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Summary

Scalable Multi-Port Active-Bridge Converters
On generic modeling and control of multi-port active-bridge converters and the

quad active-bridge ac-dc converter

Power electronics provides the connection of producers and consumers of elec-
tric energy. Application areas of power electronics are therefore numerous, such
as electric vehicle (fast-)chargers, photovoltaic systems, battery back-up systems,
medical systems, motion systems, and so forth. As such systems become more
and more advanced, they tend to interact with an increasing number of different
electric power sources and loads. To facilitate this trend in a traditional manner,
a power converter is used for each source or load individually. In recent years,
multi-port converters are emerging as a more suitable solution, because such con-
verters provide the possibility to directly connect multiple sources and loads. The
multi-port converter modeling and control methods that currently exist, however,
are non-scalable and non-modular.

This thesis presents the tools required to create a modular multi-port converter
structure, suitable for bidirectional dc and ac power conversion. A class of con-
verters is defined based on the active bridge as basic building block. Any number
of active bridges can be combined to form a multi-port converter with any num-
ber of ports. Also multiphase ac can be interfaced by combining multiple dc ports
without the use of bipolar-voltage blocking switches.

For these active-bridge converters, a generic modeling technique is established.
Since piece-wise linear analysis does not scale well when the number of possible

v



vi SUMMARY

states increases, a technique based on Fourier-series is used. Not only can the
power flow and currents be analyzed, the soft-switching properties can be stud-
ied as well. It is confirmed that the modeling technique provides highly accurate
results when the Fourier-series are truncated correctly.

Using this modeling technique, two generic control methods are proposed. The
first method is phase-shift control, which operates quite similar to what is com-
monly employed in dual active-bridge converters. This method is demonstrated
to provide soft-switching properties under certain operating conditions. How-
ever, the circulating current can become relatively high. Optimization techniques
are used to resolve this issue, which results in the second control method: power-
balance control. It is confirmed that, by using this method, the currents are re-
duced by a large amount when compared to phase-shift control. However, the
soft-switching properties are compromised at some operating points. On the
other hand, the algorithm enables scaling of the circulating current independent
of the converter output power. A concept is proposed that employs this feature
to reduce thermal stress, and thereby improves the converter lifetime.

The neutral-voltage lift concept is founded, which allows connecting three-phase
ac mains directly to the unipolar voltage inputs of dc-dc converters. It is shown
that this method reduces the number of switches in ac-dc converters by a factor
of two. Moreover, the average voltage stress of the switches is demonstrated
to be a factor two lower when compared to PFC-based solutions, improving the
reliability of the converter. Also, by applying neutral-voltage lift to a quad active-
bridge topology, this converter can be used for three-phase ac to dc conversion.
Details on the implementation and control of both neutral-voltage lift and the
quad active-bridge topology are given.

Furthermore, tools for comparative evaluation are discussed. These tools consist
of cost and loss models, which are derived for the main components of power
converters. It is verified that the fitted models provide accurate information over
a wide range of operating conditions. Based on these models, the proposed quad
active-bridge topology and two other topologies are evaluated. A key perfor-
mance indicator is defined, which shows that the proposed topology outperforms
the state-of-the-art with similar features for high switching frequencies.

Measurements are conducted on a prototype quad active-bridge converter with
neutral-voltage lift. The main component selection procedure and hardware ar-
chitecture of the prototype are described, and basic loss estimations are given.
Moreover, the filter design is addressed. The measurements demonstrate that
the converter operates as expected. Phase currents have a total harmonic distor-
tion of only a few percent, and the power factor is above 0.99 over a very wide
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load range. The efficiency is demonstrated to be above 93% over a wide operating
range, and measured efficiency matches closely with the simulated values in both
rectifier and inverter operation. It is also validated that the circulating currents
can be controlled without influencing the input/output power flow.

The results of this thesis can be used to design modular multi-port converters
based on the active-bridge topology. Modeling and control methods are intro-
duced for this purpose, and a method to directly connect three-phase ac to such
converters is established. The functionality of these concepts is proven by theo-
retical analysis and measurements on a prototype converter, and it is ratified that
the technology is able to outperform competing topologies in terms of function-
ality and performance. Further research is still highly recommended, as it can
potentially increase the performance of the proposed technology even more.
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Chapter1
Introduction

“The power to question is the basis of all human progress.”
(Indira Gandhi)

1



2 CHAPTER 1: INTRODUCTION

1.1 Background

In its Horizon 2020 initiative, the European Commission has set ambitious tar-
gets for the reduction of greenhouse gas emissions, energy efficiency and electro-
mobility. Striving towards these goals, power electronics will play a key role
as it provides the technology for connecting producers and consumers of elec-
tric energy. Application areas of power electronics are therefore numerous, such
as electric vehicle (fast-)chargers, photovoltaic systems, battery back-up systems,
medical systems, motion systems, and so forth. Two of those application areas
are discussed in the following.

1.1.1 Photovoltaic (PV) Systems

The market for the photovoltaic (PV) energy is rapidly increasing and is expected
to continue its growth. For example, in 2008 the total installed capacity of PV sys-
tems in Europe was approximately 10 GWp. Just six years later, in 2014, almost
89 GWp was installed with a total production of approximately 85 TWh of energy
that same year [55]. It is noteworthy to say that this number has already met the
goals set in the Horizon 2020 initiative, it can only be applauded that the goal is
met six years ahead of schedule.

To improve the effective output power of larger solar arrays, the array is often
divided in multiple strings which are each connected to a separate inverter input,
as shown in Figure 1.1 [8, 27, 30]. In case of unbalance between solar panels, for
instance when there is contamination on a number of solar panels, this method
ensures that the maximum output power of each of the strings is still acquired.
The design of inverters for such applications is challenging: obtaining high effi-
ciency while maintaining reliability and low cost. Moreover, the converter needs
to support multiple inputs which can be controlled individually.

1.1.2 Smart Grids

Electricity grids which are dominantly powered by sustainable sources might be
regarded as a “green-world” ambition. However, the fluctuating nature of these
sources (e.g. photovoltaic, wind) brings the necessity for back-up energy sources
and storage to ensure a stable energy delivery. Especially when the popularity of
electric vehicles increases, this becomes an increasingly important issue because
of the high power that is required to charge the battery pack in such vehicles
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String 1
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Figure 1.1: Multiple strings of series-connected solar panels form a multi-string
photovoltaic system, which improves the performance in case of uneven irradia-
tion or other unbalances between panels.

quickly. The energy distribution mechanisms are therefore considered to be chal-
lenging aspects of electric vehicles due to the burst of power that is drawn from
the mains when a vehicle is charged [16, 38, 58]. Simply up-scaling the capacity
of the mains grid to be able to handle these bursts is costly, as its tree-structure
requires all components in the tree to be upgraded.

Meanwhile, electric vehicles potentially store a significant amount of electric en-
ergy: an electric passenger car can contain up to approximately 100 kWh of en-
ergy stored in the battery. In contrast, the average energy consumption of a typ-
ical household is roughly 10 kWh per day. Here, power electronics can offer
improvements with respect to the distribution issues and the charging time. For
instance with a power converter which has one port connected to the mains grid,
the second port to a stationary battery, and the last port operated as electric vehi-
cle charger as schematically shown in Figure 1.2. This way, when fast charging is
required, the majority of the power fed to the electric vehicle can be supplied by
the stationary battery and the peak power draw from the mains is reduced [75].
Moreover, as a stationary battery can deliver a lot of power, the charging time of
electric vehicles can be reduced. This is decoupled from the power constraints of
the local mains connection. Using the energy in these batteries, it is also possible
to create a buffer, such that the dynamics of sustainable energy sources can be
dealt with, as shown in Figure 1.3. Steering the power from stationary battery
to household, from photovoltaics to battery, and so forth, requires multi-port,
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Sustainable
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Figure 1.2: An application of a bi-directional multi-port converter in a smart grid
system with a renewable source, a stationary battery, an electric vehicle charging
station, and a mains grid connection.

t

P

12:006:00 18:00

Figure 1.3: Illustrative example of valley filling using energy storage to match the
production (solid line) with the demand (dashed line) during a single day. The
shaded areas represent energy that is stored in, or sourced from a battery.
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Figure 1.4: Illustrative block diagram of the dual active-bridge (DAB) topology,
showing its two dc ports and isolated nature.

AB AB
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barrier

dc
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PFCac dc

Figure 1.5: Illustrative block diagram of an ac-dc converter based on the dual
active-bridge topology, showing its two dc ports and isolated nature.

bi-directional and often isolated converters which can connect to both ac and dc
sources.

1.2 Research Objectives

The advancement of power electronics technology experiences challenges in
meeting customer demands such as higher efficiencies and power-densities,
while low cost is a more important selling point than ever. In some of the afore-
mentioned applications, the dual active-bridge (DAB) topology has proven to
be a highly efficient and cost effective converter [14, 17, 57]. This topology is
abstractly shown in Figure 1.4. It can be seen that the DAB-converter is a two-
port dc-dc converter, which means that there are limitations in its applicability.
In mains-connected applications, for instance, it is required to add a rectifier or
power-factor correction (PFC) stage as shown in Figure 1.5, increasing the cost of
the converter. Moreover, in multi-port applications, such as photovoltaic multi-
string inverters, the DAB topology is limited to only two power ports. In recent
years, however, multi-port converters based on active-bridge (AB) technology
have appeared, with an AB per port [28]. However, the number of ports has
generally been limited to three, and direct connection to the mains grid is not
supported.
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Figure 1.6: Illustrative block diagram of a generic active-bridge converter with
multiple ac and dc ports.

The research in this thesis aims to provide a generic framework for multi-port
active-bridge converters which can be used for dc-dc and ac-dc conversion. To
improve the flexibility of AB-based converters, this research focuses on allowing
the number of ABs to be scalable to provide a flexible number of ports, and mak-
ing those converters suitable for ac-dc conversion as well, as shown schematically
in Figure 1.6. Moreover, optimizations are carried out to significantly improve the
converter performance. In such way, a framework is provided that is capable of
both ac-dc and dc-dc conversion, while providing soft-switching properties, bi-
directional power flow, and galvanic isolation. Additionally, the number of ports
is scalable and structured in a modular fashion. As a result, the aimed solutions
can be used in almost any common power conversion application, and the active-
bridge converter technology evolves towards a power converter that has a much
broader application range while being cost-effective and efficient.

To achieve this goal, various objectives are defined.

• To develop a generic modeling technique that supports an arbitrary quan-
tity of active bridges.
Discussed in chapter 2.
Modeling of power converters is required to gather behavioral insight and
to develop control algorithms. While techniques to model the behavior of
dual active-bridge converters exist and are well-known, they aim specif-
ically at the DAB topology, instead of the whole active-bridge converter
class. While working towards a generic method that supports the whole
class of active-bridge converters, however, the modeling techniques should
support the whole class as well. This means that new, scalable, modeling
techniques need to be developed.

• To develop an efficient and generic control strategy that can be used with
an arbitrary quantity of active bridges.
Discussed in chapter 3.
Generic control strategies have to be established which can serve active-
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bridge converters with an arbitrary number of ports. The strategy has to
be optimized such that the resulting power losses are low in order to ac-
complish high-efficiency conversion. Moreover, the control strategy should
provide decoupled input parameters that allow steering the power of each
port individually.

• To provide a topological concept that allows ac-dc conversion using
active-bridge converters without an additional conversion stage.
Discussed in chapter 4.
For a converter to be universally applicable, it should also accommodate ac-
dc conversion. However, the active-bridge topology is a dc-dc converter by
nature. Therefore, a topological concept should be provided that enables in-
tegration of this feature in active-bridge converters. The ultimate solution
would require only a small number of extra components, apart from the
power ports that connect the sources. Therefore, the aim is to find a concept
that allows ac-dc conversion without introducing an additional conversion
stage (e.g. PFC or rectifier) nor bipolar voltage blocking switches.

• To develop and implement tools for comparative evaluation of the cost
and performance of power converters.
Discussed in section 5.2.
To carry out a comparative evaluation, it is required to develop an as-
sessment tool which is able to give an estimation of the cost and perfor-
mance of the most significant components in a power converter. These tools
should support switched-mode power converters in general, such that var-
ious types of implementations can be compared.

• To investigate the performance of the proposed solutions against state-
of-the-art in a comparative evaluation.
Discussed in section 5.3.
The solutions that are found for the integration of ac connections in active-
bridge converters, as well as the control methods, should be compared to
the state-of-the-art in terms of cost and performance. Such a comparison
should afford the merits as well as the drawbacks of the proposed solu-
tions, such that the value of the contributions can be determined. More-
over, it must be able to determine which topology works best in a given
application.

• To validate the modeling and control theory that have been developed by
using a prototype converter.
Discussed in chapter 6 and chapter 7.
The developed control and modeling techniques should be validated, and



8 CHAPTER 1: INTRODUCTION

the topological concepts should be tested. Consequently, a representa-
tive prototype converter has to be designed and built, and measurements
should be performed such that the concepts and the accuracy of the models
can be validated.

1.3 Organization of this Thesis

This thesis is divided into four parts. Firstly, Part I focuses on the generic model-
ing and control techniques for AB-converters. As such, this part presents a purely
theoretical approach which is backed by simulation results. The next part, Part II,
concentrates on a method which enables direct connection of an AB-converter to
the ac mains, as well as a topology design-methodology for an ac-dc converter
using the proposed approach. Additionally, a comparative evaluation is carried
out to analyze the properties of the topology and its relation to the state-of-the-
art. Then, in Part III, the description of the prototype design is given and the
achievements are evaluated by means of experiments. Lastly, Part IV includes
the conclusions, recommendations, a summary, the main contributions, and ac-
knowledgments. At the very end of the thesis, a few appendices which contain
background information on miscellaneous subjects are attached.



Part I

Modeling and control of
active-bridge converters





Chapter2
Fourier-based modeling of

active-bridge converters

“The usual approach of science of constructing a mathematical model cannot
answer the questions of why there should be a universe for the model to de-
scribe. Why does the universe go to all the bother of existing?”

(Stephen Hawking)

11
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2.1 Introduction

Dual active-bridge converters have numerous advantages, with properties such
as soft-switching, isolation, and bi-directional power flow with a straightforward
phase-shift control algorithm [14]. The dual active bridge (DAB) consists of two
active bridges (full bridges), as can be seen in Figure 2.1. The control algorithms
for this converter [50, 56, 77] are generally based on a piecewise linear evaluation
of the waveforms for all operating conditions [39, 45], where model-predictive
control or look-up tables are implemented to select suitable switching states. This
approach has the potential to improve the converter efficiency by a large extend.

The DAB converter is member of a class of converters called active-bridge (AB)
converters. This type of converters can basically contain any number of ABs, as
is shown in this section. However, when the number of ABs increases, the meth-
ods which are normally used to develop control strategies for the DAB converter
become complex to design as well as to implement, because the number of op-
erating modes increases with a factor 4 for each additional AB. For instance, in
a quad active-bridge (QAB) converter there are 256 switching states. For such a
high number of states, piecewise-linear methods provide very little (intuitive) in-
sight in the operation of the converter, and that causes difficulties when develop-
ing control strategies. Therefore, to design novel control strategies, it is beneficial
to have accurate models which are able to deliver insightful results fast.

The modeling method demonstrated in this chapter uses Fourier analysis of
the waveforms to find an analytical converter model. This chapter describes a
generic approach which can be applied to converters with any number of ABs,
and thereby it extends the possibilities of power converters based on the DAB
topology. Moreover, the derivations are carried out using infinite series in or-
der to allow for high modeling accuracy. For practical calculation it should be
noted that truncation of these series is required, which means the result is always
an approximation. Some accuracy figures for the model are provided when it is
truncated at various lengths.

i1 i2

T1

v1 v2

iσ

u1 u2

Lσ

S11

S12 S14

S13 S21

S22S24

S23+

−

+

−

Figure 2.1: Example AB topology: the DAB converter for dc-dc conversion.
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Figure 2.2: Schematic diagram of the DAB converter with an additional trans-
former.
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+

−

iσ

Lσ

S22 S24

Figure 2.3: Schematic diagram of the DAB converter in the generic form, where
the ABs are re-arranged to be used by the Fourier-based modeling method.

