductor package (Figure 5.4). The

complete heatsink design is ignored5, as a more detailed design is required, includ-

ing the combined mounting of the primary-side and secondary-side switches (single

or double sided heatsink), and the number and height of the fins. For the package

height (hpkg), the value of each package is used from the datasheet and a thickness

of hmount = 3 mm is assumed for mounting with a screw, clamp or plate. The surface

area of the cold plate is calculated based on the Chip Area (Figure 5.5), taking into

account the overhead caused by the packaging, connection pins and the extra space

that is needed between two transistors when mounting them on a PCB.

Therefore, when scaling the semiconductor area by a factor fcC.A., each dimension

is scaled with a factor
√
fcC.A., allowing to specify the total area occupied by the

5The volume difference among the variants will occur from the surface difference of the cold plate
needed.
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Figure 5.4: Side view of semiconductor - cold plate assembly. The package is
mounted onto an aluminium cold plate with isothermal bottom surface at 80◦C.

semiconductor - cold plate assembly. By multiplying this area with the height (hcp +

hpad + hpkg + hmount) of the assembly, the total volume Vsem can be calculated. The

margins shown in Figure 5.5 and the volume of the gate drivers do not scale with the

semiconductor chip area, i.e. they are constant values.

Figure 5.6 shows a simplified steady state thermal model of the semiconductor - cold

plate assembly. The total thermal resistance between the MOSFET junction and the

bottom of the cold plate consists of a series connection of the MOSFET junction-to-

case thermal resistance Rth,j−c, the thermal resistance of the thermal pad Rth,pad =

hpad/(kpadApad) and the thermal resistance of the cold plate Rth,cp = hcp/(kcpAcp).

The area of the pad (Apad) is equal to the area of the MOSFET case (excluding the

pins). The area of the cold plate (Acp) is equal to the area of the MOSFET case

including the margins shown in Figure 5.5.

5.2.3 Inductors and transformers

The geometry, the arrangement of the windings and the type of wire and the core type,

its geometry and material determine the inductors and transformers losses. The core

size determines, mainly, the resulting volume of the transformer. An optimization

algorithm is used to map a multi-dimensional design space (available design choices)

into a multi-dimensional performance space (losses, volume) for each inductor/trans-

former.

Planar cores are considered, for the optimization routine, because of their advanta-

geous properties with respect to excellent electromagnetic and thermal characteristics,
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Figure 5.5: Top view of semiconductor - cold plate assembly. Each semiconductor
is mounted onto a cold plate which area depends on the semiconductor chip area
taking into account a margin of 2.5 mm in every side (mheight= mwidth= 2.5 mm).

Figure 5.6: Thermal network of the cold plate assembly.

and high power density. EILP and EELP core combinations were considered. In par-

ticular, Ferroxcube [6] (material: 3F3) and EPCOS [5] (materials: N49, N87, and

N92) were considered in the range from 32 mm up to 64 mm. A maximum of 50

cm to the total core length was limiting the number of cores. In order to reduce

eddy current losses in the windings, litz wires are chosen. All commercially available
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Litz wires from the RUPALIT Classic product range of PACK-FEINDRAHTE [9]

were taken into consideration. Split, concentric, hexagonal and orthogonal type of

windings arrangements are investigated. In order to meet the inductance values, the

reluctance model Rm is calculated in a first step. At the same time the peak flux den-

sity Bpk and air gap length lg are bounded such that they do not exceed a maximum

value. An upper and lower limit for the number of turns (transformer primary side:

n1, inductor: nL) is introduced:

(V · s)prim,max

2Bpk,maxAc
≤ n1 ≤

√
LM(Rm,core +Rm,air,max|lg=lg,max), (5.5)

LIL,pk

Bpk,maxAc
≤ nL ≤

√
L(Rm,core +Rm,air,max|lg=lg,max

). (5.6)

In order to avoid operation close to saturation and achieve low core losses, the upper

boundary of the maximum operating flux density Bpk,max is calculated by the core ma-

terial saturation flux densityBsat and by applying a 20% safety margin. (V · s)prim,max

is the maximum Volt-seconds product (primary side of the transformer), Ac is the

effective core cross section, and IL,pk the peak inductor current. As proposed in [74],

the air gap reluctance Rm,air is calculated using the 3D method. In a second step the

objective function is calculated (i.e. the total inductor/transformer losses), requiring

detailed models of the winding losses and core losses. For each iteration the objective

function is minimized within the design constraints such as the available window area.

The ohmic losses in the Litz wires are separated in three parts. In particular, into

skin effect losses PLitz,S from self-induced eddy currents inside the conductor, exter-

nal proximity effect losses PLitz,P,e from eddy currents due to the external magnetic

field He
6, and internal proximity effect losses PLitz,P,i from eddy currents due to the

internal magnetic field Hi (produced by the wire itself). The winding losses per unit

length can be calculated with [75] and are indicated by the index ’l’:

PLitz,S,l = ns ·RDC · FR(f) ·

(
Î

ns

)2

, (5.7)

PLitz,P,l = PLitz,P,e,l + PLitz,P,i,l, (5.8)

6Originated in the air gap fringing field and the magnetic field from neighbouring conductors.
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(a) Performance space of the 111 3-5L-T DAB
inductor.

(b) Boundaries of the performance spaces of in-
ductors/transformers for the 111 3-5L-T and the
3–3L DAB. The chosen designs are marked.

Figure 5.7: Results of the inductor/transformer optimization.

PLitz,S,l = ns ·RDC ·GR(f) ·

(
Ĥe

2
+

Î2

2π2db
2

)
. (5.9)

RDC is the per unit length DC resistance of a single strand of the Litz bundle, ns the

number of strands in the bundle, db the diameter of the bundle, and Î the Fourier

amplitude coefficients of the current time function ibundle(t). FR(f) and GR(f) are

factors that allow to model the frequency dependence of the losses and are given

in [75], which also provides the 2D method used for calculating the external field

He. The core losses per unit volume are calculated with the Steinmetz parameters

kSt., αSt., βSt. using the improved Generalized Steinmetz Equation (iGSE) and are

indicated with the index ’V’ [104]:

Pcore,V =
1

T

∫ T

0

ki

∣∣∣∣dBdt
∣∣∣∣αSt.

(∆B)(βSt.−αSt.)dt (5.10)

The performance space for the 111 3-5L-T inductor is depicted in Figure 5.7(a). An

overview of the boundaries of the performance spaces of all inductors/transformers is

shown in Figure 5.7(b). The designs that were chosen (marked) are thermally verified

using a 2D nodal network (represented by Rth,L−b and Rth,Tr−b in Figure 5.6), using

the same cold plate as in Section 5.2 and assuming a maximum inner temperature of

120◦C [102].
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5.2.4 DC-Link capacitors

The capacitance values required for keeping the peak-to-peak ripple of the DC-link

voltages within their limits are calculated using:

Cx =
∆Qx

VDC,x · kripple
, (5.11)

where VDC,x · kripple is the peak-to-peak voltage ripple allowed. kripple is chosen to

be 4% for the LV side and 1% for the HV side. The charge difference ∆Qx is the

peak-to-peak charge of Qx(t), which is determined by:

Qx(t) =

∫ t

0

iCx(τ)dτ, (5.12)

where iCx
is the capacitor current.

Given the operating range, the capacitor values for every variant are calculated. For

the capacitor volume calculations the KEMET KPS series ceramic capacitors are con-

sidered for the LV side. For a given voltage of 25 V, the volume of the KEMET capaci-

tors scales linearly with the capacitance, VC = 0.001689 ·C [cm3/µF ]+0.07061 [cm3]7.

For the HV side, a different capacitor model is used in each variant (i.e. different

voltage level) and the scaling for given voltage level is performed by stacking more

capacitors (integer number of stacked capacitors).

In both cases (LV and HV side) ceramic capacitors are chosen because of their lower

volume/capacitance ratio. A selection of capacitors is performed taking into account

maximum voltage ratings, performance and market availability. In several cases, the

available capacitors in the market with different voltage ratings use the same package

(i.e. occupy the same volume), thus the selection is based mostly on performance,

and capacitors with higher voltage rating may be selected if this is beneficial for

the relevant variant. The drop of the capacitance value as function of the voltage

is not taken into account, however, double capacitance is applied in every variant.

According to the manufacturer, the capacitance drop can reach 50 % [54]. The losses

in the capacitors are neglected in this comparison.

7The relevant equation is produced by curve fitting of available capacitor data of the same series
and voltage in the market.
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Figure 5.8: Selected EMI filter topology for the performed comparative evalua-
tion, applied in each converter variant.

5.2.5 EMI filters

A differential mode (DM) EMI filter is designed for every converter variant. The de-

sign procedures of [77, 82] are followed, conforming to the guidelines of [31] regarding

filter damping. The IEC 6100-6-3 [49] standard for DC–DC converters is chosen as

reference for EMI/EMC limits. The voltage peak UQP,fD is estimated using [82] and

the required attenuation is given by

Attreq = UQP,fD − LimitDC,fD +Attmargin, (5.13)

where LimitDC,fD is the limit imposed by the IEC 6100-6-3 standard and Attmargin is

used as attenuation margin (equal to 6 dB).

A two stage filter topology is selected, as shown in Figure 5.8, where the design

procedure of [77] is followed, dividing the attenuation effort in both stages, resulting

in the values of the inductances, capacitances and damping resistances. The same

design procedure is followed for every converter variant. To calculate the volume of

the EMI filter, the volumes of the inductors and the capacitors involved are calculated,

following a similar procedure as described in Section 5.2.4 for the capacitors. The

volume of the inductors is estimated, by making a preliminary design using toroidal

cores. The design is focused on DM EMI filter, and thus a common mode (CM) filter

is not included in this comparison.
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5.2.6 Auxiliary circuits

Typically, the losses in the auxiliary circuits (measurements, control logic, protections

etc.) only account for a very small portion of the total converter losses and are

therefore neglected. The volume occupied by these components is estimated, since it

is not the intention of this work to perform a detailed design of the auxiliary circuits

for each topology. The volume occupied by the gate drivers is considered as a fixed

quantity (0.006 liters) per switch and is proportional to the number of switches.