2.2 Method

2.2.1 Development of a generic AB converter model

This chapter introduces a modeling method that is based on a generic AB con-
verter model. This generic model is derived as follows. The DAB topology from
Figure 2.1 is used to demonstrate the steps in the procedure. First, the active
bridges (ABs, full bridges) are each given an ideal transformer with a 1:1 wind-
ing ratio as shown in Figure 2.2. Then, the ABs are re-arranged by connecting the
secondary sides of all transformers in series. The resulting generic form is shown
in Figure 2.3. Then, the number of ABs is made scalable by placing i of them in
series, as shown in Figure 2.4a. In this generic model, each AB generates a volt-
age un across a transformer Tn. The transformer primary side voltage equals the
secondary side voltage because all transformers are assumed to be ideal, which
means there is no magnetizing inductance and no leakage inductance, and the
winding ratio is 1:1. A separate inductor Lσ is added that represents the com-
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Figure 2.4: Schematic diagram of generic AB topology (a) with IGBTs and trans-
formers and (b) where full bridges and transformers are replaced by voltage
sources.

bined leakage inductance of all transformers [T1, ..., Ti] as follows

Lσ =
i

∑
n=1

Lσ,Tn. (2.1)

The AB corresponding to each transformer Tn is labeled n with {n ∈ N|n ≤ i}.
Finally, all transformer voltages un can be represented by voltage waveforms pro-
duced by voltage sources, as shown in Figure 2.4b. The total number of sources in
the topology is equal to the number of ABs, i. For example, the voltage generated
by the ABs of the DAB converter can be schematically represented by a network
of voltage sources with n ∈ [1, 2] and i = 2.

2.2.2 Derivation of generic Fourier-series model

The following steps are required to obtain a Fourier-based converter model from
the generic converter model shown in Figure 2.4b. The block-shaped waveforms
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Figure 2.5: Model of a single AB used for Fourier-analysis. (a) Switched-node
voltages and gate drive signals for transformer voltage u′n, (b) corresponding AB
schematic diagram.

un produced by the ABs have an amplitude, a duty cycle, a period time and a
phase shift, as shown in Figure 2.5a. There, the gate signals of switches Snx are
indicated by black bars. As suggested in the figure, it holds that

un(t) = un1(t)− un2(t), (2.2)

where un(t) is the voltage across the transformer Tn secondary side, and vn the
supply of the AB n and thereby defines the amplitude of the voltage over the
transformer un(t). The waveforms are transformed to Fourier-series, which are
subsequently used to derive the current through the inductor Lσ in the circuit.
Finally, the output powers of each AB can be found by using the Fourier-series of
the current and voltages, resulting in an analytical converter model.

It is assumed that the switching frequency of the ABs, ωsw, is much higher than
the frequencies present in the supply voltage of the AB, vn(t), such that may be
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assumed that

vn(t) = vn(t + Tsw) (2.3)

with Tsw = 2π
ωsw

. This means that the amplitudes, vn(t), of the waveforms
generated by the full bridges, un(t), can be considered constant in the interval
[t, t + Tsw]. In section A.1 a proof is given for the validity of this assumption.
Variables that use the above assumption are indicated by the ′-symbol.

In view of the quantities in Figure 2.5a, the following arrays of variables are de-
fined:

u′(t) =




u′1(t)
u′2(t)

...
u′i(t)




, v′ =




v′1
v′2
...

v′i




, d =




d1
d2
...

di




, Φ =




φ1
φ2
...

φi




(2.4)

where u′(t) contains the set of block-shaped voltages u′n(t) at the secondary side
of the high-frequency transformers. Moreover, v′ is the set of full-bridge bus volt-
ages. The set of phase-shifts between the transfomer voltages u′(t) is represented
by Φ, and d is the set of duty-cycles for u′n(t).

Based on the definitions from Equation (2.4), a compact array notation for the
Fourier-series representation of the block-shaped voltages u′n(t) is used, as fol-
lows:

u′(t) =
2v′

π

∞

∑
k=1

sin((ωswt +φ+ 0.5πd)(2k− 1))
2k− 1

− sin((ωswt +φ− 0.5πd)(2k− 1))
2k− 1

. (2.5)

Furthermore, the function u′(t) can be re-arranged into

u′(t) =
∞

∑
k=1

Ua′(k) cos((2k− 1)ωswt) + Ub′(k) sin((2k− 1)ωswt) (2.6)
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with

Ua′(k) = U′(k)
(

sin
(
(2k− 1) (φ+ 0.5πd)

)

− sin
(
(2k− 1)(φ− 0.5πd))

)
, (2.7)

Ub′(k) = U′(k)
(

cos
(
(2k− 1) (φ+ 0.5πd)

)

− cos
(
(2k− 1)(φ− 0.5πd))

)
(2.8)

and U′(k) = 2v′
π(2k−1) . The current contribution through Lσ of source voltage v′n(t)

is equal to the integral of the sum of the inductor voltage coefficients divided by
the reactance of the inductor, being

i′σ(t) =
∫

u′(t) dt
Lσ

=
∑∞

k=1−Ub′(k) cos((2k− 1)ωswt)
(2k− 1)ωswLσ

+
∑∞

k=1 Ua′(k) sin((2k− 1)ωswt)
(2k− 1)ωswLσ

(2.9)

Hence, the total inductor current is equal to the superposition of all currents, and
therefore found to be

i′σ(t) =
∞

∑
k=1

I′σa(k) cos((2k− 1)ωswt) + I′σb(k) sin((2k− 1)ωswt) (2.10)

with the Fourier-coefficients

I′σa(k) =
−∑i

n=1 Ub′n(k)
(2k− 1)ωswLσ

, I′σb(k) =
∑i

n=1 Ua′n(k)
(2k− 1)ωswLσ

. (2.11)

The inductor RMS current can be found by

I′σ =

√
0.5

∞

∑
k=1

(
(I′σa(k))

2 +
(

I′σb(k)
)2
)

. (2.12)

The active power delivered by each source for harmonic k can then be found by

P′(k) = 0.5I′σa(k)Ua′(k) + 0.5I′σb(k)Ub′(k), (2.13)

and the total active power delivered by each source equals

P′ =
∞

∑
k=1

P′(k). (2.14)
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i
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Eq. (2.13)
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I′σa(k)
I′σb(k)

Eq. (2.15)

Figure 2.6: Block diagram with the interactions of the Fourier-based modeling
equations.

The AB input current can be found by

i′n =
P′n
v′n

. (2.15)

An overview of the various equations and their interactions is shown in the block
diagram of Figure 2.6.

2.2.3 Truncation

The above equations describe the infinite series. When truncating, the equations
become

I′σ =

√√√√0.5
kmax

∑
k=1

(
(I′σa(k))

2 +
(

I′σb(k)
)2
)

. (2.16)

P′ =
kmax

∑
k=1

0.5I′σa(k)Ua′(k) + 0.5I′σb(k)Ub′(k). (2.17)

To obtain a relatively simple expression that can be used for optimization pur-
poses, use only the first harmonic (kmax = 1). By doing this, the coefficients
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become

Ua′ = U′
(

sin
(
φ+ 0.5dπ

)
− sin

(
φ− 0.5dπ

))

= 2U′ cos
(
φ
)

sin
(
0.5dπ

)
(2.18)

Ub′ = U′
(

cos
(
φ+ 0.5dπ

)
− cos

(
φ− 0.5dπ

))

= −2U′ sin
(
φ
)

sin
(
0.5dπ

)
. (2.19)

with U′ = 2v′/π. Now, by defining

X = sin (0.5πd) (2.20)

the power of source n when using only the first harmonic is found by

P′n = 0.5I′σa(1)Ua′n(1) + 0.5I′σb(1)Ub′n(1)

=
8

ωswLσπ2 v′nXn
(
v′1X1 sin(φ1 − φn) + ... + v′iXi sin(φi − φn)

)
(2.21)

and the current through Lσ is found by

I′σ =

√√√√0.5

(
i

∑
n=1

4v′nXn

πωswLσ
sin (φn)

)2

+ 0.5

(
i

∑
n=1

4v′nXn

πωswLσ
cos (φn)

)2

. (2.22)

2.2.4 Evaluating soft-switching properties

Generally, AB-converters are valued because of their soft-switching operation.
Each control algorithm has a different range in which soft-switching is achieved.
Thereby, for the evaluation of these algorithms, information is required about the
soft-switching operation. There are two soft-switching modes that can be used:
zero-voltage switching (ZVS) and zero-current switching (ZCS). This section de-
scribes the method to find which ABs are operating in soft-switching, and if so,
in which soft-switching mode (ZCS or ZVS).

First, the time instances at which each AB is changing state need to be deter-
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t

un(t)

H00H

0L L0

Figure 2.7: Switching instants of AB n indicated by means of transformer voltage
un.

mined. These can be found by

ts,0H =
−Φ− 0.5πd

ωsw

ts,H0 =
−Φ+ 0.5πd

ωsw

ts,0L =
π −Φ− 0.5πd

ωsw

ts,L0 =
π −Φ+ 0.5πd

ωsw
,

(2.23)

where subscript 0H indicates that the voltage u′n(t) increases from 0 to positive,
0L indicates that the voltage u′n(t) decreases from 0 to negative, and so forth, as
illustrated in Figure 2.7. Then, the current iσ is calculated for these time instants
as follows. Using Equation (2.10), the current through Lσ at the state-change
instances is found by

i′σ,s,0H =
∞

∑
k=1

I′σa(k) cos((2k− 1)ωswts,0H) + I′σb(k) sin((2k− 1)ωswts,0H)

i′σ,s,H0 =
∞

∑
k=1

I′σa(k) cos((2k− 1)ωswts,H0) + I′σb(k) sin((2k− 1)ωswts,H0)

i′σ,s,0L =
∞

∑
k=1

I′σa(k) cos((2k− 1)ωswts,0L) + I′σb(k) sin((2k− 1)ωswts,0L)

i′σ,s,L0 =
∞

∑
k=1

I′σa(k) cos((2k− 1)ωswts,L0) + I′σb(k) sin((2k− 1)ωswts,L0).

(2.24)

Using these values it is then determined whether the converter operates in soft-
switching, and which soft-switching mode is active. This is done as follows.
When the current at an instance is approximately zero, there is ZCS. This can
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be written as

ZCS0H =

{
1 if i′σ,s,0H ≈ 0

0 otherwise.
ZCS0L =

{
1 if i′σ,s,0L ≈ 0

0 otherwise.

ZCSH0 =

{
1 if i′σ,s,H0 ≈ 0

0 otherwise.
ZCSL0 =

{
1 if i′σ,s,L0 ≈ 0

0 otherwise.

(2.25)

Here, ZCSm is an array which contains a boolean value for each AB in the con-
verter that indicates whether ZCS is achieved for transition m or not. Note that
in practice it will be required to use a certain threshold due to model inaccuracy
resulting from truncation. When the current is such that the voltage naturally
changes to the desired level, there is ZVS. This can be written as

ZVS0H =

{
1 if i′σ,s,0H < −Icomm,min

0 otherwise.
ZVS0L =

{
1 if i′σ,s,0L > −Icomm,min

0 otherwise.

ZVSH0 =

{
1 if i′σ,s,H0 > Icomm,min

0 otherwise.
ZVSL0 =

{
1 if i′σ,s,L0 < Icomm,min

0 otherwise.
(2.26)

where Icomm,min represents the minimum current required to charge all parasitic
components to the desired voltage level via the inductor current iσ. Here, ZVSm
is an array which contains a boolean value for each AB in the converter that indi-
cates whether ZVS is achieved for transition m or not.

2.3 Results

The modeling technique has been applied to the DAB topology shown in Fig-
ure 2.1 with fixed input voltage, output voltage and switching frequency. More-
over, all voltage sources are reflected to the primary side, analogous to the general
model in Figure 2.4b. The resulting schematic diagram that is used for the eval-
uation is shown in Figure 2.3. For this evaluation, the following values are used.
The voltages, switching frequency and inductance are normalized, e.g. v1 = 1 V,
v2 = 1 V, ωsw = 1 rad/s, Lσ = 1 H, and φ1 = 0 rad. Furthermore, it is chosen
that the duty cycles of both ABs are equal, being d1 = d2, in order to be able to
represent the figures in 3D graphs. For the analysis, the error in percent is defined
as 100% (xtest/xref − 1), with xtest the value under test and xref the reference value.
The reference value is found by using truncation at kmax = 25.
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Figure 2.8: Results of (a) Fourier-model with φ2 = π − 0.2 rad, dn = 0.7, and
kmax = 25, and (b) Plexim PLECS simulation using the same parameters.



2.3: RESULTS 23

V_1 FB_1

L_sigma

T_1

V_2 FB_2

T_2

Vu_1

Vu_2

Control_2

1
2
3
4

Control_1

1
2
3
4

Figure 2.9: Schematic diagram from Plexim PLECS circuit simulator software.
Diagram shows the DAB topology represented in the generic AB topology format.

Using the Fourier-based analysis method the current iσ and voltage un are calcu-
lated, and the result is shown in Figure 2.8a. Some Gibbs phenomena can be seen
due to the harmonics being limited to kmax = 25. The same circuit is simulated
using the Plexim PLECS circuit simulator, and the results of this simulation are
plotted in Figure 2.8b. As can be seen, the results are similar. The Plexim PLECS
schematic is shown in Figure 2.9.

Figure 2.10a shows the input power P1 of the converter as function of the duty
cycle and the truncation kmax. As can be seen, the accuracy increases when in-
creasing the value kmax, however accuracy gains for kmax > 3 become relatively
small. This can also be concluded from Figure 2.10b, which shows the error that
is made as function of the duty cycle and truncation.

The error made by the Fourier-analysis using a truncation at kmax = 1 is shown
in Figure 2.11a and Figure 2.11b. Here, the phase shift φ2 is varied between 0 and
π rad, also d1 and d2 are equal and varied between 0 and 1. It can be seen that
truncation at kmax = 1 achieves a good accuracy in most conditions, especially
when (0 � dn ≤ 1) ∀ n and (0� φn − φm � π) ∀ n, m where {n, m ∈ N|n ≤
i, m ≤ i}.

Moreover, an evaluation of the soft-switching properties is shown in Figure 2.12a.
For this analysis, kmax = 25. As can be seen, in this case all switches are soft-
switching (ZCS or ZVS) for the whole range of tested parameters. Now, when it
is chosen that v2 6= v1, the results are different, as shown in Figure 2.12b. Here,
it can be seen that in some operating points, not all switches are operated using
soft-switching.
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Figure 2.10: The calculated value of (a) P1, and (b) the error of P1 is shown for a
varying duty cycle and varying truncation kmax, while the phase shift is φ1 = 0 rad
and φ2 = π − 0.2 rad.

E
rr
o
r
o
f
I σ

(%
)

φ2 (rad) d1, d20

0.5

1

0

2

−50

0

50

(a)

E
rr
o
r
o
f
P
1
(%

)

φ2 (rad) d1, d2
0

0.5
1

0

2

−50

0

50

(b)

Figure 2.11: Calculated error in percent as function of duty cycle and phase shift
with φ1 = 0 rad and kmax = 1, of (a) Iσ and (b) P1.
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Figure 2.12: Percentage of soft-switching (ZCS or ZVS) switches as function of
duty cycle and phase shift with φ1 = 0 rad and kmax = 25. (a) v1 = v2 = 1 V, (b)
v1 = 1 V, v2 = 0.7 V.

2.4 Summary

In recent years, DAB converters have gained lots of popularity. Their high ef-
ficiency combined with bi-directional operation and a large amount of design
freedom makes them suitable for a large range of applications. Plenty of control
strategies exist that are specifically designed for that topology. In this chapter,
a more generic approach is used that offers a model for any number of ABs in
an AB-topology. Because piece-wise linear analysis does not scale well when
the number of switching states increases, a Fourier-based modeling technique
is introduced. Using this modeling technique, an analytical converter model is
obtained. The validity of the made assumptions are discussed and an accuracy
analysis treated. Moreover, the method that is used to determine soft-switching
operation is discussed. A comparison between the proposed Fourier-based mod-
eling method and a circuit simulator is shown, and it can be concluded that a
good accuracy is provided even when incorporating just a small amount of har-
monics. The analytical solutions allow for control strategy development and al-
gorithm optimization, which are demonstrated in the following chapter.





Chapter3
Control of active-bridge

converters

“All our knowledge begins with sense, proceeds thence to understanding,
and ends with reason, beyond which nothing higher can be discovered [...].”

(Immanuel Kant)
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3.1 Introduction

Dual active-bridge converters are generally controlled using phase-shift control
(PSC). This is a relatively straight-forward method that allows soft-switching un-
der certain conditions as well as bi-directional power flow. However, by us-
ing PSC, the circulating current through the converter can be significantly high,
which reduces the efficiency. To resolve this issue, more advanced control algo-
rithms have been developed to extend the soft-switching range and reduce the
current stress [1, 2, 18, 34, 36, 57]. However, the existing methods describe control
algorithms for DAB converters, and do not provide solutions for converters with
more than two active bridges such as presented in chapter 2.

In this chapter, a PSC method is derived using the generic model proposed in
the previous chapter. This method therefore allows an arbitrary amount of ABs
to be used, instead of only two ABs for existing PSC methods [14]. The method
scales linearly with the number of ABs and thus stays comprehensible even for
a large number of ABs. However, using this method, the converter still suffers
from large circulating currents, which are inherent to this control method.

Therefore, a second control method is proposed in this chapter, namely power-
balance control (PBC), which uses Newton-optimization in order to reduce the
circulating currents. This approach is similar to the approach proposed by
[50, 56, 77], which are specifically for the dual active-bridge (DAB). However, the
PBC method allows any number of ABs to be used, instead of limited to only two.
Moreover, it is made possible to scale the circulating current independently from
the AB output currents to actively control the thermal stress of active and pas-
sive components. It is demonstrated that control over the thermal stress allows
lifetime enlargement by reducing, for instance, thermal cycling.

3.2 Phase-shift control

The PSC algorithm is based on the first-harmonic approximation given in Equa-
tion (2.21), which is derived in the previous chapter. By linearizing, this equation
can be solved for φn∀ (n ∈N|n ≤ i), which gives the phase shifts φn as a function
of the desired powers Pn. This procedure is described in this section.
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3.2.1 Method

Because Equation (2.21) is non-invertible due to the trigonometric functions pre-
sent, linearization is required. These trigonometric functions can be linearized
by assuming sin(x) = x, which is valid when it holds that |x mod 2π| � 0.5π.
Because in the following situations it holds that the phase shifts are always in
the range (−π/2 < φn − φm < π/2) ∀ n, m where {n, m ∈ N|n ≤ i, m ≤ i}, the
linearization is sufficiently accurate. This results in

P′n =
8

ωswLσπ2 v′nXn
(
v′1X1 sin(φ1 − φn) + ... + v′iXi sin(φi − φn)

)

P′n ≈
8

ωswLσπ2 v′nXn

i

∑
m=1

v′mXm(φm − φn). (3.1)

Then, in order to solve this equation for φn, first Equation (3.1) is rewritten in a
matrix form:

APSCΦ = ωsw Lσπ2/8




P′1/(v′1X1)
P′2/(v′2X2)

...
P′i/(v′i Xi)




(3.2)

where APSC and Φ are defined to be

APSC =




v′1X1 −∑i
m=1 v′mXm v′2X2 . . . v′iXi

v′1X1 v′2X2 −∑i
m=1 v′mXm v′iXi

...
. . .

...
v′1X1 v′2X2 . . . v′iXi −∑i

m=1 v′mXm




(3.3)

Φ =




φ1
φ2
...

φi




. (3.4)

Without loss of generality, φ1 can be chosen as a reference, say φ1 = 0. Also, by
energy conservation,

P′i = −
i−1

∑
m=1

P′m. (3.5)
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After some manipulations using these two assumptions, the APSC-matrix with a
size of i× i can be rewritten to a reduced (i− 1)× (i− 1) one as follows:

APSC,red =




v′2X2 . . . v′iXi
v′2X2 −∑i

m=1 v′mXm v′3X3 . . . v′iXi

v′2X2
. . . v′iXi

...
...

v′2X2 . . . v′i−1Xi−1 −∑i
m=1 v′mXm v′iXi




(3.6)

with

APSC,red




φ2
...

φi


 = ωsw Lσπ2/8




P′1/(v′1X1)
...

P′i−1/(v′i−1Xi−1)


 . (3.7)

Then, symbolic matrix inversion is applied to APSC,red, which results in the solu-
tion for the reduced problem

APSC,red
−1 =

1

∑i
m=1 v′mXm




1 −1 0 . . . 0
... 0

. . . . . .
...

...
...

. . . −1 0 0
1 0 . . . 0 −1 0

v′1X1−v′i Xi
v′i Xi

v′2X2
v′i Xi

. . .
v′i−1Xi−1

v′i Xi




. (3.8)

The assumed values for φ1 and P′i are appended to this solution. Then, after some
manipulations, for a set of output power set-points

[
P′1, ..., P′i

]
,set the correspond-

ing phase shifts [φ1, ..., φi] are found to be




φ1
φ2
φ3
...

φi




=
ωswLσπ2

8 ∑i
m=1 v′mXm







0 0 0 . . . 0
1 −1 0 . . . 0

1 0 −1 0
...

...
... 0

. . . 0
1 0 . . . 0 −1







P′1,set/(v′1X1)
P′2,set/(v′2X2)
P′3,set/(v′3X3)

...
P′i,set/(v′i Xi)







. (3.9)

Equation (3.9) is a function that decouples and linearizes the AB-converter control
parameters. Here, P′n,set = i′n,setv

′
n. It can be seen from Equation (3.9) that the

converter is current controlled, as the unit of the rightmost matrix is current in
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[φ1, ..., φi]

[
i′1, ..., i

′
i

]
,set

[
v′1, ..., v

′
i

]

[
i′1, ..., i

′
i

]

i′σ

[X1, ..., Xi]

[
P ′
1, ..., P

′
i

]
,set

Eq. (3.9)
Fourier-based

model
(Fig. 2.6)

Figure 3.1: Control block diagram used for performance evaluation of PSC. Equa-
tion (3.9) represents a system decoupler, and the Fourier-based model is used from
chapter 2.

ampere. It can also be seen that control implementation using this method scales
linearly with the number of ABs, as there are only two non-zero elements in each
row of APSC,red

−1. This enables the control of AB-converters with a large number
of ABs without implementation issues.

Note that Xn is still undetermined. For basic PSC operation, the duty cycles are
selected dn = 1 ∀ n where {n ∈ N|n ≤ i} such that square-waves are produced
by all ABs, resulting in Xn = 1 according to Equation (2.20). In more advanced
control methods the value of dn can be selected differently, as is demonstrated in
section 3.3.

Figure 3.1 shows a control block-diagram that can be used to evaluate the per-
formance of the PSC algorithm in AB converters. Its inputs are the AB current
setpoints and the AB input voltages, and its outputs are the circulating current
and the actual AB input currents. The basis of the block-diagram is formed by
the Fourier-based model as derived in chapter 2. As can be seen, the model is
controlled by the phase shift found using the system decoupler, as described by
Equation (3.9). Note that the value of Xn is found using Equation (2.20), and
while using PSC it is chosen that dn = 1 ∀ n where {n ∈ N|n ≤ i}. The resulting
waveforms of an AB-converter with i = 3, as shown in Figure 3.3, and controlled
using PSC, are depicted in Figure 3.2. As can be seen, the waveforms generated
by the ABs are square-waves which are phase shifted with respect to each other.

3.2.2 Results

The performance of the PSC algorithm is evaluated by using an active-bridge
converter with i = 3, of which the schematic diagram is shown in Figure 3.3. This
converter has been evaluated according to the block-diagram from Figure 3.1. In
the analysis, the following parameters are normalized: v′1 = v′2 = v′3 = 1 V,
ωsw = 1 rad/s, Lσ = 1 H, and d1 = d2 = d3 = 1. Moreover, the Fourier-based
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Figure 3.2: Waveforms of AB-converter in generic form with i = 3. Corresponding
gate signals are indicated by black bars.
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−
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Figure 3.3: An AB-converter in generic form with i = 3, as used for the evaluation
of the PSC algorithm.

model is truncated at kmax = 25.

Firstly, the converter waveforms are analyzed using i′1,set = 0.75 A, i′2,set = 0.25
A, and i′3,set = −1 A. The results are shown in Figure 3.4. In this example, the
average AB input currents are found to be I′1 = 0.747 A, I′2 = 0.238 A, and I′3 =

−0.985 A, and the inductor RMS current I′σ = 2.58 A.

Next, the AB current set-points i′1,set and i′2,set are varied between [−1, 1] A, while
the accuracy of the PSC algorithm is evaluated. Here, the average error in percent
is defined as follows

100%
i

i

∑
n=1

(
i′n

i′n,set
− 1

)
, (3.10)

with i′ the values under test and i′set the set-point values.

Figure 3.5a shows the results of this evaluation. It can be seen that for the given
parameters (e.g. vn, Lσ, etc) the absolute average error is less than 25% for current
set-points up to 1 A. This means that set-points will never deviate more than 25%
of their actual value in pure feed-forward operation. When using closed-loop
control, however, the remaining error will be corrected by a feedback controller.
Note that this analysis also shows the bi-directional properties of AB-converters,
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Figure 3.4: Waveforms from Fourier-based model applied to an AB-converter with
i = 3 and using the PSC algorithm.
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Figure 3.5: Results of the PSC algorithm applied to an AB-converter with i = 3 and
varying i′1,set and i′2,set. (a) Average error of i′ in percent, (b) RMS current through
inductor Lσ.

as the converter response is identical for both positive and negative values for
i′n,set.

Also, the inductor RMS current I′σ is evaluated for various AB current set-points
i′1,set and i′2,set, which are varied between [−1, 1] A. This is shown in Figure 3.5b.
As can be seen, the inductor RMS current I′σ is relatively constant for all converter
current set-points that are evaluated. This means that the resistive losses in a
converter that is operated using PSC are relatively constant as well. Naturally,
this has a significant impact on the efficiency at low output power.

Finally, the soft-switching properties of the PSC algorithm are evaluated using the
method described in subsection 2.2.4. In this analysis the parasitic components,
such as semiconductor capacitances, are neglected. The result of this analysis is
shown in Figure 3.6. As can be seen, for the tested load range all switches are
operating with soft-switching. No magnetizing or compensation inductances are
required to obtain soft-switching.

3.3 Power-balance control

In the previous section, PSC is introduced. It is demonstrated that, by using PSC,
a large RMS current flows through Lσ which is almost independent from the load
of the converter. This means that the efficiency at low load values is compro-
mised, because the resistive losses become a dominant factor. In this section
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Figure 3.6: The percentage of switches operating in soft-switching mode using the
PSC algorithm applied to an AB-converter with i = 3 and varying i′1,set and i′2,set.

the power-balance control (PBC) method is provided which gives control over
the current through Lσ while maintaining the same AB output current in. Using
Newton-optimization a control algorithm is established that reduces the circulat-
ing current to a minimum.

3.3.1 Optimization

The RMS value of the current through the leakage inductance Lσ determines the
resistive losses in the converter. To minimize the RMS current through the induc-
tor, the following optimization problem should be solved:

minimize I′σ (3.11)

with




P′1
P′2
...

P′i




=




P′1,set
P′2,set

...
P′i,set




, (3.12)

with P′n the active power of AB n, resulting from the first-harmonic approxima-
tion (kmax = 1) given in Equation (3.1). P′n,set is the set-point of the active power
of AB n. Here, the optimization algorithm selects the duty cycles dn and phase
shifts φn to have the desired output power with the minimum amount of (RMS)
current through the converter.
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Cost function

Minimizing I′σ in Equation (2.22) yields the same φ and d as minimizing

2
(

πωswLσ I′σ
4

)2

, (3.13)

because the parameters ωsw and Lσ are both kept constant in the optimization
procedure. Moreover, it is assumed that the first harmonic is dominant in causing
circulating currents. By substitution of Equation (2.22) into Equation (3.13), the
cost function W is therefore defined as

W = 2
(

πωswLσ I′σ
4

)2

=

(
i

∑
n=1

v′nXn sin(φn)

)2

+

(
i

∑
n=1

v′nXn cos(φn)

)2

(3.14)

Constraints

While the minimization of W results in the lowest circulating currents, it does
not guarantee the output power equals the power set-point. This is, however, a
constraint which needs to be met. Therefore

i

∑
n=1

(
P′n − P′n,set

)2
= 0, (3.15)

to ensure all outputs have the desired power. Equation (3.15) is valid when
|φm − φn| � π/2, such that sin(φm− φn) ≈ φm− φn ∀ n, m where {n, m ∈N|n ≤
i, m ≤ i} holds, as this linearization is used to calculate the phase shifts in Equa-
tion (3.9). It can be shown that, in general, a strong approximation of the criterion
in Equation (3.15) can be accomplished when the sum of all squared phase-shift
cross-differences (φm − φn) equals 2α2, as follows

∥∥∥∥∥φ×
(

1i
)T
−
(
φ×

(
1i
)T
)T
∥∥∥∥∥

2

= 2α2, (3.16)

where α is a parameter introduced to fix the maximum cross-difference between
the phase shifts, to provide a trade-off between model accuracy (linearization
error) and the amount of circulating current. The parameter should be in the
linear range of the model, bounded to 0 < α < π

2 . Moreover, 1i is a single-
column array with i elements all equal to 1, and ‖x‖2 = ∑i

m=1 ∑i
n=1 x2

m,n with x
an i× i array. Note that, when Equation (3.16) is met, the desired output powers
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are guaranteed to be within the linearization errors of Equation (3.9), and the
error becomes smaller when α is smaller.

Solution for two ABs

Using the method of Lagrange multipliers [44], the constraint Equation (3.16) is
taken into account together with the cost function Equation (3.14) as follows:

minimize H = W + λ
(
Γ− 2α2)

where Γ =

∥∥∥∥∥φ×
(

1i
)T
−
(
φ×

(
1i
)T
)T
∥∥∥∥∥

2

. (3.17)

Now, the optimum is found when for each parameter (Xn, φn) the derivatives
of H are equal to zero. In order to reduce the complexity of the optimization
problem, a two-AB model is used (i = 2). In subsection 3.3.2, the results are
converted to fit a generic i-AB system.

First, the cost function Equation (3.14) can be simplified for i = 2 by using the
approximation

W =

(
i

∑
n=1

v′nXn sin(φn)

)2

+

(
i

∑
n=1

v′nXn cos(φn)

)2

(3.18)

=
(
v′1X1

)2
+
(
v′2X2

)2
+ 2(v′1X1)(v′2X2) cos(φ1 − φ2) (3.19)

≈
(
v′1X1

)2
+
(
v′2X2

)2 , (3.20)

which is valid because cos(φ1 − φ2) → 0 as the phase shift is selected to be large
to optimize efficiency, as described in the next paragraph.

Newton’s method is used to find the optimum for i = 2, where each term of the
Jacobian of H is set to zero. The solution is obtained from

minimize H = (v′1X1)
2 + (v′2X2)

2 + λ
(
(φ1 − φ2)

2 − α2
)

(3.21)
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After substitution of φn from Equation (2.21) and assuming φ1 = 0 yields the
following optimization assignment:

minimize H = (v′1X1)
2 + (v′2X2)

2

+ λ

(
arcsin

((
ωswLσπ2

8(v′1X1 + v′2X2)

)(
P′1

v′1X1
− P′2

v′2X2

))2

− α2

)
.

(3.22)

By power conservation it holds that P2 = −P1, such that this equation can be
rewritten into

minimize H = (v′1X1)
2 + (v′2X2)

2

+ λ

(
arcsin

((
ωswLσπ2

8(v′1X1 + v′2X2)

)(
P′1

v′1X1
+

P′1
v′2X2

))2

− α2

)
.