5.3 Comparison results

Using the loss and volume models for every component, the comparison is based on

three different performance indices. First, a Semiconductor Chip Area based Con-

verter Comparison (SAC2) is performed, which principle is to scale each semiconduc-

tor chip area such that the maximum junction temperature is equal to a certain value.

The total chip area of a converter is then summed, and the converter with the lowest

total chip area has the best semiconductor chip area utilization. The second perfor-

mance index is efficiency. To allow a fair comparison, the same total semiconductor

chip area is used, which is distributed over all the semiconductors based on weight-

ing factors. The last performance index is the power density. An equal efficiency is

considered for every converter variant, by scaling the total semiconductor chip area,

and the resulting volume of each component is summed resulting in the total volume

and the power density of each converter variant.

5.3.1 Semiconductor chip area based converter comparison

(SAC2)

In order to allow a fair comparison between the different topologies, the total chip

area needed to limit the junction temperature to 125◦C in all semiconductor devices,

at nominal operating conditions (14 V, 400 V, 200 A), is used as a first comparison

criterion [36, 45]. Therefore, the models described in Section 5.2, correlating thermal

and electrical characteristics of the semiconductor devices to the chip area, are used.

Figure 5.9 shows the results of the SAC2. The lowest total chip area was achieved by
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Figure 5.9: Junction temperature (left inset) and semiconductor losses (right
inset) as function of active chip area, for each topology.

the NPC variants (i.e. 333 3-5L-NPC, 222 3-5L-NPC and 111 3-5L-NPC), while the

3-3L DAB has the worst chip area utilization. The T-Type variants (i.e. 333 3-5L-T,

222 3-5L-T and 111 3-5L-T) are in between the NPC variants and the 3-3L DAB.

5.3.2 Efficiency

Taking into account the loss models of Section 5.2, the converter efficiency is given by

η =
P1 − (PS + PMagnetics)

P1
, (5.14)

where PMagnetics = PTr,win + PTr,core + PL,win + PL,core and PS = PS,cond + PS,sw.

As semiconductor losses strongly depend on the specific device parameters and the

chip area per switch, and due to the varying number of semiconductors, they can only

be compared among the converter concepts for the same total chip area AC.A.,total.

For each device a weight factor is calculated in relation to the sum of all RMS currents
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Figure 5.10: Calculated efficiency of the typical 3-3L DAB, the 111 3-5L-T DAB
and the 111 3-5L-NPC DAB converters, for nominal primary-side (14 V) and

secondary-side (400 V) voltage levels.

(δi = I2
rms,i/

∑
I2
rms,i). The calculated efficiency of all converter concepts is depicted

in Figure 5.10.

The T-Type variants show the highest efficiency, and in particular the 222 3-5L-T

performs better than the 111 3-5L-T and 333 3-5L-T, which are closely together. The

NPC-Type variants show lower performance mainly due to the extended conduction

time of the NPC diodes8. The 3-3L DAB shows the lowest efficiency in the low-power

region (IDC,1 ≤ 40 A), while in the region IDC,1 ≥ 80 A, its efficiency is similar to

the NPC-Type variants.

5.3.3 Power Density

Weight and volume limitations cause the power density to be an important perfor-

mance index in automotive applications, and is given by:

ρ =
PDC,out

(1 + fcpack) · (Vsem + VGD + VMag + VC + VEMI + Vaux)
, (5.15)

8The voltage levels ±VDC,2/2, where the diodes are conducting, are active for higher proportion
(time duration) of the period, as the power transfer is increased. For example, this proportion is
ranging from 5% when IDC,1 = 10 A, to 20% when IDC,1 = 50 A, and to 52% when IDC,1 = 200 A,
for nominal primary-side (14 V) and secondary-side (400 V) voltage levels.
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Figure 5.11: Calculated converter volumes for obtaining a nominal load effi-
ciency of 90%, for VDC,1 = 14 V, VDC,2 = 400 V and IDC,1 = 200 A. ASi,3−3L =
954.4 mm2, ASi,111 3−5L−T = 538.9 mm2, ASi,111 3−5L−NPC = 1093.4 mm2,
ASi,222 3−5L−T = 819.4 mm2, ASi,222 3−5L−NPC = 1429.4 mm2, ASi,333 3−5L−T =

542.7 mm2, ASi,333 3−5L−NPC = 899.4 mm2.

where Vsem is the volume occupied by the semiconductors and the cold plate, VGD is

the volume of the gate drivers, VMag = VTr + VL, VC is the volume of the capacitors,

VEMI the volume of the EMI filters and Vaux is the volume of the auxiliary circuits.

A factor fcpack = 30% is used to compensate for the non-ideal packaging, intercon-

nections, and neglected components. Since correlation between converter losses and

volume is conflicting, a comparison of ρ is meaningful only in consideration of the

same efficiency. Therefore, a converter efficiency of 90% is considered for every con-

cept. A total inductor and transformer loss of 50 W is assumed and allocated, and

by scaling the Chip Area at nominal operating point 90% efficiency is achieved. The

converter volumes for the different variants are given in Figure 5.11. The calculation

predicts the lowest volume for the 111 3-5L-T DAB variants (0.44 liters), followed by

the 111 3-5L-NPC DAB variant (0.48 liters). The predicted occupied volume for the

222 3-5L-T and 222 3-5L-NPC DAB variants are 0.55 and 0.59 liters, respectively.

Slightly higher, the predicted occupied volume for the 333 3-5L-T and 333 3-5L-NPC

DAB variants are 0.61 and 0.63 liters, respectively. Finally, the predicted occupied

volume for the 3-3L DAB is 0.56 liters.
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Table 5.2: Summary of the resulted volumes presented in Figure 5.11. Semi
stands for Semiconductors, GD for Gate drivers, TF for transformers, Ind. for
inductors, Caps for capacitors, Aux for auxiliary circuits and EMI for EMI filtering

volume.

Configuration Semi GD TF Ind. Caps Aux EMI Total

3-3L 0.080 0.048 0.109 0.063 0.006 0.100 0.146 0.56

111 3-5L-T 0.059 0.060 0.033 0.045 0.013 0.100 0.124 0.44

111 3-5L-NPC 0.105 0.060 0.033 0.045 0.013 0.100 0.124 0.48

222 3-5L-T 0.095 0.120 0.035 0.068 0.044 0.100 0.085 0.55

222 3-5L-NPC 0.141 0.120 0.035 0.068 0.044 0.100 0.085 0.59

333 3-5L-T 0.063 0.180 0.045 0.160 0.015 0.100 0.049 0.61

333 3-5L-NPC 0.085 0.180 0.045 0.160 0.015 0.100 0.049 0.63

5.4 Discussion

The three comparison methods used in this chapter aim to make a fair comparison

among the DAB converter variants. All comparisons use a theoretical concept where

the semiconductor chip area can scale without constraints, ignoring practical issues

and limitations. The semiconductor chip area, the related losses and volume of each

switch and cold plate are affecting the key performance indices. For the loss and

volume models of magnetics, several designs have been made, in which core sizes and

materials, and litz wires are included in discrete sizes while the rest of the parameters

can scale in a continuous manner. Capacitors also scale in a continuous manner,

while the EMI filter size is a combination of the volume of the respective inductors

and capacitors.

The semiconductor chip area and the efficiency are affected mostly by components

that are scaled in a continuous manner. However, the volume comparison shown in

Figure 5.11 is mainly affected by discrete components, and thus a step wise increase

of volume among the variants is observed. The semiconductor volume can scale in

a continuous manner with chip area, but the margins shown in Figure 5.5 are kept

constant (i.e. do not scale), thus every new device added, results in a step increase

in volume, as can be observed between the T and NPC variants of each architecture.

Furthermore, the volume occupied by the transformer, inductor and EMI filter of each
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3–5L DAB converter are lower, compared to the 3–3L DAB, because of the lower RMS

current through the magnetics and the lower filtering effort required.

The volume of the capacitors is similar in the multi-level variants, apart from the

222 3-5L-T and 222 3-5L-NPC. The extra discrete capacitors required in the secondary-

side bridge(s) are compensated by the lower voltage ratings, such that similar energy

is stored in the capacitors. Capacitors are chosen based on the voltage ratings and

performance, as discussed in Section 5.2.4. However, in the case of the 222 3-5L-T

and 222 3-5L-NPC variants, the chosen capacitors are rated for higher voltage due

to market constraints and performance and thus, the higher total capacitor volume

observed for the 222 3-5L-T and 222 3-5L-NPC variants is justified. The volume con-

sidered for the gate drivers is a fixed number per switch, so a slightly bigger volume

for gate drivers is observed for the 3–5L DAB, as 2 extra MOSFETs are added. A

fixed auxiliary circuit volume is accounted for every converter variant.

This comparison is using theoretical and practical methods, and its outcome is an indi-

cation of performance. For better understanding, a complete design should be carried

out, which should take into account discrete components and practical constraints.

5.5 Summary

In chapters 2 and 3, the 3–3L DAB and the 3–5L DAB are discussed. However,

to realize a bidirectional DAB DC–DC converter, different implementations and ar-

chitectures can be considered. Depending on the application and the specifications,

each implementation can lead to different power losses and volume. This chapter is

exploring various architectures and secondary-side bridge (3 or 5 level) implementa-

tions and evaluates the resulting power losses and volumes, by applying the relevant

modulation strategy in each implementation. In total 3 bridge implementations and

3 architectures are considered, with a total of 7 possible implementations.

The comparative evaluation is based on the Semiconductor Chip Area Based Con-

verter Comparison (SAC2), the efficiency and the power density of the converters,

where the loss and volume models of the components are required. The semicon-

ductor conduction losses can be calculated as a function of the chip area, and are

dependent on temperature, current density and the applied voltage across the gate
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and the source. A similar approach is followed for the gate driver losses where the

gate charge is also a function of the semiconductor chip area. The total power losses

are used in the thermal network to calculate the junction temperature. The semi-

conductor volume includes the case and a suitable cold plate, ignoring the complete

heatsink, as a more detailed design is required for that. As the semiconductor chip

area is scaling, the power losses and the volume scale accordingly.

An optimization algorithm is used for the design of the inductor and the transformer.