(3.23)

This optimization is carried out by equating the Jacobian of H to zero, which is
equal to

J =




2v′1X1 −
2λσP′1 arcsin(σP′1/v′1X1v′2X2)

v′21 X2
1v′2X2

√
1−
(

σ2P
′2
1 /v

′2
1 X2

1 v
′2
2 X2

2

)

2v′2X2 −
2λσP′1 arcsin(σP′1/v′1X1v′2X2)

v′1X1v′22 X2
2

√
1−
(

σ2P
′2
1 /v

′2
1 X2

1 v
′2
2 X2

2

)

arcsin2
(

σP′1
v′1X1v′2X2

)
− α2




(3.24)

with

J =




∂H
∂(v′1X1)

∂H
∂(v′2X2)

∂H
∂λ




, σ =
ωswLσπ2

8
. (3.25)
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Solving J = 0 for v′1X1 and v′2X2 results in

v′ · X =

√
|P′|π2ωswLσ√

8 sin (α)
(3.26)

X =

√
|P′|π2ωswLσ√

8 sin (α)v′
(3.27)

Note that the multiplication in Equation (3.26) and the division in Equation (3.27)
are both element-wise. Then, calculating the elements of d and φ using Equa-
tion (2.20) and Equation (2.21) results in

dn =
2
π

arcsin (Xn) (3.28)

φn =
ωswLσπ2

8
1

v′1X1 + v′2X2

(
P′1

v′1X1
− P′n

v′nXn

)
. (3.29)

Substitution with α = π/2 and assuming P′1 = −P′2 ≥ 0 yields, with some ma-
nipulations,

φ1 ∝ P′1 − P′1 = 0 → φ1 = 0 (3.30)

φ2 = arcsin
(

ωswLσπ2

8
1

v′1X1 + v′2X2

(
P′1

v′1X1
− P′2

v′2X2

))

= α = π/2, (3.31)

which meets the constraint (φ1 − φ2)
2 = α2. This shows that the proposed solu-

tion utilizes a fixed phase shift and a varying first-harmonic magnitude, opposed
to the varying phase shift and a fixed fist-harmonic magnitude as applied by
the phase shift control algorithm. Furthermore, v′1X1 = v′2X2 because the cor-
responding powers are equal, and so from Equation (3.27) the maximum output
power is achieved when max (X) = 1.

3.3.2 Optimized generic decoupler

In the previous section, an optimized solution for two ABs was deduced using
Fourier-modeling. However, it is based on a linearized model which is valid
as long as sin(φm − φn) ≈ φm − φn for all n, m ∈ [1...i]. This solution can be
improved considerably when a description is used which has a broader validity
range, as shown in this section. The method is generalized such that it can be
applied to a converter with i ABs. Also, control over I′σ is implemented, which
allows manipulation of the losses without changing output powers of the ports.
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When assuming ideal efficiency, the sum of the powers of ABs delivering power
(P′pos) is equal to the sum of the powers of ABs receiving power (P′neg), as de-
scribed by

P′pos,set =
i

∑
n=1

{
P′n,set : P′n,set ≥ 0

}
(3.32)

P′neg,set =
i

∑
n=1

{
P′n,set : P′n,set < 0

}
(3.33)

P′pos,set = P′neg,set. (3.34)

This is similar to an i = 2 situation where all positive power is processed by only
one source U′pos = v′posXpos, as well as the negative power is processed by another
source U′neg = v′negXneg. The following therefore assumes a two-sources problem.
Further on, the model is extended to distribute the power across i sources. It is
found that, from Equation (3.26) and with α = π/2,

U′pos = v′posXpos =
π
√

P′pos,setωswLσ

2
√

2
(3.35)

with P′pos,set the sum of the power set-points of all positive sources, and v′posXpos

the sum of all phasor lengths of all positive sources. Furthermore, because it
holds that P′pos,set = P′neg,set, the phasor lengths are equal, being

U′neg = U′pos. (3.36)

The phase shifts are found from subsection 3.3.1, resulting in

φpos = −π/4

φneg = π/4,
(3.37)

with α = π/2. However, by allowing the phase shift to go beyond π/2, the
circulating currents can be reduced further, as is demonstrated in the following.

As shown graphically in Figure 3.7, for a given P′pos,set, the following parameters
can be defined:

a = U′pos sin
(α

2

)
a◦ = U′◦pos sin

(
α◦

2

)

b = U′pos cos
(α

2

)
b◦ = U′◦pos cos

(
α◦

2

) (3.38)
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Figure 3.7: Trigonometrically minimizing the voltage across inductor Lσ while
maintaining ab = a◦b◦. Minimizing the voltage equals minimizing the current.

with α = π/2. The value of b◦ determines the voltage across the inductor Lσ by

V◦σ = 2b◦, (3.39)

and therefore determines the current through the converter. Minimizing b◦ is
achieved by maximizing α◦, given that 0 ≤ α◦ ≤ π, while maintaining ab =

a◦b◦, because the product ab is proportional to P′n,set (see Equation (3.40) below).
Therefore, minimization is accomplished by maximizing U′◦pos.

To distribute the power across all i sources proportional to the set-points, the total
phasor lengths v′posXpos and v′negXneg are distributed as follows

v′nXn =
U′pos

∣∣P′n,set
∣∣

P′pos,set
(3.40)

In order to increase the magnitudes of U′◦pos and U′◦neg, aiming at reducing the
inductor voltage and current, the magnitudes are scaled by

X◦ = β X (3.41)

where β is the scaling factor. The maximum is achieved when one of the duty
cycles reaches its limit, at max (X◦) = 1. The maximum gain is then equal to

βmax =
1

max (X)
. (3.42)
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For fixed power P′pos,set, it holds that

ab = a◦b◦ (3.43)

thus the value of α◦ is found by

U′2pos sin
(α

2

)
cos

(α

2

)
= U′◦2pos sin

(
α◦

2

)
cos

(
α◦

2

)
. (3.44)

With α = π/2 it results that, to achieve the minimum voltage across the inductor,

sin (α◦) =
U′2pos

U′◦2pos
=

1
β2 (3.45)

α◦VL,min = π − arcsin

(
U′2pos

U′◦2pos

)
= π − arcsin

(
1

β2
max

)
(3.46)

and to achieve the maximum voltage across the inductor

α◦VL,max = arcsin
(

1
β2

max

)
. (3.47)

Using Equation (3.35) it is found that

b◦VL,min = U′pos βmax cos
(

1
2

α◦VL,min

)

= U′pos βmax cos
(

1
2

π − 1
2

arcsin
(

1
β2

max

))
(3.48)

b◦VL,max = U′pos βmax cos
(

1
2

α◦VL,max

)

= U′pos βmax cos
(

1
2

arcsin
(

1
β2

max

))
. (3.49)

The converter current can be regulated linearly by changing the voltage across
inductor Lσ between b◦VL,min and b◦VL,max by the parameter γ, where

b◦ = (1− γ) b◦VL,max + γb◦VL,min. (3.50)

The lowest current is achieved when γ = 1, because in that case the voltage over
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the inductor is the lowest. Then, by Equation (3.43) and because α = π/2, yields

a◦ =
ab
b◦

=
0.5U′2pos

b◦
(3.51)

α◦ = 2 arctan
(

a◦

b◦

)
(3.52)

β =
1√

sin (α◦)
(3.53)

The phase shifts for all sources are then defined by

φpos = −α◦/2

φneg = α◦/2,
(3.54)

where φpos the phase shift assigned to sources processing positive power, and
φneg assigned to sources processing negative power. Consequently, the phase
shifts of the ABs are found by

φn − φ1 =

{
0 if P′n,set ≥ 0

α◦ otherwise.
(3.55)

Moreover, by combining Equation (3.28) and Equation (3.41) it can be seen that
the duty cycle then equals

d =
2
π

arcsin (X◦) . (3.56)

The analysis is based on a first-harmonic approximation, where the Fourier-series
are truncated at kmax = 1. This results in inaccuracies in the analysis, especially
when higher harmonics start to play a dominant role in the waveforms that are
produced. These higher harmonics become dominant when the maximum gain
βmax becomes large, for instance when little current is required by a certain AB,
while its bus voltage v is large. The algorithm will then select a too high duty
cycle, which causes unnecessary currents. To alleviate this issue, the maximum
gain can be limited by

βmax =

{
βmax,limit if βmax ≥ βmax,limit

βmax otherwise.
(3.57)

By analysis of the circulating current in a large range of scenarios, it is found that
βmax,limit = 2.7 will typically result in minimum circulating current over the full
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Figure 3.8: Control block diagram showing the interactions of the equations for
PBC, as well as a set-up for performance evaluation of PBC. Fourier-based model
is used from chapter 2.

load range. Therefore, this value is used in all analysis that involve PBC.

Figure 3.8 shows an overview of the various interactions of the equations pre-
sented in this section, as well as a set-up using the Fourier-based model from
chapter 2 to evaluate the performance of the PBC algorithm.

3.3.3 Results

The performance of the PBC algorithm is evaluated using the same converter as
for PSC in subsection 3.2.2, which is an AB-converter with i = 3 of which the
schematic diagram is shown in Figure 3.3. In the evaluation, the accuracy of PBC
is evaluated, as well as the RMS current I′σ is compared to PSC. Moreover, the
effect of the parameter γ is shown and the soft-switching properties are given.
When using PBC, the evaluation is carried out using the block-diagram shown in
Figure 3.8. In the analysis, the following parameters are normalized: v′1 = v′2 =

v′3 = 1 V, ωsw = 1 rad/s, and Lσ = 1 H. Moreover, the Fourier-based model is
truncated at kmax = 25.

First, the waveforms of PBC with γ = 1 are analyzed and compared to PSC,
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Figure 3.9: Comparison of the voltage- and current waveforms in a AB-converter
with i = 3 when using (a) PBC with γ = 1 and (b) PSC, evaluated using the
Fourier-based model.

shown in Figure 3.9a and Figure 3.9b. In this case, i′1,set = 0.75 A, i′2,set = 0.25
A, and i′3,set = −1 A, similar to the values used for the analysis of PSC in the
previous section. It is found that the actual average AB input currents with PBC
are found to be I′1 = 0.731 A, I′2 = 0.280 A, and I′3 = −1.01 A, and the inductor
RMS current I′σ = 1.43 A. It can be seen in the figure that the duty cycles using
PBC become lower than 1, and that the current i′σ has a much lower peak value
when compared to PSC.

Then, the accuracy of the method and the RMS current I′σ are evaluated using
various values for the parameter γ. The accuracy is evaluated by calculating the
average error using Equation (3.10). The results are shown in Figure 3.10, Fig-
ure 3.11, and Figure 3.12, where the parameter γ is selected 1, 0.5 and 0 respec-
tively. It can be seen that the current I′σ can be varied while maintaining output



3.3: POWER-BALANCE CONTROL 47

A
v
er
a
g
e
er
ro
r
i′

(%
)

i′2,set (A) i′1,set (A)

−101

−1
0

1

−50

0

50

(a)

I
′ σ
(A

)

i′2,set (A) i′1,set (A)

−101

−1
0

1

0

1

2

3

(b)

Figure 3.10: Results of the PBC algorithm with γ = 1 applied to an AB-converter
with i = 3 and varying i′1,set and i′2,set. (a) Average error of i′ in percent, (b) RMS
current through inductor Lσ.

current accuracy. Moreover, the average error of the PBC method is well below
25% for most of the load range.

Next, the soft-switching properties of the PBC method are evaluated for γ = 1
and γ = 0, in Figure 3.13. As can be seen, most of the switches are operated us-
ing soft-switching for most of the load range, and this number increases when
γ is decreased. What can be seen when comparing to PSC, however, is that
soft-switching is compromised to reduce the current I′σ. To improve this aspect,
magnetizing or compensation inductances are required to obtain full-range soft-
switching. The calculation of these compensation inductances is not covered.

Finally, a comparison of I′σ is carried out between PBC with γ = 1 and PSC for
varying i′1,set and i′2,set. The comparison is done by finding the ratio of I′σ in percent
using

100%
I′σ,PBC

I′σ,PSC
. (3.58)

The results are shown in Figure 3.14. From this figure, it can be seen that the
current when using PBC is less than 50% of the current when using PSC, and
for lower output powers this value decreases further. For instance, at near-zero
current set-points the ratio approaches 0%. Therefore, especially in this region
the efficiency will improve significantly when using PBC instead of PSC.
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Figure 3.11: Results of the PBC algorithm with γ = 0.5 applied to an AB-converter
with i = 3 and varying i′1,set and i′2,set. (a) Average error of i′ in percent, (b) RMS
current through inductor Lσ.
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Figure 3.12: Results of the PBC algorithm with γ = 0 applied to an AB-converter
with i = 3 and varying i′1,set and i′2,set. (a) Average error of i′ in percent, (b) RMS
current through inductor Lσ.
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Figure 3.13: The percentage of switches operating in soft-switching mode using
the PBC algorithm with (a) γ = 1 and (b) γ = 0, applied to an AB-converter with
i = 3 and varying i′1,set and i′2,set.
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3.4 Reducing thermal stress

The soft-switching and bi-directional properties, combined with galvanic isola-
tion, and the reduced amount of energy stored in magnetic and capacitive compo-
nents makes the AB-converter an attractive choice for, among others, sustainable
energy, motion systems, medical and traction applications. These applications,
however, usually have highly dynamic loads which cause pronounced thermal
cycling in power converters. This thermal cycling causes semiconductors to de-
teriorate [40,46,48,59]. A fitted model for a certain transistor type [24] shows that
the number of cycles before end-of-life is achieved can be approximated by

N f = A · ∆Tα
j · exp

(
Q

R · Tm

)
, (3.59)

with R = 8.314 J/mol·K, Tm the average junction temperature in Kelvin, ∆Tj the
junction temperature swing in Kelvin, A = 640, α = −5, Q = 7.8 · 104 J/mol,
and N f is the number of cycles until end-of-life. Because the junction temper-
ature swing has an exponent of -5 in this case, even small reductions two will
increase the number of cycles to end-of-life significantly. For instance, by halving
the temperature swing, the number of cycles increases with a factor 32. Therefore
it is highly beneficial to reduce the temperature swing when the thermal stress
is a limiting factor for the lifetime of the converter. This section proposes two
methods that can be used to reduce this temperature swing, which are discussed
briefly. The methods are particularly valid for MOSFETs, as their channel also
conducts the current during reverse operation. Thereby, the junction tempera-
ture can be controlled by means of reactive currents. For IGBTs, the method will
help to extend the lifetime, but is less effective in doing so due to the separate
parallel diodes conducting the reverse current.

To be able to reduce the thermal stress, the PBC-method, introduced in the pre-
vious section, is used. This method provides the control parameter γ, which can
be adapted to reduce the junction temperature swing. Various assumptions are
made to come to this control method. Firstly, the conduction losses of the semi-
conductors are assumed to be purely resistive, which is true when for instance
MOSFETs are used. Moreover, the switching losses are assumed to be negligible,
which is valid as long as the converter operates with ZVS, or the switching losses
are relatively low when compared to the conduction losses. Then, it can be found
that the power losses PSnm of switch m in AB n are equal to

PSnm = RDS,on I2
σ, (3.60)
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Figure 3.15: Schematical drawing of a transistor mounted to a fan-cooled heatsink.

where RDS,on is the on-state resistance of the switch. The junction temperature,
Tj,Snm, is determined by the heat flow to the junction, PSnm, and the transfer func-
tions of the thermal interfaces that are attached to the junction, which are shown
graphically in Figure 3.15. These are the device package Hpack(s), the heatsink
Hhs(s), the thermal interface Hti(s), and finally the cooler (e.g. fans, water pump)
Zcooler(s) which cools to the ambient temperature Tamb. This can be mathemati-
cally represented by

Tj,Snm(s) = PSnmZpack(s)Zti(s)Zhs(s)Zcooler(s) + Tamb. (3.61)

In this equation, two elements can be adjusted dynamically. The first parameter
is the dissipated power in the junction, that can be controlled by changing the
parameter γ. The second parameter is the cooler (e.g. rotational speed of the
cooling fans or pump), which influences the thermal impedance of the heatsink
to the ambient.