Commercially available magnetic cores and litz wires are used. Results show that

the magnetics of the 3–5L DAB converter have lower losses and require lower volume

compared to the magnetics of the 3–3L DAB converter. Furthermore, the required

DC-link capacitances of all module variants are derived for the complete operating

range, based on the voltage ripple specifications. Given the capacitance and the

maximum voltage that each capacitor should withstand, the volume of each capacitor

is estimated.

A DM EMI filter is designed for each DAB and the volume of each filter is included in

the comparison, as well as, an estimated volume of the auxiliary circuits. The losses

of the DC-link capacitors, the EMI filter and the auxiliary circuits are not taken into

account as they are expected to contribute only a small amount, compared to the

overall losses.

The results show that the multi-level secondary-side single-module (111 3-5L-T, 111 3-

5L-NPC) variants outperform the full-bridge secondary-side single-module (3-3L) in

every performance index discussed in this chapter. Despite the extra switches/diodes

used in 111 3-5L-T and 111 3-5L-NPC, the extra degrees of freedom in the modu-

lation, result in lower RMS current in the high-frequency link, which results in the

aforementioned increased performance. The comparison among the 3–5L DAB vari-

ants showed that the extra modules added (i.e. 222 and 333 variants) can bring

advantages, despite the practical constraints, and overall complexity. Overall the

111 3-5L-T DAB variant is chosen as the most feasible solution and a prototype con-

verter is built to experimentally verify the modelling and modulation schemes, as

demonstrated in Chapter 6.





Chapter 6

Experimental Verification

As shown in previous chapters the 111 3-5L-T DAB variant is the most promising

variant for the realization of a single-stage LV2HV DC–DC interface converter, as

the extra degrees of freedom, obtained from the 5-level bridge, reduce the circulating

currents in the HF link. This leads to lower conduction losses in the switches and

magnetic components and thus, the cooling effort is minimized. Furthermore, the

overall system volume is improved as heatsink and magnetics volumes can be reduced.

To verify the modelling and modulation scheme derived for the 3–5L DAB, a prototype

converter is developed. The prototype is designed to achieve a power level of 2.8 kW

with a nominal primary-side voltage of 14 V and a nominal secondary-side voltage of

400 V.

In the following, the design and the realization of the prototype bidirectional DAB

single-stage DC–DC LV2HV interface converter is described. The design and realiza-

tion include the converter bridges, magnetic components, DC-link capacitors and the

control system. The prototype converter is operated as either a 111 3-5L-T or as one

module of the 333 3-5L-T. Furthermore, measurements are obtained for both cases to

verify the modelling and the modulation schemes.
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6.1 Prototype Design

The prototype converter is designed according to the specifications that are sum-

marized in Table 6.1. The primary-side voltage range is 8 V ≤ VDC,1 ≤ 16 V, the

secondary-side voltage range is 175 V ≤ VDC,2 ≤ 450 V, and the maximum primary-

side current is ± 200 A, achieving a maximum power of 3.2 kW. The operating fre-

quency is 120 kHz and the transformer turns ratio (N) is equal to 1/9. The achieved

transfer inductance L is equal to 152 nH, as measured in the laboratory and includ-

ing all the parasitic inductances1. The primary-side and secondary-side commutation

inductances are equal to 945 nH and 16.67 µH, respectively.

Table 6.1: Overview of the prototype converter characteristics and design choices.

Equipment Model/Type

Primary-Side Voltage VDC,1 8− 16 V

Secondary-Side Voltage VDC,2 175− 450 V

Maximum Current IDC,1,max ±100 A

Maximum Power 1.6 kW

Switching frequency fs 120 kHz

Transformer turns ratio N 1/9

Main inductor L 152 nH

Primary-Side Comm. inductor L1 945 nH

Secondary-Side Comm. inductor L2 16.67 µH

Primary-Side Switches IPT007N06N

Secondary-Side Switches C3M0075120K

6.1.1 Bridge realisation

In the primary-side bridge the Infineon [8] IPT007N06N [51] Silicon (Si) MOSFET

is used. The secondary-side bridge consists of a half-bridge leg and a T-Type leg as

shown in Figure 6.1. The Wolfspeed/Cree C3M0075120K [21] Silicon Carbide Power

MOSFET, which is capable of blocking up to 1200 V, is used for all the secondary-side

switches.

1To achieve a current transfer of ± 200 A, a transfer inductance of 60− 80 nH is required.
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Figure 6.1: Circuit schematic of the realized 3-5L Dual Active Bridge converter
prototype.

Figure 6.2: Secondary-side switches mounted on the heatsink. The dimensions
of the heatsink are 40 mm x 40 mm x 150 mm.

Both bridges are implemented in two different PCBs, for isolation purposes, and are

mounted on a single heatsink. Both, primary-side and secondary-side switches are

mounted on each side of the heatsink. A Fischer Elektronik LAM 4 (40x40x150 mm)

[7] heatsink is used together with San Ace 9GAX0412P3S001 DC Fan [10]. Figure 6.2

shows the secondary-side switches mounted on the heatsink.
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Figure 6.3: Prototype single-phase transformer.

6.1.2 Magnetics

The high-frequency transformers are two identical transformers connected in parallel.

Each has turns ratio of 1/9, and is designed to withstand currents up to 125 A and

a maximum flux density of 0.2 T (100 kHz, 100 oC) with a voltage rating of 500 V.

Moreover, two stacked planar ELP 64/10/50 N97 [29] E cores are used. To support

the maximum current rating, 25 Litz wires are used in parallel for the primary-side

winding with each wire containing 100 strands and each strand having a diameter of

0.071 mm. For the secondary-side winding 4 Litz wires of the same type are used. The

primary-side and secondary-side windings have 1 and 9 turns, respectively, interleaved

in order to reduce proximity losses. Three layers are formed which are isolated with

Kapton tape between each layer. One of the high-frequency transformers is shown in

Figure 6.3.

For the realization of commutation inductances L1 and L2 two stacked planar ELP

43/10/28 N97 [28] E cores are used for each inductor. The L1 inductor is realised

with a total number of 28 Litz wires used in parallel (1 turn), achieving inductance

of 430 nH. Two identical L1 inductor are used in series, to form a total inductance

of 860 nH. The L2 inductor is realised with a total number of 6 Litz wires in parallel

(16 turns), achieving an inductance of 42.5 µH.
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Figure 6.4: Capacitors used in the secondary-side DC-Link, together with the
heatsink and the secondary-side printed circuit board (PCB).

6.1.3 DC-Link Capacitors

The DC-link capacitance of the primary-side bridge is realized using the KEMET

multilayer ceramic C2220C476M3R2C7186 capacitor [57]. In total 30 capacitors are

used in parallel to achieve a total of 1410 µF. The required capacitance is 684 µF but

a sufficient margin2 is used to compensate for the capacitance drop of the ceramic

capacitors as the applied voltage is increasing.

In the secondary-side bridge, three EPCOS B32774D4226 DC film capacitors [27]

(shown in Figure 6.4), of 22 µF each, are connected in parallel, for each capacitor

(C2,α, C2,β). The total achieved capacitance is 66 µF of the 58 µF required. The EP-

COS CeraLink B58033 [30] has also been considered for its high capacitance density,

but due to high cost this type of capacitor is not used in this prototype.

6.1.4 Gate Drivers, Control Platform and Final Prototype

For driving the MOSFET gates, a custom modular design is used which is imple-

mented in a separate PCB for isolation and practical (easier replication) reasons.

The final gate driver PCB is shown in Figure 6.5, where a clear separation of top and

2According to the manufacturer, the capacitance drop can reach 50 % [54].
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Figure 6.5: Gate driver PCB used in the prototype converter. Outer dimensions
77x49 mm.

bottom switch is visible. Each gate driver PCB is connected via pin headers to the

power PCB, from the one side, and to the interface control board from the other side.

In total five gate driver PCBs are used (one per half-bridge) and one for the S9a and

S9b (of the T-Type bridge), which are connected to the interface PCB. The interface

PCB facilitates additional logic and hardware protections, and is interfacing the gate

drivers with the dSpace [2] control platform.

The converter is controlled by the DS1006 [3] dSpace platform, which includes a

digital signal processor (DSP), and an additional DS5203 field programmable gate

array (FPGA) board [4] with clock period of 10 ns. The FPGA is responsible for

all time-critical procedures, such as pulse-width modulation (PWM) and dead-time

generation, and soft/hardware protections. The DSP is responsible for the execution

of modulation strategy related tasks, communication with the host computer (user

interface) and the overall system control.

The complete assembly of the prototype converter is shown in Figure 6.6.
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Figure 6.6: Complete assembly of the prototype converter. The depth of the
converter is 176 mm, the length is 186 mm, and the height is 60 mm.

6.1.5 Measurement Setup and Equipment

The measurements are carried out using the measurement equipment summarized in

Table 6.2. For the measurement of the waveforms, isolated voltage probes and current

probes are used, which are connected to a Teledyne LeCroy HDO4024 oscilloscope.

The efficiency measurements are carried out with the Yokogawa WT3000E power

analyser, with external current sensors (LEM IT 200-S and 60-S). The current sensors

achieve accuracy of ±0.0084 % and ±0.02725 %, respectively.

6.2 Results

Measurements are carried out to verify the theory developed in Chapter 2 and Chap-

ter 3.

Due to the low required power transfer inductance (L), the parasitic inductance

caused by the PCB traces, the wiring and the connectors significantly increase the

overall inductance (L) and affect the power transfer capability. In order to minimize

this effect, two identical transformers are connected in parallel and thus, the total
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Table 6.2: Overview of the measurement equipment.

Equipment Model/Type

Oscilloscopes Teledyne LeCroy HDO4024

Tektronix MSO54 with TIVH08 isolated probe

- Voltage Probes Tektronix P5200A, 50 MHz HV Differential Probe

- Current Probes PEM CWT MiniHF 1R Rogowski coil

Le Croy AP015

Power Analyser Yokogawa WT3000E (4-channel 1000 V/30 A)

DC accuracy: ±0.05% of reading ±0.1% of range

- Current Sensors LEM IT 200-S ±0.0084% accuracy

LEM IT 60-S ±0.02725% accuracy

leakage inductance is reduced. The equivalent inductance values of the model shown

in Figure 6.1 are L = 152 nH, L1 = 945 nH and L2 = 16.67 µH. The increased

value of the transfer inductance3 L limits the power transfer capability in the low

secondary-side voltage region. This limitation can be avoided by lowering the switch-

ing frequency and/or by optimizing the PCB design. Considering more converter

architectures similar to Chapter 5 can also be beneficial, as the required transfer

inductance is increased for the same power transfer.