If the load profile is known on beforehand, the junction temperature can be sta-
bilized as follows. The cooler thermal impedance Zcooler can be adjusted while
gradually decreasing γ, and thereby the dissipation in the junction. This process
is sketched in Figure 3.16a. Here, it can be seen that as soon as the converter load
reduces, the thermal impedance is increased (e.g. fan or pump speed), and mean-
while the current Iσ is used to prevent the junction from cooling down. While the
heat sink is warming up, the current is gradually reduced to keep the junction
temperature constant while reducing the power dissipation, hence improving
the efficiency of the converter. The resulting feed-forward (open-loop) control
scheme is shown in Figure 3.17. The mapping of output power and output volt-
age to the value of γ and the required fan or pump speed can be done by using
look-up tables (LUTs). In some cases, if a priori knowledge of the load profile is
not available, it can be obtained by adding delay to the reference signals. This,
however, severely limits the bandwidth of the current control loop.
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Figure 3.16: Load adaptation behavior of the thermal system to stabilize transistor
junction temperature. (a) a priori knowledge of load profile, (b) no knowledge of
load profile (reduced low-load efficiency).
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Figure 3.17: Block diagram showing a method to stabilize the junction tempera-
ture of the transistors in an active-bridge converter when the load profile is known
a priori (open-loop).
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Figure 3.18: Block diagram showing a method to stabilize the junction temper-
ature of the transistors in an active-bridge converter when the load profile is not
known a priori (open-loop).

If the load profile is unknown or can not be delayed sufficiently, the parameter γ

can be adjusted such that the dissipation in the junction remains approximately
constant. When the dissipation is constant, the temperature will remain constant
as well. This process is sketched in Figure 3.16b. Naturally, the low-load effi-
ciency will be much lower compared to the other method due to the additional
losses that are introduced to keep the junction up to temperature. The open-loop
control scheme that can be used for this method is shown in Figure 3.18.
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3.5 Summary

There are numerous methods to control a DAB converter. The most straightfor-
ward method is phase-shift control, which has various disadvantages, such as a
large circulating current at some operating points and a limited soft-switching
operating range. More advanced methods are available to alleviate these issues.
However, these methods are not applicable to AB converters with more than two
active bridges.

In this chapter, two methods are presented which allow controlling AB convert-
ers with an arbitrary number of ABs. Firstly, a generic phase-shift control method
is introduced. This method provides soft-switching under certain operating con-
ditions. It is, however, shown that the circulating current can be relatively high.
Therefore, a generic power-balance control method is introduced. By using ana-
lytical optimization, the circulating currents are reduced by a large amount when
compared to phase-shift control. Furthermore, a parameter is provided that al-
lows control over the circulating current without affecting the converter output
power. It is shown that therefore the thermal stress in the converter components
can be controlled to increase the lifetime of the converter. It is also shown that by
using power-balance control the soft-switching properties are compromised for
some of the switches in the converter. The PSC and PBC methods are used as a
system decoupler in Part II, where the quad active-bridge converter is introduced
and evaluated.



Part II

The quad active-bridge
converter for ac-dc conversion





Chapter4
Introduction of the quad

active-bridge topology

“You insist that there is something a machine cannot do. If you will tell
me precisely what it is that a machine cannot do, then I can always make a
machine which will do just that.”

(John von Neumann)
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4.1 Introduction

High-performance ac-dc power converters are required in a broad range of ap-
plications to allow, for example, electric cars to be recharged, solar panels and
wind turbines to deliver energy to the grid, and high-voltage dc grids to operate.
In some cases, for example in a battery charger for an electric car, the power can
even flow in both directions: charging using solar energy during daytime and
powering the household during the night, when the solar panels are inactive.
To ensure safety and low leakage currents, galvanic isolation between energy
sources is commonly desired, but often is not implemented due to the additional
cost and complexity.

Especially for bi-directional three-phase ac-dc converters in high-power applica-
tions, the system architectures that are commonly employed are rather conven-
tional [52]. For instance, a two-stage topology is often used, which consists of
a boost-PFC circuit for rectification and a dc-dc converter, such as a dual active-
bridge (DAB) [1, 7, 14, 18, 57], for galvanic isolation, with an intermediate high-
voltage dc bus. These ac-dc converters, however, have a large amount of in-
ductive and capacitive energy storage. Furthermore, their high-voltage dc bus
defines the voltage rating of the passive and active components, which means
that the voltage-stress of the components is high. Moreover, two-stage topologies
require careful balancing and control of both stages to keep the bus voltage level
within specifications [29, 49]. Matrix-converter based topologies can be used as
well [9, 12, 13, 32, 33]. However, the majority of these solutions do not allow for
bi-directional power-flow, or require bi-directional switches.

In this chapter, a fundamentally new concept for ac-dc conversion is described
that allows bi-directional power flow and galvanic isolation in a single stage.
No intermediate high-voltage bus is used, and no bi-directional switches are re-
quired. Two essential components enable this approach, namely neutral-voltage
lift (NVL) and the quad active-bridge (QAB) converter topology. The NVL prin-
ciple is explained and some implementation details are elucidated. Moreover, a
QAB-converter model and control method is described that is based on the ana-
lysis in chapter 2 and chapter 3.
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Figure 4.1: Simplified topology showing a three-phase ac input using switching
legs with bipolar-voltage blocking switches.

4.2 Neutral-voltage lift

4.2.1 Overview of bipolar voltage inputs

Generally, bidirectional ac-dc converters have bipolar voltage inputs to handle
the ac voltage swing of the mains connection. This two-quadrant input can be
achieved by various methods, for example by connecting the ac mains terminals
to switched nodes via inductors (Figure 4.1), or by connecting the ac mains ter-
minals to the dc-links of switching legs consisting of bipolar-voltage blocking
switches (Figure 4.2). Each option has merits and drawbacks. When connecting
an ac input to a switched node, the inductors, LR, LS, LT , provide continuous
input currents and thereby reduce filtering requirements. However, the voltage
over the half-bridge, vdc, needs to be twice the peak voltage of the ac input when
unity power-factor is required. On the other hand, when using bipolar-voltage
blocking switches, the circuit complexity and the resistive losses increase as there
are twice as much components in the current path. However, the peak voltage
over the semiconductors is low as it equals the peak voltage of the ac input.

This section introduces a different concept, named neutral-voltage lift (NVL),
which allows the unipolar dc-link voltage inputs to be connected to the ac mains
as shown in Figure 4.3. The method works by exploiting the properties of a three-
phase ac mains distribution system as follows. Due to the fact that in a perfect,
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Figure 4.2: Simplified topology showing a three-phase ac input using switching
legs with bipolar-voltage blocking switches.
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Figure 4.3: Simplified topology showing the principle of including a neutral-
voltage lift capacitor CNVL in a three-phase ac mains connection.

balanced, three-phase system it holds that

iR(t) = îmains cos (ωmainst) (4.1)

iS(t) = îmains cos
(

ωmainst− 2π

3

)
(4.2)

iT(t) = îmains cos
(

ωmainst +
2π

3

)
(4.3)

with îmains the mains phase peak-current, the common-mode current becomes
zero, because

iCM(t) = iR(t) + iS(t) + iT(t) (4.4)

= îmains

(
cos (ωmainst) + cos

(
ωmainst− 2π

3

)
+ cos

(
ωmainst +

2π

3

))

= 0. (4.5)

Therefore, when a capacitor CNVL is added to the neutral line, as shown in Fig-
ure 4.3, the current through CNVL is zero as well, and its voltage remains constant.
The capacitor voltage, vNVL(t), can be controlled by a small common-mode cur-
rent iCM. By ensuring that



62 CHAPTER 4: INTRODUCTION OF THE QUAD ACTIVE-BRIDGE TOPOLOGY

t

V

vn(t)− vN (t)

vn(t)

vNVL(t)

margin

Figure 4.4: Waveforms showing the principle of neutral-voltage lift. The voltage
off-set results in purely positive voltages over the full bridges.

vNVL(t) > −min(vnN(t)) with n ∈ [R, S, T] (4.6)

with vnN the voltage from phase n to the neutral line N, always holds, the volt-
ages across all switching legs are positive, as shown in Figure 4.4. That is to say

vnN(t) = vn(t)− vN(t) (4.7)

0 < vn(t) = vnN(t) + vNVL(t) =

v̂nN cos (ωmainst + θn) + vNVL(t),

where ωmains is the mains grid frequency and v̂nN the peak mains phase voltage.
The voltage off-set vNVL(t) allows the direct connection between the full bridges
and the mains.

Due to this superposition, the average voltage stress of all switches equals the
average NVL voltage 〈vNVL(t)〉. In a topology such as Figure 4.1, on the other
hand, the average voltage stress of the semiconductors exposed to the dc-link
is twice as high. This means that using NVL, the single-event burnout (SEB)
sensitivity is reduced and thereby lifetime is increased [35, 60, 61, 63]. Moreover,
when compared to converters using bipolar-voltage blocking switches, such as
Figure 4.2, the number of semiconductors is reduced by a factor two.

4.2.2 Implementation of neutral-voltage lift

To implement NVL, some points require attention, which are the power-up se-
quence and in-rush current limiting of the converter, as well as the control of
vNVL. When the converter is powered on, a pre-charge period is required in
order to charge the capacitor CNVL and to prevent high in-rush currents. The
pre-charging is achieved by temporarily placing a (PTC) resistor in series with
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Figure 4.5: Pre-charging of NVL capacitor via resistors. The red line indicates one
of the possible current paths. When pre-charging has completed, the switches are
closed to bypass the resistors.

the mains connections, as shown in Figure 4.5. As can be seen, the capacitor is
then charged via the semiconductor body diodes and these resistors. After the
capacitor voltage has reached a sufficiently high value, the pre-charge resistors
are bypassed by switches that are connected in parallel to these resistors. Then,
the NVL voltage control loop is activated in order to further charge the capaci-
tor to its desired value. This process is shown in Figure 4.6. Here, t1 indicates
the moment where the converter is connected to the mains grid, t2 indicates the
moment where the voltage approaches the mains peak voltage v̂nN , and the by-
pass relays are closed. Then, the control loops are activated to further charge
the capacitor towards the desired voltage vNVL,ref. Finally, t3 indicates the mo-
ment where the converter starts operating normally. From this point onwards,
the common-mode current becomes negligible because the capacitor voltage is
not changing anymore, hence

iCM(t) = iNVL(t) = CNVL
dVNVL(t)

dt
= 0. (4.8)

The value of the capacitor CNVL is dependent on two aspects. Firstly, it must be
selected large enough such that the control loop is able to stabilize its voltage and
can provide sufficient disturbance rejection. This is discussed in more detail in
subsection 4.3.3. Secondly, the magnitude of the currents that are flowing through
the capacitor. These are dependent on the disturbance rejection capabilities of the
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Figure 4.6: Waveforms while pre-charging the NVL capacitor.

current control loops. By combining both aspects, an estimation of the capacitor
value can be made as follows. By knowing the disturbance rejection Si(s) of the
converter current control loop at the mains frequency ωmains, and the RMS phase
current Imains, an estimation of the common-mode current ICM,d can be made by

ICM,d = 3ImainsSi(jωmains). (4.9)

This current also flows through CNVL. Then, by defining a desired voltage swing
over the capacitor VNVL,d and a given disturbance rejection SNVL(s) of the capac-
itor voltage control loop, the capacitor value can be found by

CNVL =
ICM,dSNVL(jωmains)

ωmainsVNVL,d
. (4.10)

For instance, with Si(jωmains) = −30 dB disturbance rejection of In = 30 A RMS
at 50 Hz mains frequency, an allowed voltage swing of VNVL,d = 10 V RMS, and
SNVL(jωmains) = −20 dB disturbance rejection of the capacitor voltage control
loop, the capacitor value must be approximately

CNVL ≈ 88 µF. (4.11)

4.3 Quad active-bridge topology

In this section, the quad active-bridge (QAB) topology shown in Figure 4.7 is in-
troduced. The QAB-converter is a member of the AB-converter class, as described
in Part I. As with all AB-converters, the QAB-converter offers bidirectional power
flow and galvanic isolation, with soft-switching properties under certain operat-
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Figure 4.7: Proposed QAB-converter: a single-stage bidirectional 4-port converter
topology with galvanic isolation.
Note: for simplicity, switching frequency decoupling and filtering are not drawn.

ing conditions.

As can be seen in Figure 4.7, the full bridges on the left side are connected to
the primary side of transformers TR, TS and TT . The secondary terminals of the
transformers are series-connected. The voltages are therefore summed on the
secondary side. An inductor, Lσ, is used to determine the maximum power flow
and the amount of circulating current, similar to the situation in a DAB topology
[18]. For now, the transformers are assumed to have a 1:1 winding ratio.

By adding a neutral-voltage lift (NVL) capacitor, as described in the previous
section, the topology becomes suitable for three-phase ac-dc conversion. This is
done by connecting the three ABs on the left in Figure 4.7 to the three phases of
the mains connection, and the NVL capacitor is placed in the neutral-line. The
resulting topology is depicted in Figure 4.8. This topology forms the basis of the
analysis and discussions in the following sections. In these sections, the converter
is modeled, and decoupling using the PSC and PBC control methods from sec-
tion 3.2 and section 3.3 is discussed. Then, a closed-loop control architecture and
design method is given, together with a phase-locked loop (PLL) design method
to achieve grid-frequency synchronization.
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Figure 4.8: Proposed QAB-converter with NVL: a single-stage bidirectional ac-dc
converter topology with galvanic isolation.
Note: for simplicity, switching frequency decoupling and filtering are not drawn.

4.3.1 Modeling and decoupling

The converter model is based on the generic model presented in chapter 2, begin-
ning with the transformation of the QAB-topology to the generic AB-converter
form according to subsection 2.2.1. This is done by placing all ABs in series, and
then replacing the transformer voltages u′n by voltage sources, which yields the
model shown in Figure 4.9. The voltage of each source can be represented by a
Fourier-series according to Equation (2.8), leading to

u′(t) =
∞

∑
k=1

Ua′(k) cos((2k− 1)ωswt) + Ub′(k) sin((2k− 1)ωswt) (4.12)

with

Ua′(k) = U′(k)
(

sin
(
(2k− 1) (φ+ 0.5dπ)

)

− sin
(
(2k− 1)(φ− 0.5d)π)

)
, (4.13)

Ub′(k) = U′(k)
(

cos
(
(2k− 1) (φ+ 0.5dπ)

)

− cos
(
(2k− 1)(φ− 0.5d)π)

)
(4.14)
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Figure 4.9: Simplified converter model of QAB-converter represented in the
generic form.

where

U′(k) =
2v′

π(2k− 1)
(4.15)

and

u′(t) =




u′dc(t)
u′R(t)
u′S(t)
u′T(t)


 , v′ =




v′dc
v′R
v′S
v′T


 , d =




ddc
dR
dS
dT


 , Φ =




φdc
φR
φS
φT


 , (4.16)

according to the generic definitions in chapter 2. The AB current in and the in-
ductor current iσ can be then found by Equation (2.15) and Equation (2.12), re-
spectively.

Using the definitions in Equation (4.16), the determination of the decoupling of
the control input parameters in the QAB-converter can be carried out according to
the methods from section 3.2 (PSC) and section 3.3 (PBC). The values for P′n,set, as
required by these methods, are found using Equation (2.15) and assuming energy
conservation (Equation (3.5)), resulting in

P′dc,set = −P′R,set − P′S,set − P′T,set = idc,setvdc (4.17)

P′R,set = iR,setvR (4.18)

P′S,set = iS,setvS (4.19)

P′T,set = iT,setvT , (4.20)

where vn are measured values. It should be emphasized that in the previous step
the measurements and set-points are considered to comply with the assumptions
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elaborated in section A.1.

4.3.2 Dimensioning of main circuit components

Designing the QAB-converter involves selecting the ratings and values of its com-
ponents, and the Fourier-based model provides useful information obtain these
values. The most important parameters to assist the selection procedure for the
main circuit components are given in the following.