In Figure 6.7, the waveforms of v1, v2, iHF1, and iHF2, calculated with the charge-based

current-dependent analytically derived modulation strategy presented in Chapter 3,

are compared to the measured waveforms at VDC,1 = 10 V, VDC,2 = 175 V and

IDC,1 = 10 A. A good matching is shown for v2, iHF1, and iHF2. In voltage waveform

v1, voltage steps can be seen. The low DC voltage in combination with the high di/dt

of the iHF1 current causes the development of a voltage drop across the parasitic

inductance. The value of the parasitic inductance is obtained by curve fitting and

is approximately 48 nH. In the first interval, the di/dt = 72.2 A/us and multiplied

by the inductance, produces a 3.5 V voltage drop which is opposing the 10 V of the

supply VDC,1. Consequently, the voltage v1 is equal to 6.5 V during the interval I.

During interval III, the sign of the di/dt is reversed and thus the voltage drop is added

to the expected 10 V. During interval II, di/dt ≈ 0 and thus the voltage v1 is equal

to 10 V, as expected.

3The maximum IDC,1 is calculated using: IDC,1 =
N·VDC,2,min

8·fs,max·L
.
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(a)

(b)

Figure 6.7: (a) Simulated and (b) Measured voltages and currents in the HF link.
Plots show the operation for VDC,1 = 10 V, VDC,2 = 175 V, and IDC,1 = 10 A. The
operating mode is number 14 and the control angles are τ1.1 = 72.6o, τ2.1 = 55.2o,

τ2.2 = 24.8o and φ2.1 = 1.8o.
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The converter efficiency is measured using the Yokogawa WT3000E power analyser.

The efficiency for VDC,1 = 14 V, VDC,2 = 400 V and IDC,1 = 0− 105 A is quite low,

in the range of 50 − 61%. The maximum efficiency is observed for 370 W of output

power and is equal to 61 %.

6.3 Operation as one module of a 333 3-5L-T DAB

converter

In order to transfer the desired power, a very low transfer inductance is needed for

the single-module implementation (111 3-5L-T). This has proved to be difficult to

implement as parasitic inductances become significant and almost double the equiva-

lent transfer inductance, limiting the transfer power to half. Thus, two (222 3-5L-T)

and three (333 3-5L-T) DAB modules connected in parallel/series connection can

bring an advantage regarding the total power transfer as the required power transfer

inductance is doubled or tripled for the same power transfer. For this reason, the

prototype converter is operated as one module of a 333 3-5L-T DAB converter where

the primary-side voltage is the same, the secondary-side voltage range is between 60 V

and 150 V and the primary-side DC current is between 0 A and 70 A. The nominal

secondary-side voltage is 133 V.

Figure 6.8 shows the waveforms of v1, v2, iHF1, and iHF2, measured at VDC,1 = 14 V,

VDC,2 = 133 V and IDC,1 = 10 A. It can be seen that theoretical and measured

figures match well and that soft-switching constraints are met. The voltage steps in

v1, which are caused by the high di/dt and the parasitics, can again be distinguished.

The measured efficiency of the converter versus the output power up to 1 kW is

shown in Figure 6.9. The primary-side voltage VDC,1 = 14 V and the secondary-side

voltage VDC,2 = 133 V. The highest efficiency is observed for 600 W and is equal to

86 %. As this converter is part of the 333 3-5L-T DAB converter, the same efficiency

can be obtained for 1.8 kW of output power. However, it has to be noted that this

prototype was built with the purpose to verify the modelling and the applicability of

the modulation strategies. Overall, this converter is not efficiency optimized and a

design iteration is necessary to achieve the highest possible efficiency.
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(a)

(b)

Figure 6.8: (a) Simulated and (b) Measured voltages and currents in the HF link.
Plots show the operation for VDC,1 = 14 V, VDC,2 = 133 V, and IDC,1 = 10 A.
The operating mode is number 21 and the control angles are τ1.1 = 110.04o,

τ2.1 = 105.26o, τ2.2 = 73.36o and φ2.1 = −0.04o.
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Figure 6.9: Measured efficiency versus output power for VDC,1 = 14 V and
VDC,2 = 133 V.

6.4 Discussion

In this chapter, a single-stage bidirectional DAB DC–DC LV2HV interface converter

is built and different modulation schemes and operations are verified. This converter

is operated as either a 111 3-5L-T or as one module of the 333 3-5L-T to show the

advantages and disadvantages of each implementation as discussed in Chapter 5.

A transformer turns ratio of N = 1/9 was selected and built to allow easier trans-

former build and derivation of modulation schemes. For nominal voltage operation

(VDC,1 = 14 V, VDC,2 = 400 V), a ratio of N = 1/28 would be more suitable as

14 · 28 ≈ 400 and the voltage ratio VDC,2/(N · VDC,2) would be close to unity. The

primary goal of this prototype is to prove the concept and thus the ratio N = 1/9

is selected to facilitate the goal. Another reason to select the ratio N = 1/9, is to

reduce the number of operating regions. For N = 1/9, the secondary-side voltage re-

ferred to the primary-side is always larger than the primary-side voltage. In case the

secondary-side voltage referred to primary-side becomes lower than the primary-side

voltage new operating regions appear. This fact makes the operation of the converter

more complex. The disadvantage of this choice is that a higher di/dt is developed

because the voltage differences between primary-side and secondary-side are larger

which causes the voltage steps as shown in Figure 6.7. Moreover, this choice causes

the voltage ratio VDC,2/(N ·VDC,2) to divert from unity, and thus the efficiency drops.
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The combination of a low primary-side voltage, high frequency and high primary-side

DC current results in the necessity of a very low power transfer inductance (L), in the

range of 60 − 80 nH. All the parasitic inductances in the current path are added to

the main inductance and thus limit the power transfer capability. For this reason, the

different variations discussed in Chapter 5 should be reconsidered as the minimum

required power transfer inductance is higher. In the case of a 222 3-5L-T (or 222 3-

5L-NPC) the minimum required power transfer inductance is doubled and in the case

of 333 3-5L-T (or 333 3-5L-NPC) the minimum required power transfer inductance is

tripled compared to the 111 3-5L-T (or 111 3-5L-NPC).

The operation of the converter close to the ideal waveforms is also affected by the

combination of low primary-side voltage, high frequency, high primary-side DC cur-

rent, and the low power transfer inductance (L). The effective voltage across the

power transfer inductance (L) is influenced significantly by the current amplitude

and change rate (di/dt), i.e. by resistive and inductive elements. A small voltage de-

viation combined with the low inductance can result in significant current change, as

shown in Figure 6.7. This results in deviation from the ideal behaviour and makes the

application of the derived modulation schemes more challenging, as ZVS constraints

that are just met on ideal waveforms, may not be met in reality. For example, cur-

rents that are expected close to zero in ideal waveforms, may deviate and reach or

cross zero. This behaviour is not desired as ZVS is lost.

While the converter is operated as a single-module (111 3-5L-T), the efficiency is

low and thus a redesign is needed. A new selection of the transformer turns ratio

(VDC,2/(N ·VDC,2) close to unity) or operating the converter as one module of a 333 3-

5L-T DAB converter, will result in an improved overall efficiency but will introduce

more operating regions.

6.5 Summary

A single-stage bidirectional DAB DC–DC LV2HV interface prototype converter has

been built to verify the modelling and modulation schemes. The design and implemen-

tation of each component of the converter is presented. The obtained measurement

results show that the modelling theory and modulation schemes are applicable in

practice despite the challenges. The operation of the converter as one module of a
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333 3-5L-T DAB can overcome implementation problems and resulted in significantly

higher efficiency. Consequently, other DAB variants, as discussed in Chapter 5, should

be considered for this application.
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Chapter 7

Conclusions and

Recommendations

The focus of this research is on isolated single-stage DC–DC converters, based on

the single-phase DAB topology, to convert electric power while providing galvanic

isolation. The main goal was to derive converter topologies and operating methods

that provide efficient power conversion and high power density for wide voltage and

power range applications. This thesis provides modelling, modulation schemes, tran-

sition sequences and comparison of existing and proposed single-phase DAB converter

topologies.

This final chapter briefly summarises the most important conclusions of the work that

has been presented in this dissertation. This is followed by the main contributions

of the research, together with a list of publications. Furthermore, several aspects of

DAB converters are still unexplored, therefore, recommendations are given for future

research.
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7.1 Conclusions

The research goal of this dissertation is to investigate single-stage DC–DC converter

topologies that achieve high efficiency and power density over a wide range of voltages.

To achieve this goal, multi-level DAB converter topologies are selected. More voltage

levels lead to more degrees of freedom (control variables), for fixed frequency, and

thus, increased complexity. More degrees of freedom allow the regulation of power

flow, with more flexibility in the minimization of the circulating current while soft-

switching boundaries can be included as constraints.

In order to provide analytical equations for the voltage, current and charge wave-

forms, and the power flow, the converter is modelled by PWL equations, as a first

order circuit. The PWL modelling framework is scalable to single-phase multi-level

DAB converters. A systematic approach is given to identify the operating mode

and to produce the relevant equations. In order to overcome the necessity for dis-

tinguishing operating modes, the trigonometric Fourier series are used to model the

aforementioned quantities with a relatively low number of frequency components and

negligible error. Consequently, taking into account the advantages and disadvantages

of both modelling approaches, numerical and analytical modulation schemes can be

derived.

Using a numerical optimizer and the aforementioned Fourier series modelling, control

variables have been derived for each operating point, resulting in theoretical (current-

based constrained) soft-switching and low circulating current. One leg of the 5-level

bridge can be replaced by a half-bridge without affecting the proposed modulation

strategy, resulting in fewer used semiconductors. Taking into account the results of

the numerical optimizer and using the PWL models, analytical equations have been

derived for the control variables that closely match the numerical modulation scheme

and thus resulted in a current-based analytical modulation strategy with four degrees

of freedom. A similar approach is used for the derivation of a numerical and an

analytical modulation scheme (using charge-based current-dependent soft-switching

constraints), resulted in soft-switching, low circulating current and four degrees of

freedom. Consequently, two analytical modulation strategies have been derived. The

current-based modulation strategies use theoretical soft-switching constraints, but

are easier to implement compared to the charge-based current-dependent modulation
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strategies which use charge-based current-dependent soft-switching constraints and

thus approximate the resonant transition more accurately.

A transient sequence derivation principle for any multi-level DAB converter is pre-

sented which can be used as converter turn-on/off and/or as a transition sequence

between two operating points. Thus, unwanted behaviour during transients, such as

non-zero DC-bias current and high voltage over-shoots across the switches, can be

avoided. Further expansion of the transient method and practical implementation

issues have been discussed, such as new modulation strategies with variable switching

frequency.

For the realisation of a DC–DC converter with a DAB topology, several variants may

be considered. In this thesis, seven implementations and architectures are examined

and in order to assess which variant is most suitable for implementation, a compara-

tive evaluation is carried out. The losses and volume of the main components of the

converter are modelled and used for the comparison. The comparison is divided in

three parts, the Semiconductor Chip Area Based Converter Comparison (SAC2), the

efficiency for nominal voltages, and power density. The results show that the 5-level

secondary-side single-module variants outperform the 3-level full-bridge secondary-

side single-module in every performance index discussed. Despite the extra switch-

es/diodes used in the 5-level variants, the extra degrees of freedom in the modulation,

resulted in lower RMS current in the high-frequency link. The comparison among the

3–5L DAB variants showed that the exta modules added in parallel/series connec-

tion can bring advantages, despite the drawbacks of practical constraints, and overall

complexity. Overall the single-module 3–5L DAB (111 3-5L-T) variant is chosen as

the most feasible solution.

A single-stage single-phase bidirectional DAB DC–DC LV2HV interface converter

has been designed and built to experimentally verify the modelling techniques and

the modulation schemes discussed. The obtained experimental results show that

the modelling theory and modulation schemes are applicable in practice despite the

challenges, either when the converter is operated as a 111 3-5L-T or as one module

of the 333 3-5L-T, and ZVS constraints are met. Higher efficiency is achieved when

the converter is operated as one module of the 333 3-5L-T, compared to 111 3-5L-T

operation, and reaches 86 % for output power of 600 W. The challenges to apply the

derived modulation strategies are discussed, as well as other implementation issues.
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A redesign is needed and selection of the transformer turns ratio (VDC,2/(N · VDC,2))

close to unity in order to achieve higher efficiency.

Overall, it has been demonstrated that applying complex modulation strategies using

multi-level DAB topologies to high current, low voltage applications is challenging as

the very low inductance needed is difficult to achieve. Different DAB variants should

be considered, as discussed in Chapter 5, which may enable easier implementation

and higher efficiencies.

7.2 Contributions

� Development of a piecewise-linear modelling framework that scales

to multi-level DAB converters, based on the Heaviside step function.

In order to model the behaviour of DAB converters and obtain closed-form ana-

lytical modulation schemes a piecewise-linear modelling framework is required.

A piecewise-linear modelling framework, based on the Heaviside step function,

scalable to single-phase multi-level DAB converters and a systematic approach

to identify the operating modes for each multi-level DAB converter is given.

� Development of a Fourier series based modelling method that scales

to multi-level DAB converters with reduced computational effort. In

order to overcome the necessity for distinguishing operating modes, the trigono-

metric Fourier series are used to model the multi-level DAB converters with

a relatively low number of frequency components and negligible error. Conse-

quently, numerical modulation schemes can be derived with lower computational

effort.

� Analytical modulation schemes for the 3–5L DAB. Analytical modula-

tion schemes are derived to optimally operate the 3–5L DAB converter. Based

on the results of the numerical optimizer and by using the piecewise-linear equa-

tions, analytical modulation schemes are derived that result in soft-switching

and low circulating currents.

� A transient sequence derivation principle that enables soft-switching

operation during the transition from off state to steady state and

between operating points. A transient sequence derivation principle for
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any multi-level DAB converter is presented which can be used as converter

turn-on/off and/or as a transition sequence between two operating points. The

converter can be guided directly to the desired state, and thus avoid unwanted

behaviour during transients.

� Comparative evaluation of single-phase DAB converter variants. For

the realisation of a DC–DC converter using DAB topologies, several topolo-

gies may be considered. In this thesis, seven implementations and architectures

are examined and in order to assess which variant is most suitable for im-

plementation, a comparative evaluation is carried out. For this purpose, the

semiconductor chip area, the efficiency, and the power density are compared.

� Experimental verification of the modelling methods, modulation

schemes and topological concept. A single-stage single-phase bidirectional

3–5L DAB DC–DC LV2HV interface converter is designed and implemented to

verify the derived modulation schemes and modelling methods. The converter

is operated as either a 111 3-5L-T or as one module of the 333 3-5L-T and the

measurements verify the theoretical models.
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Oct 2016, pp. 1–6

� G. E. Sfakianakis, J. Everts, H. Huisman, T. Borrias, C. G. E. Wijnands, and

E. A. Lomonova, “Charge–Based ZVS Modulation of a 3—5 Level Bidirectional

Dual Active Bridge DC–DC Converter,” in IEEE 8th Annual Energy Conversion

Congress and Exposition (ECCE 2016), Sept. 2016, pp. 1–10
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7.3 Recommendations

In this thesis, a framework for modelling, modulation schemes and transient sequences

for several single-phase multi-level DAB converters have been presented. To further

extend the possibilities of the proposed framework, further research is recommended

in various additional subjects:

Part I: Modelling, Modulation Schemes and Transient Sequence
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� In this thesis, fixed frequency is considered for the operation of the single-phase

DAB converters. However, variable frequency can reduce the required currents

to achieve ZVS over a wide voltage range, and especially in low-voltage low-

current regions. Long constant current intervals are produced from the modu-

lation strategy during low power transfer which are difficult to maintain and do

not contribute in power transfer. Using variable frequency, those intervals can

be avoided and thus, variable switching frequency should be considered.

� In chapter 4, a transient sequence derivation principle for any multi-level DAB

converter is presented which can be used as converter turn-on/off and/or as

a transition sequence between two operating points. However, experimental

verification of the proposed principle and the derived start-up sequence has not

been investigated and is recommended.

� The presented modelling and modulation schemes assume steady-state opera-

tion. The proposed transient sequence derivation principle, of chapter 4, is only

applied for the start-up process of the DAB converter. The same principle can

be applied for the transition between operating points, which can be benefi-

cial for the dynamic behaviour of the DAB converters, in case fast converter

response is required.

� The transient sequence derivation principle presented in chapter 4 can be ex-

tended and used for the derivation of modulation schemes that feature ZVS,

minimal circulating current and variable switching frequency. This could be

beneficial as DAB converters can be operated with variable frequency, which

can allow lower circulating currents while ZVS is achieved.

Part II: Comparative Evaluation and Experimental Verification

� In the comparative evaluation presented in chapter 5, only T-Type and NPC-

type switching legs are considered. Additional switching legs, such as the active

neutral point clamped (ANPC) and the FC, should be included in the compar-

ative evaluation to identify the variant that achieves the highest performance

indices.

� The prototype converter presented in this thesis is built to experimentally verify

the topological concept, the modelling and the derived modulation schemes.
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In order to assess the trade-offs among various performance indices, a multi-

objective optimization is needed for the optimal design of the converter.

� Due to the high frequency and relatively high current, the desired main in-

ductance (leakage inductance of the transformer) should be in the range of

60 − 80 nH. This low value is difficult to achieve in a real transformer and

thus other topological concepts should be considered such as paralleling more

transformers, or more DAB converters.

� Due to the high current and low voltage specifications, the parasitic inductances

and resistances are significant and affect the modulation strategies. It is also

recommended to include these elements and the voltage drop of the MOSFETs

and the diodes in the DAB model as voltage offsets, resistances or inductances.

In this way, parasitic quantities that affect the modulation schemes can be

predicted.

� A more detailed PCB design is needed using FEM software to estimate the

inductance in the current path. Thus, this inductance can be taken into account

when the transfer inductance is designed.

� A redesign of the transformer is recommended to keep a voltage ratio as close

as possible to unity in the entire operating area.
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Nomenclature

A.1 Acronyms

ANPC active neutral point clamped

BEV battery electric vehicle

BEVs battery electric vehicles

CB current-based

CBCD charge-based current-dependent

CM common mode

DAB Dual Active Bridge

DM differential mode

DSP digital signal processor

dSpace dSpace
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EMI electromagnetic interference

EVs electric vehicles

FC flying capacitor

FPGA field programmable gate array

HF high-frequency

HS hard-switching

HV high voltage

HVDC high voltage direct current

LV2HV low-voltage to high-voltage

MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor

NPC neutral point clamped

OP-to-OP operating point to operating point

PCB printed circuit board

PHEV plug-in hybrid electric vehicle

PHEVs plug-in hybrid electric vehicles

PSM phase-shift modulation

PWL piecewise-linear

PWM pulse-width modulation

Si Silicon

SS soft-switching

V2G vehicle-to-grid

ZCS zero current switching

ZVS zero voltage switching
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A.2 Conventions

Convention Description

x(t) Value of x at time t

X Mean or RMS value of x

x, X Matrix or array

xᵀ Transpose of x

x̂ Peak/maximum value of x

|x| Absolute value of x

x|y=z Value of x, when y = z

A.3 Designators

Designator Description

3–3L DAB 3-level 3-level DAB converter

3–5L DAB 3-level 5-level DAB converter

(111) 3-3L single-module 3–3L DAB

111 3-5L-T Single-module T-Type mixed bridge 3–5L DAB

111 3-5L-NPC Single-module NPC mixed bridge 3–5L DAB

222 3-5L-T Two-module T-Type mixed bridge 3–5L DAB

222 3-5L-NPC Two-module NPC mixed bridge 3–5L DAB

333 3-5L-T Three-module T-Type mixed bridge 3–5L DAB

333 3-5L-NPC Three-module NPC mixed bridge 3–5L DAB

αp, βp, γp, δp Primary-side voltage edges for level p

µ′s, ν
′
s, κs, λs, µs,

νs, κ
′′
s , λ′′s

Secondary-side voltage edges for level s
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A.4 List of symbols