The voltage vNVL is determined using Equation (4.6). Generally, it can be said
that for

vNVL = 1.15v̂nN (4.21)

sufficient voltage margin is present even when small disturbances occur in the
mains grid. Moreover, the value of the capacitor CNVL is found using Equa-
tion (4.10).

The value of the inductance Lσ is determined by using Equation (3.9). It may
be assumed that, at maximum output power, Xn = 1 for n ∈ [dc, R, S, T] and
therefore gives

φ1 − φn =
ωswLσπ2

8 ∑i
m=1 v′mXm

(
P′1,set/(v′1X1)− P′n,set/(v′nXn)

)
. (4.22)

Now, to ensure in the maximum phase shift between any two ABs is π/2, it follows
that the maximum value for Lσ when using PSC equals

Lσ,PSC < min

∣∣∣∣∣
8 (π/2)

(
v′dc + v′R + v′S + v′T

)

ωswπ2 (P′dc,set/v′1 − P′n,set/v′n)

∣∣∣∣∣ (4.23)

Lσ,PSC <
4
(
3v′NVL + v′dc

)

ωswπ
(
idc + în

) , (4.24)

where idc and în are both positive values. Moreover, when using PBC instead of
PSC, it follows from Equation (3.35) that

Lσ,PBC <
8
(

v̂′n + v′NVL

)

π2ωsw îmains
. (4.25)

This value is the upper limit, and it should be taken into account that the first-
harmonic approximation has inaccuracies, and that a safety margin must be taken
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into account if the converter will be operated at the currents that are used in the
above calculation. Generally, it will be sufficient to take 25% power reserve into
account to compensate these two issues, which means that Lσ must be reduced
by the same amount.

The peak current of this inductor can then be estimated by using Equation (2.22).
For PSC, the maximum current is reached when the phase shift is zero, this results
in the following peak current:

îσ,PSC =
√

2

√
0.5
(

4
πωswLσ

)2 (
v′dc + v′R + v′S + v′T

)2

=
√

2
(

4√
2πωswLσ

) (
v′dc + v′R + v′S + v′T

)

=
4
(
3v′NVL + v′dc

)

πωswLσ
. (4.26)

For PBC, on the other hand, the maximum current is reached for a phase shift of
π/2. Then, by using Equation (3.35) the inductor voltage is found to be

V′σ,PBC =
2√
2

U′pos =
π

2

√
P′pos,setωswLσ, (4.27)

with

P′pos,set =
(
v′NVL + v̂nN

)
îmains, (4.28)

given that n ∈ [R, S, T], resulting in

î′σ,PBC =
π
√(

v′NVL + v̂nN
)

îmains

2
√

ωswLσ
. (4.29)

Moreover, the RMS current is equal to

In =
î′σ√

2
. (4.30)

The current iσ flows through all semiconductors and magnetic components, due
to the fact that all these components are connected in series. This current therefore
also defines the current rating of these parts.

The peak voltages of the semiconductors on the mains side and dc side are equal
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to

v̂n =

{
vNVL + v̂nN for n ∈ [R, S, T]

vdc for n ∈ [dc] .
(4.31)

The average semiconductor voltage, on the other hand, is defined by

〈vn〉 =
{
〈vNVL(t)〉 for n ∈ [R, S, T]

vdc for n ∈ [dc] .
(4.32)

The switching frequency ωsw must be established to the find results of the above
equations. Because many a thing determine its optimal value, one can do an
optimization which uses, for instance, the resulting converter losses and cost.
This optimization procedure is, however, not described in this thesis.

The analysis that is carried out in this book assumes that the transformers are
ideal and have a 1:1 winding ratio. This means, however, that the output voltage
must be in a certain range for the converter to perform properly. If a higher or
lower output voltage is desired, the winding ratios of the transformers should
be changed. To determine the optimal winding ratio, different approaches are
required for PSC and PBC. To add the transformer winding ratio, nratio, the values
for analysis are found according to

u′dc =
u′dc,s

nratio
, v′dc =

v′dc,s

nratio
, idc = nratioidc,s, iσ,s =

iσ

nratio
,

Lσ,s = n2
ratioLσ, (4.33)

where u′dc,s, v′dc,s, idc,s, and Lσ,s are the secondary-side values. The transformer
winding ratio can be used to minimize circulating currents in a three-phase ap-
plication. For PSC, the ratio is found as follows. The normalized RMS currents
on both sides on the transformer are equalized by ensuring that

Rseries,s I2
σ,s = Rseries,p I2

σ (4.34)

Rseries,s I2
σ

nratio
= Rseries,p I2

σ (4.35)

nratio =
Rseries,s

Rseries,p
, (4.36)

where Rseries,p and Rseries,s are the primary and secondary side equivalent series
resistance per AB (i.e. transformer equivalent series resistance, transistor on-state
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resistance, etc).1 For PBC, this is done according to the following. To achieve max-
imum utilization of the available voltage, hence minimize the current required to
transfer a certain power, unity duty cycle must be obtained, and it follows from
Equation (3.40) that therefore

Xdc = 1 =
UposPdc

Pposv′dc
(4.37)

where

Upos =
π
√

P′pos,setωswLσ

2
√

2
(4.38)

which, in the case that one of the three mains phase voltages are maximum and
by using Equation (4.25), equals

Upos =
π

√
(v̂nN + vNVL) înωsw

8(v̂′n+v′NVL)
π2ωsw îmains

2
√

2
(4.39)

= v̂nN + vNVL (4.40)

such that, when using power conservation according to

Pdc =
3v̂nN îmains

2
, (4.41)

it follows that

3v̂nN îmains

2îmainsv′dc
=

3v̂nNnratio

2v′dc,s
= 1 (4.42)

nratio =
2v′dc,s

3v̂′nN
. (4.43)

This ratio is the number of turns on the secondary side divided by the number of
turns on the primary side of each transformer.

1There is another solution, namely nratio = −2Rseries,svdc/3Rseries,p v̂nN , which can be found when Equa-
tion (4.24) is substituted in Equation (4.26), and then squared on both sides to balance the losses. The
negative winding ratio indicates that the voltage on the secondary side must be reversed, which can
be done by reversing the transformer polarity and inverting the sign of vdc in the phase shift calcula-
tions. This solution reduces the circulating current significantly. It is, however, not described in detail
as it inherently limits the flexibility of the PSC method in multi-port applications (choices have to be
made, such as which ports need the inverted polarity). Moreover, the PBC method provides an even
better performance and more flexibility.
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Remark that, in practical applications, and in the analysis that is used, the induc-
tor Lσ is located on the secondary side. Hence, when nratio 6= 1, Lσ,s must be
used. Moreover, in this case iσ,s defines the current through the secondary-side
transformer windings, inductors and switches.

Transformers have a magnetizing inductance Lmag, which causes reactive current
to flow through the ABs. In some situations, this current can help to increase the
range in which ZVS operation is achieved. This aspect, however, is not included
in this analysis, and the transformers are designed for minimum losses.

4.3.3 Control architecture

The QAB converter can be controlled in closed-loop using the block diagram
shown in Figure 4.10. This control scheme consists of a system decoupler in
combination with a current controller. The current controller is composed of a
feedback controller Γi(s), and a feed-forward path with unity gain. The output of
the system decoupler is fed to the PWM module, which is connected to the gate
drivers of the semiconductors. For decoupling and closed-loop control, some
voltages and currents need to be measured, which are indicated on the left side
of the figure. It should be noted that idc,set is not included in the feedback loop,
because it is found by using Equation (4.17).

The reference signals can be generated by using the control block diagram from
Figure 4.11. Here, a phase-locked loop (PLL) is used to obtain grid-frequency
synchronization of the phase currents, and its (unity) output is multiplied by
the desired phase peak-current îmains,ref to obtain the phase-current references
[iR, iS, iT ],ref. The NVL capacitor voltage is controlled by means of the closed-loop
controller ΓNVL(s), which uses the voltage measurement vNVL and the reference
signal vNVL,ref. Moreover, as can be seen, the parameter γ, that is provided by
PBC, is left untouched. This parameter can be chosen γ = 1 for maximum ef-
ficiency, or actively controlled to obtain a reduction of the thermal stress as is
described in section 3.4.

Two controllers are implemented in the proposed concept, namely the current
controller Γi(s) and NVL-voltage controller ΓNVL(s). In the following subsec-
tions, the design considerations for these controllers are discussed. Moreover, a
design method is provided for the PLL. An example configuration for the QAB-
converter is used for this analysis, and its properties are written in Table 4.1.
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Figure 4.10: Block diagram showing current control for QAB converter, includes
the interactions between the PWM modulator, system decoupler, and current con-
troller.
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Figure 4.11: Block scheme showing a reference-signal generation method for the
QAB ac-dc converter topology.
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Parameter Value

ωsw 2π 45 krad/s
vnN (eq. (4.7)) 230 V ac RMS
i[R,S,T],ref 10 A ac RMS
vdc 350 V
vNVL,ref 375 V
Lσ 20 µH
CNVL 100 µF
γ (PBC only) 1
Chirp amplitude 0.2 A

Table 4.1: Properties of QAB-converter in a three-phase ac-dc application used for
analysis.
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Figure 4.12: Block diagram showing an FRF simulation method for the QAB ac-dc
converter topology.

Frequency-response function and cross-coupling

In order to design closed-loop controllers, firstly the frequency-response function
(FRF) of the QAB-converter is required. This FRF, P( f ), is identified by simu-
lation using MATLAB Simulink with Plexim PLECS, for both the PSC and the
PBC decoupler on the basis of the method shown in Figure 4.12. The converter
is simulated at a given operating point [vdc, vR, vS, vT ] and [iR, iS, iT ],ref. Then, by
applying a chirp signal to the set-point iR,set before it is sent to the decoupler, the
FRF is calculated. When PBC is used, also γ is required as an input. The chirp
signal is logarithmic to ensure the spectral energy is evenly distributed.

The following assumptions are made. The sampling frequency of the analog-
to-digital converter (ADC) (ωsmp) is much higher than the switching frequency
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ωsmp � ωswωbw = 0.25ωsmp ωbw = ωsw

Figure 4.13: Block diagram showing the sampling technique that is assumed while
determining the frequency-response function of the converter.

(ωsw), and an ideal anti-aliasing filter is used before the ADC. The digital signal
is filtered by an ideal periodic average (FIR-)filter with a length of one switching
cycle. The effect is that the sampling of the signal has a negligible influence on
the phase shift and magnitude of the captured signal from dc up to the switch-
ing frequency. By using, for instance, discrete high-order anti-aliasing filters and
high-speed ADCs, where an field-programmable gate array (FPGA) captures the
signals and handles the digital filtering, this can be easily achieved. If a different
sampling and filtering technique is used, such as low-order linear filters with rel-
atively low crossover frequencies, the results of the frequency-response functions,
converter models and controller designs are different. The method to determine
those, however, stays the same.

This results in the frequency response plots from the setpoint iR,set to the AB input
currents, as shown in Figure 4.14 and Figure 4.15, for PSC and PBC respectively.
Here, it can be seen that the PSC and PBC decouplers operate as expected: the
three phase currents are decoupled with more than 25 dB (PSC) and 10 dB (PBC)
for frequencies up to 25% of the switching frequency. The perturbations are also
present in idc because of energy conservation (Equation (3.5)), this is to be ex-
pected. Due to the frequency-domain decoupling, it is possible to use (standard)
single-input, single-output (SISO) controllers for the phase currents [iR, iS, iT ].

From the FRFs, a Laplace-domain model can be fitted. This fitted model of the
QAB-converter consists of three elements, namely a delay and two notch filters,
as described by

Pi(s) = eTds
(

s2 + ω2
sw

s2 + βωsws + ω2
sw

)(
s2 + (2ωsw)

2

s2 + β (2ωsw) s + (2ωsw)
2

)
, (4.44)
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Figure 4.14: An FRF simulation using the QAB ac-dc converter topology with
the PSC decoupler, where the mains phase voltages go through a full cycle. The
response from iR,set to [idc, iR, iS, iT ] is shown, and the worst-case decoupling is
highlighted.
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Figure 4.15: An FRF simulation using the QAB ac-dc converter topology with
the PBC decoupler, where the mains phase voltages go through a full cycle. The
response from iR,set to [idc, iR, iS, iT ] is shown, and the worst-case decoupling is
highlighted.
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with the fitted values

β = 1.5 (4.45)

Td = 1.2
(

2π

ωsw

)
. (4.46)

The precision of this model is verified in Figure 4.16, and as can be seen it accu-
rately represents the simulated FRF for both PSC and PBC, especially for frequen-
cies well below the switching frequency.

Current controller design considerations

The SISO compensators, Γi(s) in Figure 4.10, control the currents through each
phase, and due to the parameter decoupling, three identical compensators can be
implemented. The frequency response shown in Figure 4.16 demonstrates that
the magnitude is flat up to 25% of ωsw. Moreover, the phase roll-off happens grad-
ually and the system already satisfies the Nyquist stability criterion [43], which
means that no compensations are required to achieve stability. Therefore, a pro-
portional and integrating (PI) controller would generally be sufficient and can
provide good tracking performance. Such controller has the transfer function

Γi(s) = KP,i

(
s + ωPI,i

s

)
, (4.47)

and an open-loop and closed-loop transfer function

Li(s) = Γi(s) Pi(s) (4.48)

Hi(s) =
Li(s)

1 + Li(s)
, (4.49)

respectively.

To design the PI current-controller using the model from Equation (4.44) the fol-
lowing procedure can be followed. Firstly, the location of the zero is chosen such
that a 20 dB/decade slope is achieved throughout an as large as possible fre-
quency range. The magnitude roll-off of Pi(s) occurs at 0.25ωsw, therefore the
zero ωPI,i is placed at this location as well. Then, the gain KP,i is selected such that
the desired phase margin φPM,i is achieved. To do this, the frequency ωPM where
the phase plot crosses −180 + φPM,i (in degrees) is found while using KP,i = 1.
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Figure 4.16: Comparison of simulated QAB-converter FRF and fitted Laplace-
domain model, (a) using PSC, (b) using PBC.
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Parameter Value

ωmains 2π 50 rad/s
ωPI,i 0.25ωsw = 0.5π 45 · 103 rad/s
φPM,i 60◦

KP,i 0.336
Qi 10

Table 4.2: Current controller design results for the QAB-converter example.

Then, the value of KP,i can be found by

KP,i =
1

|Li(j ωPM,,i)|
. (4.50)

Optionally, a notch filter can be added to achieve higher disturbance rejection and
tracking performance for the mains frequency ωmains. This results in

Γi(s) = KP,i

(
s + ωPI,i

s

)



1
ω2

mains
s2 +

2ζ1,i
ωmains

s + 1

1
ω2

mains
s2 +

2ζ2,i
ωmains

s + 1


 , (4.51)

with ζ1,i = 0.5
√

2 and ζ2,i selected such that the desired loop gain at ωmains is
achieved. The additional loop gain of the filter at frequency ωmains is found by

Qi =
1

2ζ2,i
. (4.52)

For instance, if an additional gain of Qi = 10 is desired, it is found that

ζ2,i =
1

2Qi
= 0.05. (4.53)

Note that adding the notch filter can considerably increase the computational
effort of the current controller, as its complexity is increased from a first-order to
a third-order transfer-function.

For a QAB-converter with the parameters from the FRF analysis (see Table 4.1), a
current controller is derived using the method described above. This results in the
parameters shown in Table 4.2. Figure 4.17a and Figure 4.17b show the resulting
open-loop and closed-loop response, respectively, together with the sensitivity
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Figure 4.17: Bode plots showing the current controller frequency-response in (a)
open-loop, and (b) closed-loop. The corresponding sensitivity is plotted in gray.

function. Here, the sensitivity function is defined as

Si(s) =
1

1 + Li(s)
. (4.54)

As can be seen, the closed-loop response is flat up to approximately 1 kHz and
according to the sensitivity function more than 30 dB disturbance rejection is
achieved at the mains frequency (50 Hz or 60 Hz). Moreover, Figure 4.18 shows
the step-response of the QAB-converter in closed-loop operation using the de-
rived controller and the linearized converter model. As can be seen the control
loop is stable and the step response contains only little overshoot.
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Figure 4.18: Closed-loop step-response using derived current controller and lin-
earized QAB-converter model.