Scalar Unit Description

Apad mm2 Area of the pad

Acp mm2 Area of the cold-plate

Ac mm2 Effective core cross section

ASi mm2 Chip are of a semiconductor

ASi,act mm2 Active chip are of a semiconductor

ak, bk - Fourier Series coefficients for kth harmonic

ax,k, bx,k - Fourier Series coefficients for kth harmonic of
waveform x

Bpk T Peak flux density

Bpk,max T Maximum flux density of a core

Bsat T Saturation flux density of a core

C1 F DC-link capacitor of primary-side bridge

C2,α, C2,β F DC-link capacitors of secondary-side bridge

Cx1, Cx2 F Switch output capacitors

Cx F General DC-link capacitor

db mm Diameter of a bundle

ex - Elements used to group quantities

fs Hz Switching Frequency

fs,max Hz Maximum switching Frequency

fcC.A. - Chip are scale factor

fcpack - Packaging factor

fcA - Factor used for modulation schemes derivation

FR(f), GR(f) - Frequency dependent loss factors of magnetic
cores

Ĥe A/mm Peak external field

hcp mm Height of the coldplate
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Scalar Unit Description

hpad mm Height of the pad

hpkg mm Height of the package

hmount mm Height of the mounting

iL A Current through transfer-inductor L

iL1
A Current through commutation inductor L1

iL2 A Current through commutation inductor L2

iL′2 A Current through commutation inductor L′2

iDAB,1 A Primary-side bridge DC-side current

iDAB,2 A Secondary-side bridge DC-side current

iHF1 A Primary-side bridge current

iHF2 (i′HF2) A Secondary-side bridge current (referred to primary-side)

IDC,1 A Input DC current of primary-side bridge

IDC,2 A Input DC current of secondary-side bridge

IDC,1,max A Maximum input DC current of primary-side bridge

IDC,1,ref A Reference input DC current of primary-side bridge

IRMS,HF1 A RMS current of iHF1

IRMS,HF2 A RMS current of iHF2

ISS,Prim A Required soft-switching current for primary-side bridge

ISS,Sec A Required soft-switching current for secondary-side bridge

kripple - Peak-to-peak ripple factor

kSt., αSt., βSt. - Steinmetz parameters

kpad W/(K ·m) Thermal Conductivity of the pad

kcp W/(K ·m) Thermal Conductivity of the cold plate

lp - Number of primary-side bridge voltage levels

ls - Number of secondary-side bridge voltage levels

lV,Prim -
Non-Zero absolute voltage levels of the

primary-side bridge (lV,Prim = (lp − 1)/2)
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Scalar Unit Description

lV,Sec -
Non-Zero absolute voltage levels of the

secondary-side bridge (lV,Sec = (ls − 1)/2)

lg mm Air gap length

L H Transfer-inductance

L1 H Commutation inductor for primary-side bridge

L2 (L′2) H
Commutation inductor for secondary-side

bridge (referred to primary-side)

Lmax H Maximum transfer-inductance

MModes - Number of Modes

N - Transformer turns ratio

n1 - Transformer primary-side turns

n2 - Transformer secondary-side turns

ns - Number of strands in the bundle

pidx - Constant equal to −1

PS,cond W Semiconductor conduction losses

PS,sw W Semiconductor switching related losses

P1 W Primary-side input power

PLitz,S W Skin effect losses

PLitz,S,l W/mm Per unit length skin effect losses

PLitz,P,l W/mm Per unit length proximity effect losses

PLitz,P,e W External proximity effect losses

PLitz,P,e,l W/mm Per unit length external proximity effect losses

PLitz,P,i W Internal proximity effect losses

PLitz,P,i,l W/mm Per unit length internal proximity effect losses

Pcore,V W/mm3 Per volume core losses

PMagnetics W Magnetics losses
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Scalar Unit Description

PTr,win W Transformer winding losses

PTr,core W Transformer core losses

PL,win W Inductor winding losses

PL,core W Inductor core losses

QAv,E,P C Available charge for edge E and part P (A or B)

QReq,S,P C Required charge for side S (Prim, Sec) and part P (A or B)

Q∗G C ·mm2 Specific gate charge

q1 C Primary-side bridge charge

q2 (q′2) C Secondary-side bridge charge (referred to primary-side)

rf i - Rising (1) or falling (-1) index for edge i

rfx,i - Rising (1) or falling (-1) index for edge i and level x.

Rth,j−c
oC/W Juction-Case thermal resistance

Rth,pad
oC/W Pad thermal resistance

Rth,cp
oC/W Cold-plate thermal resistance

R∗DS(on) Ω ·mm2 Semiconductor specific on-resistance

RDS,on,1 Ω Primary-side semiconductor on-resistance

RDS,on,2 Ω Secondary-side semiconductor on-resistance

RDC Ω/mm Per unit length DC resistance

Rm H−1 Magnetic reluctance

Rm,core H−1 Core magnetic reluctance

sidx - Constant equal to 1

ti s Time instant

Ts s Switching Period

Tj
oC Junction temperature

Tb
oC Cold-plate bottom temperature

v1 V Primary-side bridge voltage

v2 (v′2) V Secondary-side bridge voltage (referred to primary-side)
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Scalar Unit Description

VDC,1 V Primary-side DC-link voltage

VDC,2 V Secondary-side DC-link voltage

VDC,2,min V Minimum secondary-side DC-link voltage

VDC,x V DC-link voltage

Vg V Semiconductor gate voltage

Vg,Ref V Reference semiconductor gate voltage

τS.L rad Control angle for side S (Prim, Sec) and level L

φS.L rad Phase-shift for side S (Prim, Sec) and level L

θi rad Voltage Edge

ωs rad/s Angular Frequency

ω0 rad/s Angular Frequency of a Fourier-series signal

A.5 List of matrix symbols

Matrix Unit Description

U1 V Primary-side bridge voltage

U2 (U’2) V Secondary-side bridge voltage (referred to primary-side)

UL V Transfer-inductor voltage

Qm - Coefficient matrix

t’ s Time instant vector

rn,X - Row n of matrix X

λ - Determinant of matrix A



Appendix B

Modelling of the 3–5L DAB

In Chapter 2 the formulas that describe the general lp-ls DAB model are presented.

This chapter presents the general formulas applied to the 3–5L DAB case.

B.1 Switching modes

The primary-side switching instants are combined in

θp = {α1, β1, γ1, δ1}, (B.1)

and the secondary-side switching instants are combined in

θs = {µ′1, ν′1, κ1, λ1, µ1, ν1, κ
′′
1 , λ
′′
1 , µ
′
2, ν
′
2, κ2, λ2, µ2, ν2, κ

′′
2 , λ
′′
2}. (B.2)

Table B.2 and Table B.1 summarise the relevant switching instants, including their

angle and type.
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Table B.1: Voltage edges for the 3–5L DAB, of the 1st level for the primary-side
bridge. The rf s index denotes if the relevant edge is rising (1) or falling (-1).

Primary-side 1st level

Edge Angle Type rf s

α1 π + φ1.1 − τ1.1 Rising 1

β1 π + φ1.1 Falling -1

γ1 2π + φ1.1 − τ1.1 Falling -1

δ1 2π + φ1.1 Rising 1

Table B.2: Voltage edges for the 3–5L DAB, for the 1st level for the secondary-
side bridge and 2nd level for the secondary-side bridge. The rfp and rf s indices

denote if the relevant edge is rising (1) or falling (-1).

Secondary-side 1st level Secondary-side 2nd level

Edge Angle Type rfp Edge Angle Type rf s

µ′1 φ2.1 − τ2.1 Falling -1 µ′2 φ2.2 − τ2.2 Falling -1

ν′1 φ2.1 Rising 1 ν′2 φ2.2 Rising 1

κ1 π + φ2.1 − τ2.1 Rising 1 κ2 π + φ2.2 − τ2.2 Rising 1

λ1 π + φ2.1 Falling -1 λ2 π + φ2.2 Falling -1

µ1 2π + φ2.1 − τ2.1 Falling -1 µ2 2π + φ2.2 − τ2.2 Falling -1

ν1 2π + φ2.1 Rising 1 ν2 2π + φ2.2 Rising 1

κ′′1 3π + φ2.1 − τ2.1 Rising 1 κ′′2 3π + φ2.2 − τ2.2 Rising 1

λ′′1 3π + φ2.1 Falling -1 λ′′2 3π + φ2.2 Falling -1

Table B.3 summarises all possible switching modes for the 3–5L DAB.
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Table B.3: Operating modes of the 3–5L DAB and the respective voltage edge
sequence of the edges that fall within the [0, π] interval.

Mode Edge Sequence Mode Edge Sequence

1 α1 µ
′
1 µ
′
2 ν
′
1 ν
′
2 β1 21 α1 κ1 κ2 λ1 λ2 β1

2 µ′1 µ
′
2 ν
′
1 α1 ν

′
2 β1 22 κ1 κ2 λ1 α1 λ2 β1

3 µ′1 µ
′
2 ν
′
1 ν
′
2 α1 β1 23 κ1 κ2 λ1 λ2 α1 β1

4 µ′1 µ
′
2 α1 ν

′
1 ν
′
2 β1 24 κ1 κ2 α1 λ1 λ2 β1

5 µ′1 α1 µ
′
2 ν
′
1 ν
′
2 β1 25 κ1 α1 κ2 λ1 λ2 β1

6 α1 µ
′
2 ν
′
1 ν
′
2 κ1 β1 26 α1 κ2 λ1 λ2 µ1 β1

7 µ′2 ν
′
1 ν
′
2 α1 κ1 β1 27 κ2 λ1 λ2 α1 µ1 β1

8 µ′2 ν
′
1 ν
′
2 κ1 α1 β1 28 κ2 λ1 λ2 µ1 α1 β1

9 µ′2 ν
′
1 α1 ν

′
2 κ1 β1 29 κ2 λ1 α1 λ2 µ1 β1

10 µ′2 α1 ν
′
1 ν
′
2 κ1 β1 30 κ2 α1 λ1 λ2 µ1 β1

11 α1 ν
′
1 ν
′
2 κ1 κ2 β1 31 α1 λ1 λ2 µ1 µ2 β1

12 ν′1 ν
′
2 κ1 α1 κ2 β1 32 λ1 λ2 µ1 α1 µ2 β1

13 ν′1 ν
′
2 κ1 κ2 α1 β1 33 λ1 λ2 µ1 µ2 α1 β1

14 ν′1 ν
′
2 α1 κ1 κ2 β1 34 λ1 λ2 α1 µ1 µ2 β1

15 ν′1 α1 ν
′
2 κ1 κ2 β1 35 λ1 α1 λ2 µ1 µ2 β1

16 α1 ν
′
2 κ1 κ2 λ1 β1 36 α1 λ2 µ1 µ2 ν1 β1

17 ν′2 κ1 κ2 α1 λ1 β1 37 λ2 µ1 µ2 α1 ν1 β1

18 ν′2 κ1 κ2 λ1 α1 β1 38 λ2 µ1 µ2 ν1 α1 β1

19 ν′2 κ1 α1 κ2 λ1 β1 39 λ2 µ1 α1 µ2 ν1 β1

20 ν′2 α1 κ1 κ2 λ1 β1 40 λ2 α1 µ1 µ2 ν1 β1
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B.2 Piecewise-linear equations

Current equations

iL(t) =
1

L
· VDC,1 · SHC,p,level=1(t)

− 1

L
· N · VDC,2

2
· (SHC,s,level=1(t) + SHC,s,level=2(t))

− 1

2ωs L
·
(
VDC,1 · τ1.1 +

N · VDC,2

2
· (τ2.1 + τ2.2)

) (B.3)

iL1
(t) =

1

L1
· VDC,1 · SHC,p,level=1(t)− 1

2ωs L1
· (VDC,1 · τ1.1) . (B.4)

iL′2(t) =
1

L′2
· N · VDC,2

2
· (SHC,s,level=1(t) + SHC,s,level=2(t))

+
1

2ωs L′2
· N · VDC,2

2
· (τ2.1 + τ2.2).

(B.5)

Charge equation

q1(t) =

(
1

L
+

1

L1

)
· VDC,1 · SHQ,p,level=1(t)

− 1

L
· N · VDC,2

2
· (SHQ,s,level=1(t) + SHQ,s,level=2(t))

− 1

2ωs L
·
(
VDC,1 · τ1.1 +

N · VDC,2

2
· (τ2.1 + τ2.2)

)
· t

−VDC,1 · τ1.1
2ωs L1

· t

+Qoffset,1,lp−ls ,

(B.6)
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q′2(t) =

1

L
· VDC,1

1
· SHQ,p,level=1(t)

−
(

1

L
+

1

L′2

)
· N · VDC,2

2
· (SHQ,s,level=1(t) + SHQ,s,level=2(t))

− 1

2ωs L
·
(
VDC,1 · τ1.1 +

N · VDC,2

2
· (τ2.1 + τ2.2)

)
· t

− 1

2ωs L′2
·
(
N · VDC,2

2
· (τ2.1 + τ2.2)

)
· t

+Qoffset,2,lp−ls ,

(B.7)

Power equations

P1 =
1

Ts

∫ Ts

0

v1 · iHF1 dt

=
2 · VDC,1

Ts
·
∫ π

π−τ1.1
iHF1,

(B.8)

∫ π

π−τ1.1
iHF1(t) dt =(

1

L
+

1

L1

)
· VDC,1 ·

(
4∑
i=1

(
rfx,i ·HP(θx,i/ωs, π − τ1.1, π)

))

− 1

L
· N · VDC,2

2
·

2∑
x=1

(
8∑
i=1

(
rfx,i ·HP(θx,i/ωs, π − τ1.1, π)

))

− 1

2ωs L
·
(
VDC,1 · τ1.1 +

N · VDC,2

2
· (τ2.1 + τ2.2)

)
· (τ1.1)

− 1

2ωs L1
· VDC,1 · τ2

1.1,

(B.9)
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Modulation schemes

C.1 Current expressions for 3–5L DAB

Table C.1: Current Expressions for mode 21

iHF1(0) =
L1N VDC,2 (τ2.1+τ2.2)−2 τ1.1 VDC,1 (L+L1)

4L L1 ωs

iHF1(α1) =
L1N VDC,2 (τ2.1+τ2.2)−2 τ1.1 VDC,1 (L+L1)

4L L1 ωs

iHF1(β1) =
2 τ1.1 VDC,1 (L+L1)−L1N VDC,2 (τ2.1+τ2.2)

4L L1 ωs

iHF1(κ1) =
2VDC,1 (L+L1) (2φ2.1 +τ1.1−2 τ2.1)+L1N VDC,2 (τ2.1+τ2.2)

4L L1 ωs

iHF1(κ2) =
2VDC,1 (L+L1) (2φ2.2+τ1.1−2 τ2.2)

4L L1 ωs

+
L1N VDC,2 (2φ−2φ2.2−τ2.1+3 τ2.2)

4L L1 ωs

iHF1(λ2) =
2VDC,1 (L+L1) (2φ2.2+τ1.1)−L1N VDC,2 (2φ2.2−2φ2.1+τ2.1+τ2.2)

4L L1 ωs

iHF1(λ1) =
2VDC,1 (L+L1) (2φ+τ1.1)−L1N VDC,2 (τ2.1+τ2.2)

4L L1 ωs

iHF2(0) =
N VDC,2 (L+L2) (τ2.1+τ2.2)−2L2 τ1.1 VDC,1

4L L2 ωs

iHF2(α1) =
N VDC,2 (L+L2) (τ2.1+τ2.2)−2L2 τ1.1 VDC,1

4L L2 ωs

iHF2(β1) =
2L2 τ1.1 VDC,1−N VDC,2 (L+L2) (τ2.1+τ2.2)

4L L2 ωs

iHF2(κ1) =
N VDC,2 (L+L2) (τ2.1+τ2.2)+2L2 VDC,1 (2φ+τ1.1−2 τ2.1)

4L L2 ωs

iHF2(κ2) =
N VDC,2 (L+L2) (2φ2.1−2φ2.2−τ2.1+3 τ2.2)

4L L2 ωs

+
2L2 VDC,1 (2φ2.2+τ1.1−2 τ2.2)

4L L2 ωs

iHF2(λ2) =
2L2 VDC,1 (2φ2.2+τ1.1)−N VDC,2 (L+L2) (2φ2.2−2φ2.1+τ2.1+τ2.2)

4L L2 ωs

iHF2(λ1) =
2L2 VDC,1 (2φ+τ1.1)−N VDC,2 (L+L2) (τ2.1+τ2.2)

4L L2 ωs
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Table C.2: Current Expressions for Mode 11

iHF1(0) =
L1NVDC,2(−2φ2.1−2φ2.2+τ2.1+τ2.2)−2τ1.1VDC,1(L+L1)

4LL1ωs

iHF1(α1) =
L1N VDC,2 (−2φ−2φ2.2−4 τ1.1+τ2.1+τ2.2+4π )

4L L1 ωs

− 2 τ1.1 VDC,1 (L+L1)
4L L1 ωs

iHF1(β1) =
2 τ1.1 VDC,1 (L+L1)+L1 nVDC,2 (2φ+2φ2.2−τ2.1−τ2.2)

4L L1 ωs

iHF1(κ1) =
2VDC,1 (L+L1) (2φ+τ1.1−2 τ2.1)+L1N VDC,2 (τ2.1+τ2.2)

4L L1 ωs

iHF1(κ2) =
2VDC,1 (L+L1) (2φ2.2+τ1.1−2 τ2.2)

4L L1 ωs

+
L1N VDC,2 (2φ2.1−2φ2.2−τ2.1+3 τ2.2)

4L L1 ωs

iHF1(λ2) =
2VDC,1 (L+L1) (2φ2.2+3 τ1.1−2π )

4L L1 ωs

−L1N VDC,2 (2φ2.2−2φ2.1+τ2.1+τ2.2)
4L L1 ωs

iHF1(λ1) =
2VDC,1 (L+L1) (2φ+3 τ1.1−2π )−L1N VDC,2 (τ2.1+τ2.2)

4L L1 ωs

iHF2(0) = −N VDC,2 (L+L2) (2φ2.1 +2φ2.2−τ2.1−τ2.2)+2L2 τ1.1 VDC,1

4LL2 ωs

iHF2(α1) =
N VDC,2 (L+L2) (−2φ2.1−2φ2.2−4 τ1.1+τ2.1+τ2.2+4π )−2L2 τ1.1 VDC,1

4L L2 ωs

iHF2(β1) =
N VDC,2 (L+L2) (2φ2.1 +2φ2.2−τ2.1−τ2.2)+2L2 τ1.1 VDC,1

4L L2 ωs

iHF2(κ1) =
N VDC,2 (L+L2) (τ2.1+τ2.2)+2L2 VDC,1 (2φ+τ1.1−2 τ2.1)

4L L2 ωs

iHF2(κ2) =
N VDC,2 (L+L2) (2φ−2φ2.2−τ2.1+3 τ2.2)+2L2 VDC,1 (2φ2.2+τ1.1−2 τ2.2)

4L L2 ωs

iHF2(λ2) =
2L2 VDC,1 (2φ2.2+3 τ1.1−2π )−N VDC,2 (L+L2) (2φ2.2−2φ2.1+τ2.1+τ2.2)

4L L2 ωs

iHF2(λ1) =
2L2 VDC,1 (2φ+3 τ1.1−2π )−nVDC,2 (L+L2) (τ2.1+τ2.2)

4L L2 ωs

Table C.3: Current Expressions for Mode 14

iHF1(0) =
L1N VDC,2 (−4φ2.1+τ2.1+ τ2.2)−2 τ2.1 VDC,1 (L +L1)

4L L1 ωs

iHF1(α1) =
L1N VDC,2 (τ2.1+τ2.2)−2 τ2.1 VDC,1 (L +L1)