Neutral-voltage lift controller design considerations

The controller for the neutral-voltage lift, ΓNVL(s), uses the closed-loop current
reference inputs from Figure 4.11 to control the capacitor voltage. For loop-
shaping this controller, therefore the transfer function from current [iR, iS, iT ],ref to
voltage vNVL is needed. This function consists of two parts, namely the response
from iCM to vNVL, and the response from icm,ref to icm by using the capacitance
CNVL that is added to the neutral line, which yields

PNVL(s) =
1

s CNVL
, (4.55)

and by using Equation (4.49) the open-loop system response is found to be

LNVL(s) = ΓNVL(s) PNVL(s) Hi,CM(s), (4.56)

with

Hi,CM(s) =
iCM(s)

iR,ref + iS,ref + iT,ref
= 3Hi(s). (4.57)

The closed-loop system response is then equal to

HNVL(s) =
LNVL(s)

1 + LNVL(s)
. (4.58)

The controller ΓNVL(s) can be determined as follows. Because PNVL(s) acts as
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Parameter Value

ωmains 2π 50 rad/s
ωPI,NVL 0.001ωsw = 0.002π 45 · 103 rad/s.
φPM,NVL 60◦

KP,NVL 0.361

Table 4.3: Neutral-voltage lift controller design results for the QAB-converter ex-
ample.

an integrator, there is no steady-state error by nature. However, in a practical
implementation where for instance current sensors might have some offset, it
is still desirable to implement an integrator in the voltage feedback controller
ΓNVL(s) to suppress these errors. Therefore, also here a PI-controller is used,
which has the transfer function

ΓNVL(s) = KP,NVL

(
s + ωPI,NVL

s

)
. (4.59)

The loop-shaping procedure is similar to that of the current controller Γi(s), as
is described hereafter. The phase roll-off of the current control closed-loop Hi(s)
occurs at approximately 0.01ωsw. Therefore, this frequency is used for ωPI,NVL as
well, to ensure sufficient phase margin. Then, the gain KP,i is selected such that
the desired phase margin φPM,NVL is achieved. To do this, the frequency ωPM
where the phase plot crosses −180 + φPM,NVL (in degrees) is found while using
KP,NVL = 1. Then, the value of KP,NVL can be found by

KP,NVL =
1

|LNVL(j ωPM,,NVL)|
. (4.60)

An NVL-controller is derived for the QAB-converter with the parameters from
Table 4.1 using the method described above. This results in the controller pa-
rameters shown in Table 4.3. The corresponding open-loop and closed-loop fre-
quency domain responses are shown in Figure 4.19a and Figure 4.19b, respec-
tively. Additionally, in these graphs the sensitivity function is shown as well, and
as can be seen, for mains frequencies a disturbance rejection of more than 30 dB
is achieved. It can be deduced from the open-loop bode diagram that the system
is stable. The time-domain step-response of the closed-loop controlled system is
shown in Figure 4.20. This demonstrates that little overshoot is present and the
system is stable.
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Figure 4.19: Neutral-voltage lift controller frequency response in (a) open-
loop, and (b) closed-loop, using derived controllers and linearized QAB-converter
model. The corresponding sensitivity function is plotted in gray.
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Figure 4.20: Neutral-voltage lift controller step response in closed-loop operation,
using derived controllers and linearized QAB-converter model.
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Figure 4.21: Block diagram showing an SF-PLL implementation. Voltage measure-
ments are used to synthesize the reference signals for the current control loop.

PLL design considerations

The converter should be immune to disturbances on the mains grid and a high
power factor should be achieved. Unity power factor ensures energy transmis-
sion without reactive power, while disturbance suppression helps to stabilize the
mains voltages. To achieve this, a phase-locked loop (PLL) can be employed
[21, 53], which generates clean sine waves that can be used for the set-points of
the current controller. The block diagram of a Synchronous Frame PLL (SF-PLL)
is shown in Figure 4.21, and its implementation is discussed in the following.

As can be seen in the figure, the inputs of the PLL are the three (measured)
phase voltages [vRN , vSN , vTN ]. These three voltages are transformed to a two-
dimensional plane using an αβ-transformation and are scaled to unity using the
mains peak voltage v̂nN(t), as follows

[
vα(t)
vβ(t)

]
=

1
3v̂nN(t)

[
2 −1 −1
0
√

3 −
√

3

] 


vRN(t)
vSN(t)
vTN(t)


 . (4.61)

The resulting values of vα(t) and vβ(t) are multiplied with the value controlled
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oscillator output according to

vq(t) = vα(t)v∗α(t) (4.62)

vd(t) = vβ(t)v∗β(t), (4.63)

where

v∗α(t) = cos (θ∗) (4.64)

v∗β(t) = sin (θ∗) . (4.65)

The detected phase θ∗ is found by the phase detector (PD), which integrates the
output of controller ΓPLL(s), as described by

θ∗(s) = (θ − θ∗)ΓPLL(s)
1
s

(4.66)

and

(θ − θ∗) = FPLL(s) ∑
n∈d,q

vn, (4.67)

where

vq = vαv∗α =
1
2

cos(−θ + θ∗)− 1
2

cos(θ + θ∗) (4.68)

vd = vβv∗β =
1
2

cos(−θ + θ∗) +
1
2

cos(θ + θ∗), (4.69)

(4.70)

thus

vq + vd = cos(θ∗ − θ). (4.71)

The value of vq + vd is controlled to zero, which means that θ∗ − θ = 0.5π. There-
fore, the mains phase equals θ = θ∗ − 0.5π such that, in the linearized case,
vq + vd ≈ θ − θ∗. Also, ωmains,set is a fixed value representing the pre-configured
mains frequency, to increase the lock-on performance. The filter FPLL(s) is added
to suppress distortion in the case when the magnitude of the voltages vα and vβ

are not equal due to an unbalance in the three phase voltages, such that the terms
containing cos(θ + θ∗) in vα and vβ do not cancel. Therefore, the disturbance N
in the phase detector shown in Figure 4.21 contains a signal with a frequency ωN
that equals 2ωmains when lock-in is achieved.

The design of controller ΓPLL(s) and the phase-detector output filter FPD(s) are
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Figure 4.22: Linear model of SF-PLL.

carried out by using a linear model of the SF-PLL, which is shown in Figure 4.22.
The filter FPD(s) is chosen to be a first order low-pass filter, as this will generally
provide sufficient suppression, as is demonstrated later on. The transfer function
of this low-pass filter is equal to

FPD(s) =
ωF,PD

s + ωF,PD
, (4.72)

and its crossover frequency is selected using

1
APLL

=

∣∣∣∣
ωF,PD

jωN + ωF,PD

∣∣∣∣ (4.73)

ωF,PD =
ωN√

A2
PLL − 1

, (4.74)

with APLL the desired suppression of the signal N. As described earlier, ωN =

2ωmains when lock-in is achieved.

The controller ΓPLL(s) can be a PI-controller to provide zero steady-state phase
error, which has the transfer function

ΓPLL = KP,PLL

(
1 +

ωPI,PLL

s

)
. (4.75)

Then, for sufficient phase margin, the PI-controller zero frequency is chosen at
ωPI,PLL = 0.1ωF,PD. Then, KP,PLL is used to determine the controller bandwidth,
which can be found by assuming the phase-detector output is an angle θ− θ′ and
the VCO input is a frequency ω′. Therefore, the VCO acts as an integrator and
can be described as 1/s. This leads to the open-loop transfer function

HOL,PLL(s) = FPD(s)ΓPLL(s)
1
s

(4.76)

=
ωF,PD

s + ωF,PD
KP,PLL

(
1 +

ωPI,PLL

s

) 1
s

, (4.77)

(4.78)
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Parameter Value

ωmains 2π 50 rad/s
APLL 100 (1% PD THD)
ωF,PD 2π rad/s
ωBW,PLL 2π

√
0.1 rad/s

ωPI,PLL 0.2π rad/s
KP,PLL 2

Table 4.4: Phase-locked loop design results for the QAB-converter example.

as shown in Figure 4.22, and resulting in

KP,PLL =
1∣∣∣ ωF,PD

s+ωF,PD

(
1 + ωPI,PLL

s

)
1
s

∣∣∣
(4.79)

with s = jωBW,PLL. The bandwidth frequency ωBW,PLL is chosen such that the
phase margin is highest, which is at

ωBW,PLL = 10(log(ωF,PD)+log(ωPI,PLL))/2) =
√

ωF,PD ωPI,PLL. (4.80)

Now, to set the open-loop bandwidth to this frequency, the value of KP,PLL must
be equal to

KP,PLL =
ωBW,PLL

√
ω2

BW,PLL + ω2
F,PD

ωF,PD

√
ω2

PI,PLL
ωBW,PLL2

+ 1

=
ω2

BW,PLL

√
ω2

BW,PLL + ω2
F,PD

ωF,PD

√
ω2

BW,PLL + ω2
PI,PLL

. (4.81)

Using the equations from the previous section, a PLL has been designed for the
QAB-converter with the parameters from Table 4.1. An overview of the resulting
phase-locked loop parameters is written in Table 4.4. The open-loop response and
closed-loop step response of this PLL are presented in Figure 4.23 and Figure 4.24,
respectively. From the open-loop response it can be seen that the system is stable.

The step response simulation result is obtained by implementing the diagram
from Figure 4.21 in MATLAB Simulink. From the resulting step response plot in
Figure 4.24a, it can be seen that the PLL is stable with minimal overshoot, and a
very good model coherence is achieved when the frequency steps are small. For



4.3: QUAD ACTIVE-BRIDGE TOPOLOGY 89

Frequency (Hz)

P
h
a
se

(◦
)

θ → θ∗ (open-loop)

M
a
g
n
it
u
d
e
(d
B
)

10−2 100 102

10−2 100 102

−40

−20

0

20

40

−180

−90

0

90

180

Figure 4.23: Results of PLL design showing the open-loop frequency response.
The corresponding sensitivity function is plotted in gray.
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Figure 4.24: Results of PLL design showing the step-response in closed-loop with
a mains frequency step of (a) 0.2 Hz, and (b) 0.6 Hz and 1 Hz. Results are obtained
using the linearized model and a MATLAB Simulink simulation.
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larger steps, however, the PLL loses lock as can be seen in Figure 4.24b where
steps of 0.6 Hz and 1.0 Hz are plotted. As can be seen, lock is lost at a step of
approximately 0.6 Hz in this case.
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4.4 Summary

Existing methods for three-phase ac-dc conversion generally use so-called bipolar
voltage inputs, which can handle both positive and negative voltages, to connect
to ac power sources such as the mains electricity. In this chapter, a method is
introduced that uses unipolar voltage inputs, which requires less switches and
offers more flexibility. Two essential components enable this approach, being the
neutral-voltage lift principle and the quad active-bridge topology.

The neutral-voltage lift concept uses common-mode current to create an offset
in the mains phase voltages. The offset is selected such that all phase voltages
become purely positive, wherefore an unipolar voltage input suffices. Details on
the implementation and control of neutral-voltage lift are presented.

Moreover, the quad active-bridge topology is introduced. The generic analysis
and decoupling methods that are described in Part I are applied to the quad
active-bridge topology. The resulting component dimensioning and control ar-
chitecture are treated. Moreover, a brief Laplace-domain analysis is carried out
to illustrate the loop-shaping procedure for feedback control. Finally, a phase-
locked loop design method to achieve mains frequency synchronization is de-
scribed. In section 5.3 the topology is evaluated, and Part III focuses on the design
and measurements on a prototype based on this topology.





Chapter5
Evaluation of quad

active-bridge ac-dc converter

“It takes a great deal of bravery to stand up to our enemies, but just as much
to stand up to our friends.”

(J. K. Rowling)
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5.1 Introduction

It is doubtful whether the holy grail of power converter topologies exists. What
is indisputable, however, is that a proper analysis of existing topologies will find
the best topology in a specific application. In the previous chapter the QAB-
converter topology was introduced and design considerations are described. On
its own, however, this provides only little insight in whether its merits outweigh
its drawbacks over other topologies. To compare this topology objectively with
others, a so-called comparative evaluation might be in order. Such an evaluation
compares topologies amongst a range of aspects, and allows one to select the best
topology according to a cost function or key performance indicator (KPI). This
chapter describes a method for such a comparative evaluation, and its results for
the QAB-converter and two competing topologies for ac-dc conversion.

The goal of the proposed comparative evaluation method is to estimate the cost
and losses of each component in a power converter. Therefore, the cost and losses
models of the most important converter components are derived, which are the
magnetic components, capacitors, switches and diodes. These models are fitted
onto data that is obtained from datasheets and part suppliers. Based on these
models, an evaluation of the cost and losses can be made for each converter that
is studied.

A comparative evaluation is carried out which compares the QAB converter with
the PFC+DAB bi-directional two-stage converter, and the IMY uni-directional
single-stage converter. The PFC+DAB converter has been selected because of
its soft-switching properties (using hysteresis control in PFC) and the possibility
for bi-directional power flow [17, 42]. A recent development in the Matrix-based
ac-dc converter class [26,54] is the IMY converter [10–12]. This converter does not
offer soft-switching nor bi-directional power flow, but does provide single-stage
conversion and reduced component voltage stress, just like the QAB-converter.
The converter design of each topology is described and their properties are com-
pared. Finally, the cost and losses of all three converters are given, together with
the KPI.

5.2 Component cost and losses modeling

The cost and losses of the main components in a power converter can be chosen
as the basis to estimate the cost and losses of a converter. These main compo-
nents are semiconductor switches and diodes, capacitors and magnetic compo-
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Component Type

Transistors Silicon IGBT 3rd generation
Diodes Silicon fast-recovery
Capacitors Film, dc-link
Magnetics Custom wound ETD-core

Table 5.1: Component types that are used for determining the cost and losses
models.

nents (inductors and transformers). This section describes the methods that are
used in order to obtain the analytical cost and losses models. The resulting mod-
els are given for the specific component types written in Table 5.1. These are
based on the market prices and state of technology in Q3 of the year 2015. For
the losses, curve-fitting the data onto pre-defined functions that are derived from
physical models is used to establish accurate results. The cost, on the other hand,
is curve-fitted on empirically established functions. The curve-fitting procedure
uses linear algebra, and is explained in section A.2.

5.2.1 Cost modeling

The procedure to determine the cost of the main converter components is dis-
cussed in this section. The prices are based on actual catalog prices with an order
quantity of 100 pieces (pcs). Additionally, a single manufacturer is selected for
each component, and also the supplier is indicated for each component.

Transistors

The prices of all 600V/650V and 1200V half-bridge IGBT modules with integrated
diodes are obtained from a single brand, available at a certain electronic parts
supplier. Then, a database is build containing their maximum collector current
IC,max, collector-emitter breakdown voltage VCE,max ratings, and cost in US dol-
lar (USD). A multi-dimensional polynomial function is fitted onto the cost of the
components, as a function of their maximum ratings. This results in the polyno-
mial function

CIGBT (IC,max, VCE,max) = p00 + p10 IC,max + p01VCE,max + p11 IC,maxVCE,max, (5.1)

where the fitted coefficients are given in Table 5.2. The RMS error of the fit is
found to be 21.8 USD, which less than 15% of the component RMS-costs. The
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Coefficient Value

p00 39.28
p10 0.1808
p01 28.04 · 10−3

p11 40.37 · 10−6

RMS error 21.8 USD

Table 5.2: Fitted IGBT cost model coefficients. Model based on data obtained in
Q3 of 2015.

Coefficient Value

p00 16.58
p01 8.782 · 10−3

p20 635.7 · 10−6

RMS error 7.03 USD

Table 5.3: Fitted diode cost model coefficients. Model based on data obtained in
Q3 of 2015.

polynomial therefore is able to provide a good approximation of the given data.
The fitted function and the original data points are shown in Figure 5.1a.