4L L1 ωs

iHF1(β1) =
2 τ2.1 VDC,1 (L+L1)−L1N VDC,2 (τ2.1 + τ2.2−4φ2.1)

4L L1 ωs

iHF1(κ1) =
2VDC,1 (L +L1) (2φ2.1− τ2.1)+L1N VDC,2 (τ2.1 + τ2.2)

4L L1 ωs

iHF1(κ2) =
2VDC,1 (L +L1) (2φ2.1 + τ2.1− 2 τ2.2)−L1N VDC,2 (τ2.1− 3 τ2.2)

4L L1 ωs

iHF1(λ1, λ2) =
2 τ2.1 VDC,1 (L +L1)−L1N VDC,2 (τ2.1 + τ2.2)

4L L1 ωs

iHF2(0) =
N VDC,2 (L +L2) (−4φ2.1 + τ2.1 + τ2.2)−2L2 τ2.1 VDC,1

4L L2 ωs

iHF2(α1) =
N VDC,2 (L +L2) (τ2.1 + τ2.2)− 2L2 τ2.1 VDC,1

4L L2 ωs

iHF2(β1) =
2L2 τ2.1 VDC,1−N VDC,2 (L +L2) (− 4φ2.1 + τ2.1 + τ2.2)

4L L2 ωs

iHF2(κ1) =
N VDC,2 (L +L2) ( τ2.1 + τ2.2) + 2L2 VDC,1(2φ2.1− τ2.1)

4L L2 ωs

iHF2(κ2) =
2L2 VDC,1 (2φ2.1 + τ2.1− 2 τ2.2)−N VDC,2 (L+L2) ( τ2.1− 3 τ2.2)

4L L2 ωs

iHF2(λ1, λ2) =
2L2 τ2.1 VDC,1−N VDC,2 (L+L2) (τ2.1 + τ2.2)

4L L2 ωs
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C.2 Control angles for current-based modulation scheme

Table C.4: Expressions for calculation of control variables for region 1

τ1.1
e5 e4−

√
e44 e3 L N VDC,2 ωs

e42 VDC,1 (2VDC,1−N VDC,2)

τ2.1
2
(√

e44 e3 L N VDC,2 ωs+e6
)

e42N VDC,2 (N VDC,2−2VDC,1)

τ2.2 − 2 ISS,Sec Lωs

e4

φ2.1 −Lωs (ISS,Prim+ISS,Sec)
VDC,1

Table C.5: Expressions for calculation of control variables for region 2 and 4

τ1.1 π

τ2.1
e7−
√
e11

N2 VDC,1 V 2
DC,2

τ2.2
e7+
√
e11

N2 VDC,1 V 2
DC,2

φ2.1 −Lωs (ISS,Prim+ISS,Sec)
VDC,1
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Table C.6: Expressions for calculation of control variables for region 3

τ1.1
e13−

√
e12 VDC,1

e4 VDC,1 (2VDC,1−N VDC,2)

τ2.1
ISS,Sec L ωs (3N VDC,2−4VDC,1)−√e12

e4 (2VDC,1−N VDC,2)

τ2.2
√
e12+ISS,Sec L N VDC,2 ωs

−e4N VDC,2

φ2.1 −Lωs (ISS,Prim+ISS,Sec)
VDC,1

Table C.7: Expressions for calculation of control variables for region 5

τ1.1 π

τ2.1 <
(

e7−
√
e11

N2 VDC,1 V 2
DC,2

)

τ2.2 <
( √

e11+e7
N2 VDC,1 V 2

DC,2

)

φ2.1
−
√
e15+e16+2N τ2.1 VDC,2+2N τ2.2 VDC,2

8N VDC,2
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Table C.8: Expressions for ex elements

e1 2 ISS,Prim + ISS,Sec

e2 I2
SS,Sec LN VDC,2 ωs

e3 e2 + 2π IDC,1 VDC,1 (N VDC,2 − 2VDC,1)

e4 VDC,1 −N VDC,2

e5 L ωs

(
e1N

2 V 2
DC,2 − 3 e1N VDC,1 VDC,2 + 4 ISS,Prim V 2

DC,1

)

e6 e4 ISS,Sec LN VDC,1 VDC,2 ωs

e7 N VDC,1 VDC,2 (π VDC,1 − 2 ISS,Prim L ωs)

e8 4 ISS,Prim L2 ωs
2 (N VDC,2 (ISS,Prim + ISS,Sec)− ISS,Prim VDC,1)

e9 N VDC,2 (e1 + IDC,1)− 2 ISS,Prim VDC,1

e10 −π 2 e4 V
2
DC,1

e11 N2 VDC,1 V
2
DC,2 (e8 − 2π e9 L VDC,1 ωs + e10)
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Table C.9: Expressions for ex elements

e12 LN VDC,2 ωs (e2 − 2π e4 IDC,1 (2VDC,1 −N VDC,2))

e13

Lωs

(
−3 e1N VDC,1 VDC,2 + 2N2 V 2

DC,2 (ISS,Prim + ISS,Sec)
)

+Lωs

(
4 ISS,Prim V 2

DC,1

)
e14 4π IDC,1 L ωs

e15 (−2N τ2.1 VDC,2 − 2N τ2.2 VDC,2)2

e16

−16N VDC,2

(
e14 +N τ2

2.1 VDC,2 − π N τ2.1 VDC,2 +N τ2
2.2 VDC,2

)
−16N VDC,2 (−π N τ2.2 VDC,2)
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C.3 Control angles for charge-based current-dependent

modulation scheme

Table C.10: Expressions for calculation of the control variables for region 1

τ2.2

√
2 e1 L L2 ωs

2 (QReq,Sec,B +QReq,Sec,A)+e3
e12

τ2.1
N VDC,2 e19 + e12

N VDC,1 VDC,2 (N VDC,2 (L +L2)− 2L2 VDC,1)

τ1.1
e7 +L1N VDC,1 VDC,2 (L +L1) (τ2.1 + τ2.2)

2V 2
DC,1 (L +L1)2

φ2.1
4 e2 +N VDC,2 (− τ1.1 (τ2.1 + τ2.2) + τ2

2.1 + τ2
2.2)

2N VDC,2 (τ2.1 + τ2.2)

Table C.11: Expressions for calculation of the control variables for region 2

τ1.1 π

τ2.2 π − 2
√
e16√
3

τ2.1
N VDC,2 e19 + e12

N VDC,1 VDC,2 (N VDC,2 (L +L2)− 2L2 VDC,1)

φ2.1
2N τ2.1 VDC,2+2N τ2.2 VDC,2−

√
e18

8N VDC,2



164 Appendix of Modulation schemes

Table C.12: Expressions for calculation of the control variables for region 3

τ2.2 π − 2
√
e16√
3

τ2.1
τ2.2N VDC,2 fA

2VDC,1−N VDC,2 fA

τ1.1 τ2.1

φ2.1
4 e2 +N VDC,2 (−τ1.1 (τ2.1 + τ2.2) + τ2

2.1 + τ2
2.2)

2N VDC,2 (τ2.1 + τ2.2)

Table C.13: Expressions for calculation of the control variables for region 4

τ1.1 π

τ2.1 π

τ2.2 π − 2
√
e16√
3

φ2.1
2N τ2.1 VDC,2 + 2N τ2.2 VDC,2−

√
e18

8N VDC,2
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Table C.14: Expressions for calculation of the control variables for region 5

τ1.1 π

τ2.1 π

τ2.2 π

φ2.1 −
√
π
√
π N2 V 2

DC,2− 4 IDC,1 L N VDC,2 ωs−πN VDC,2

2N VDC,2
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Table C.15: Expressions for ex elements

e1 N VDC,2 (L + L2)− L2 VDC,1

e2 π IDC,1 L ωs

e3 4
√
e1

2 L2 L2
2QReq,Sec,BQReq,Sec,A ωs

4

e4 Lωs (π IDC,1 −QReq,Sec,A ωs)

e5 Lωs
2

√
L2QReq,Sec,A V 2

DC,1

e1 Lωs
2

e6 2LQReq,Sec,A ωs
2

e7 4
√

2
√
LL1QReq,Prim,A V 3

DC,1 ωs
2 (L + L1)3

e8 τ2.2 VDC,1 − 2
√

2 e5

e9 6
√

2 e5 τ2.2 + e6 − 3 τ2
2.2 VDC,1

e10

L2
2 2N V 2

DC,1 VDC,2 (e8 τ2.2 + e4) + L2
2 e8N

3 τ2.2 V
3
DC,2

+L2
2 e9N

2 VDC,1 V
2
DC,2 − L2

2 4 e2 V
3
DC,1
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Table C.16: Expressions for ex elements

e11 LL2N VDC,2 ·(2 e8N
2 τ2.2 V

2
DC,2 + e9N VDC,1 VDC,2 + 2 e2 V

2
DC,1)

e12 2

√
N VDC,1 VDC,2

(
e8 L2N3 τ2.2 V 3

DC,2 + e11 + e10

)

e13 LL3
1N

2QReq,Prim,A V
2
DC,2 ωs

2 (VDC,1 (L + L1) + L1N VDC,2)

e14

√
LL5

1N
4QReq,Prim,A V 2

DC,1 V
4
DC,2 ωs

2

·
√

(L + L1)2 (VDC,1 (L + L1) + L1N VDC,2)

e15 π 2 L2
1N

2 V 2
DC,2

(
L2

1N
2 V 2

DC,2 − V 2
DC,1 (L + L1)2

)

e16
e15+4

√
2π e14−8 e13−4 e2 L

4
1N

3 V 3
DC,2

L4
1N

4 V 4
DC,2

e17 4 e2 +N τ2
2.1 VDC,2 − πN τ2.1 VDC,2 +N τ2

2.2 VDC,2 − πN τ2.2 VDC,2

e18 (−2N τ2.1 VDC,2 − 2N τ2.2 VDC,2)2 − 16N VDC,2 e17

e19

e8 LN VDC,2 + L2 2
√

2 e5 (VDC,1 −N VDC,2)

+L2 τ2.2 VDC,1 (N VDC,2 − 2VDC,1)
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