Diodes

Fast-recovery diode half-bridge modules (chassis-mounted) are used from a sin-
gle manufacturer, supplied via their own web-shop. Analogous to the previous
section, the database is filled with the cost of the components in USD, the max-
imum forward current I f w,max, and the reverse-breakdown voltage Vrev,max. A
multi-dimensional polynomial function is fitted onto the cost of the components,
as a function of their maximum ratings. The polynomial function

Cdiode

(
I f w,max, Vrev,max

)
= p00 + p01Vrev,max + p20 I2

f w,max, (5.2)

is used, and the fitted coefficients are written in Table 5.3. The RMS error of the fit
is found to be 7.03 USD, which less than 20% of the component RMS-costs. The
polynomial therefore is able to provide a reasonable approximation for the given
data. The fitted function and the original data points are shown in Figure 5.1b.
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Figure 5.1: The gathered component cost data (dots) and the fitted cost model
(plane), of (a) IGBT half-bridge modules, (b) diode modules, and (c) capacitors.
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Coefficient Value

p00 6.02
p10 5.59
p01 1.82
p20 0.0405
p11 1.53
p02 0.0126
RMS error 2.38 USD

Table 5.4: Fitted capacitor cost model coefficients. Model based on data obtained
in Q3 of 2015.

Capacitors

The cost of plastic film capacitors for general purpose and DC-link applications
from a single manufacturer, as available from a certain electronic parts supplier,
are gathered from their website. The database (analogous to the previous sec-
tion) is filled with the cost of the components in USD, the capacitance C and the
maximum DC voltage Vdc,max. The cost of the components as a function of the
maximum ratings is fitted onto the multi-dimensional polynomial function

Ccapacitor (C, Vdc,max) = p00 + p10C + p01Vdc,max+

p20C2 + p11CVdc,max + p02V2
dc,max, (5.3)

where the fitted coefficients are listed in Table 5.4. The RMS error of the fit is
found to be 2.38 USD, which less than 27% of the component RMS-costs. The
spread on the cost of these capacitors is relatively large which reduces the accu-
racy of the fitted cost model. Due to the averaging and weighting that is applied
on the data samples, it is however a usable model, as it is possible to buy a capac-
itor with the given specifications for the price that the model predicts. The fitted
function and the original data points are shown in Figure 5.1b.

Magnetics

For magnetic components, determining the cost model is slightly more involved.
The cost of the core material, the coil former, the wire and manufacturing have
to be taken into account. Firstly, the cost of the core material and bobbin, defined
as Cmagnetic,core, are established. By using the 100 pcs prices of all ETD cores with
N87 ferrite core material and their corresponding bobbins available at a certain
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ETD core size Cost (USD) Avg. turn (mm)
Half-core Bobbin

59 5.09 1.85 107
54 3.47 1.75 97.6
49 2.42 1.57 88.6
44 2.06 1.32 79.5
39 1.45 1.23 70.5
34 1.05 1.07 61.4
29 0.83 0.905 52.4

Table 5.5: Cost of magnetic core material (half-core) and bobbin for ETD cores,
with an order quantity of 100. The average turn length is also given. Data obtained
in Q3 of 2015.

electronic parts supplier, a price indication is found for these parts. These prices
can be found in Table 5.5. The core price is for one half of a full ETD core, so to
obtain a fully usable core, twice the core price and once the bobbin price should
be accounted for.

Secondly, the average turn length lN for each bobbin is found from datasheets,
being also given in Table 5.5 for the studied ETD-cores. Furtermore, the litz-wire
strand diamater ds, the number of strands Ns, and the number of turns Nt are
needed, which can be found through, for instance, magnetic modeling software.

Since the specific mass of copper is 8.96 g/cm3, the total mass of the copper in the
magnetic component is determined by

As = 0.25πd2
s (5.4)

mcopper = AsNsNtlN

(
8.96 · 103

)
, (5.5)

and the Litz-wire cost and manufacturing cost of a magnetic component can be
found based on the method from [5], according to

Cmagnetic,copper = mcopper

(
15

As
Ns As

+ 0.45
+ 7

)
(5.6)

Cmagnetic,manufacturing = 3. (5.7)

This results in the total magnetic component cost

Cmagnetic = 1.25
(
Cmagnetic,copper + Cmagnetic,manufacturing

)
+ Cmagnetic,core. (5.8)
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5.2.2 Losses modeling

The losses models of the switches and diodes are obtained by curve-fitting the
losses given in the datasheets of the components with respect to the maximum
current and voltage ratings. The gates of the transistors are assumed to be driven
by gate resistors, instead of performance-increasing circuits such as closed-loop
di/dt control [37]. It is assumed that the losses of capacitors may be neglected.
Moreover, the losses of the magnetic components are determined using magnetic
modeling and design software, and this procedure is not discussed as it is specific
to the software that is being used. The junction temperature of the semiconductor
devices is assumed to be constant and equal to 125◦C.

Transistor conduction losses

For IGBTs the collector current IC has a non-linear relationship with the forward
voltage VCE [4,41]. In a simplified form, it can be approximated by a P-i-N rectifier
diode connected in series with a MOSFET operating in its linear region such that
the collector-emitter voltage equals

VCE = Vf w,PiN + VDS,MOSFET. (5.9)

The diode on-state voltage drop equation [4] is used to model the P-i-N rectifier
diode by

Vf w,PiN =
2kT

q
ln
(

αPiN I f w,PiN

)
, (5.10)

where k is the Boltzmann constant, T is the absolute temperature of the junction,
and q is the magnitude of charge of an electron. Moreover, αPiN is a scaling factor
that represents the physical properties of the junction. The MOSFET on-state
drain-source voltage drop is modeled by resistive behavior according to

VDS,MOSFET = RDS,MOSFET Id,MOSFET, (5.11)

where RDS,MOSFET represents the resistive properties of the MOSFET junction,
and Id,MOSFET the drain current of the MOSFET. Due to the series-connection of
the diode and the MOSFET, it may be assumed that

IC = ID,MOSFET = I f w,PiN, (5.12)
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resulting in

VCE = RDS,MOSFET IC +
2kT

q
ln (αPiN IC)

= RDS,MOSFET IC +
2kT

q
ln (IC) +

2kT
q

ln (αPiN) . (5.13)

In order to obtain an linear fit approximation for Equation (5.13), the equation is
rewritten into

VCE = p0 + p1 IC + p2 ln (IC) . (5.14)

Finally, to achieve a generic IGBT on-state losses model from Equation (5.14),
the coefficients should be made dependent on the maximum current rating of the
device IC,max,IGBT by assuming that paralleling of multiple dies is used to increase
the current rating of a certain range of modules, as follows

VCE = p0 + p1
IC

IC,max
+ p2 ln (IC) + p3 ln (IC,max) . (5.15)

Then, for a series of devices with the same breakdown voltage VCE,max, a model
can be fitted. This method provides a model that is fitted to a single type of
devices, which all have an equal breakdown voltage. Models with various break-
down voltages can be combined by using linear interpolation of the losses, by

VCE = VCE,a(IC) + (VCE,b (IC)−VCE,a (IC))
VCE,max −VCE,max,a

VCE,max,b −VCE,max,a
, (5.16)

where subscripts a and b indicate parameters of the model fitted to devices with
the nearest lower and higher breakdown voltage, respectively, and VCE,max indi-
cates the device breakdown voltage for which the losses need to be determined.

For the 3rd generation of IGBT, as defined by Table 5.1, the coefficients of Equa-
tion (5.15) for 600V/650V devices and 1200V devices are shown in Table 5.6. The
data and the corresponding fitted models are shown graphically in Figure 5.2.
As can be seen, a good coherence is obtained between the gathered data and the
fitted curves. The RMS error for 600V/650V IGBTs is found to be 66.2 mV, which
is less than 6% of the RMS forward voltage. The RMS error for 1200V IGBTs is
found to be 115 mV, which is less than 9% of the RMS forward voltage.
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Coefficient Value
600V/650V 1200V

p0 0.816 1.10
p1 0.759 0.978
p2 0.0875 0.0841
p3 -0.0777 -0.111
RMS error 66.2 mV 115 mV

Table 5.6: Fitted coefficients of 3rd generation IGBTs.
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Figure 5.2: On-state voltage drop of IGBT with gathered data points (markers)
and fitted data (lines), data contains both 600V/650V, and 1200V rated devices.
The various lines indicate devices with different voltage and current ratings.
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Diode conduction losses

In view of [4] and similarly to the method used for the switch conduction losses,
the on-state voltage Vf w of a regular P-i-N diode is described by

Vf w =
2kT

q
ln
(

αPiN I f w

)
, (5.17)

where k is the Boltzmann constant, T is the absolute temperature of the junction,
and q is the magnitude of charge of an electron. Moreover, αPiN is a scaling fac-
tor that represents the physical properties of the junction. There is some series-
resistance due to bond wiring and package pins, such that it may be assumed
that

Vf w =
2kT

q
ln
(

αPiN I f w

)
+ RPiN I f w. (5.18)

Then, in order to allow curve-fitting, this equation can be rewritten into

Vf w = p0 + p1 I f w + p2 ln
(

I f w

)
. (5.19)

Also here, it is assumed that multiple dies are paralleled in order to increase the
maximum current rating I f w,max, such that the model can be scaled according to

Vf w = p0 + p1
I f w

I f w,max
+ p2 ln

(
I f w

)
+ p3 ln

(
I f w,max

)
. (5.20)

For a series of devices with the same reverse-breakdown voltage Vrev,max, a model
can be fitted using this method. This method provides a model that is fitted to a
single type of devices, which all have an equal breakdown voltage. Models with
various breakdown voltages can be combined by using linear interpolation of the
losses, similarly to Equation (5.16).

For the fast-recovery diodes, as defined by Table 5.1, the coefficients of Equa-
tion (5.20) for 600V devices and 1200V devices are shown in Table 5.7. The data
and their fitted models are shown graphically in Figure 5.3. As can be seen, a
good coherence is obtained between the gathered data and the fitted curves. The
RMS error for 600V/650V diodes is found to be 68.2 mV, which is less than 6% of
the RMS forward voltage. The RMS error for 1200V diodes is found to be 168 mV,
which is less than 13% of the RMS forward voltage.
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Coefficient Value
600V 1200V

p0 1.01 0.235
p1 0.468 0.586
p2 0.0934 0.109
p3 -0.0940 0.0493
RMS error 68.2 mV 168 mV

Table 5.7: Fitted coefficients of fast-recovery diodes conduction losses.
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Figure 5.3: On-state voltage drop of diodes with gathered data points (markers)
and fitted data (lines), data contains both 600V, and 1200V rated devices with var-
ious current ratings. The various lines indicate devices with different voltage and
current ratings.
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Coefficient Value
600V/650V 1200V

p1 −0.342 · 10−12 6.81 · 10−9

p2 63.9 · 10−12 199 · 10−12

p3 −43.7 · 10−15 −176 · 10−15

RMS error 1.16 mJ 5.98 mJ

Table 5.8: Fitted coefficients of the turn-on switching energy of 3rd generation
IGBTs.

Transistor switching losses

The switching losses of the transistors are fitted for a range of devices as a func-
tion of the maximum blocking voltage Vce,max and maximum forward current
IC,max. The procedure is demonstrated for IGBTs of the third generation (see Ta-
ble 5.1). The losses can be extracted from component datasheets, where they are
generally split in turn-on and turn-off losses.

The turn-on losses Eon are assumed to be dependent on the turn-on current IC,on,
and the current rating of the device IC,max. Moreover, the losses are assumed to
scale linearly with the voltage across the IGBT half-bridge such that they can be
normalized using the voltage Vdc,test and the turn-on gate resistance Ron,test that
were used when obtaining the switching losses, as demonstrated in section A.3.
This results in the function

Eon,norm =
p1 IC,on + p2 IC,max IC,on + p3 I2

C,max IC,on

Ron,testVdc,test
. (5.21)

The turn-on energy in an application can then be found by

Eon = Eon,normRonVdc. (5.22)

The turn-off energy Eoff is determined in a similar way. They are assumed to
be dependent on the turn-off current IC,off, and the current rating of the device
IC,max, being not dependent on the gate resistance. Moreover, the losses are as-
sumed to scale linearly with the voltage across the IGBT half-bridge such that
they can be normalized using the voltage Vdc,test that was used when obtaining
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Coefficient Value
600V/650V 1200V

p1 100 · 10−9 90.3 · 10−12

p2 194 · 10−9 186 · 10−12

RMS error 1.58 mJ 7.46 mJ

Table 5.9: Fitted coefficients of the turn-off switching energy of 3rd generation
IGBTs.
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Figure 5.4: Switching energy at (a) turn-on, and (b) turn-off, of IGBTs with gath-
ered data points (markers) and fitted data (lines), data contains both 600V/650V,
and 1200V rated devices with various current ratings. The various lines indicate
devices with different voltage and current ratings.

the switching losses. Therefore,

Eoff,norm =
p1 IC,off + p2 IC,max IC,off

Vdc,test
. (5.23)

The turn-off losses in an application can then be found by

Eoff = Eoff,normVdc. (5.24)

For a series of devices with the same reverse-breakdown voltage VCE,max, a model
can be fitted using this method. This method provides a model that is fitted to a
single type of devices, which all have an equal breakdown voltage. Models with
various breakdown voltages can be combined by using linear interpolation of the
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losses, similarly to Equation (5.16).

For third generation IGBT half-bridge modules, as defined by Table 5.1, the coef-
ficients of Equation (5.23) for 600V/650V devices and 1200V devices are shown
for the turn-on and turn-off in Table 5.8 and Table 5.9, respectively. The data
and their fitted models for turn-on and turn-off energy are shown graphically in
Figure 5.4a and Figure 5.4b, respectively. As can be seen, a good coherence is ob-
tained between the gathered data and the fitted curves. For the turn-on energy,
the RMS error of the model is 10.6% and 8.4% for 600V/650V and 1200V, respec-
tively. For the turn-off energy, the RMS error of the model is 10.1% and 9.4% for
600V/650V and 1200V, respectively.

Diode switching losses

Diode switching losses are mainly caused by reverse-recovery effects, and to a
lesser extend the parasitic capacitance of the device. The reverse-recovery energy
loss Err is caused by charge that is build up in the junction [6], and this energy
loss is generally specified in the datasheet of the component. To fit a generic
model onto this data, it is assumed that the reverse recovery losses scale with
the forward current I f w, and the maximum device current I f w,max. Moreover,
the losses are assumed to scale linearly for the bus voltage Vdc,test and the gate
resistance of the switch Ron,test that were used when the reverse-recovery losses
were measured, such that the losses can be normalized as follows

Err,norm =
p1

√
I f w + p2

√
I f w I2

f w,max + p3

√
I f w I4

f w,max

Ron,testVdc,test
. (5.25)

Here, Ron can be found by matching the di/dt stated in the diode datasheet with
the di/dt of the IGBT that is used to force the diode to reverse polarity. The
reverse-recovery losses in an application can then be found by

Err = Err,normRonVdc. (5.26)

For a series of devices with the same reverse-breakdown voltage Vrev,max, a model
can be fitted using this method. This method provides a model that is fitted to a
single type of devices, which all have an equal breakdown voltage. Models with
various breakdown voltages can be combined by using linear interpolation of the
losses, similarly to Equation (5.16).

For fast-recovery diodes, as defined by Table 5.1, the coefficients of Equa-
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Coefficient Value
600V 1200V

p1 23.1 · 10−9 18.5 · 10−9

p2 7.51 · 10−12 13.0 · 10−12

p3 −16.9 · 10−18 −18.93 · 10−18

RMS error 698 µJ 4.65 mJ

Table 5.10: Fitted coefficients of fast-recovery diode reverse-recovery energy.
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Figure 5.5: Reverse-recovery energy of diodes with gathered data points (mark-
ers) and fitted data (lines), data contains both 600V, and 1200V rated devices with
various current ratings. The various lines indicate devices with different voltage
and current ratings.

tion (5.25) for 600V devices and 1200V devices are shown in Table 5.10. The data
and their fitted models are shown graphically in Figure 5.5. As can be seen, a
good coherence is obtained between the gathered data and the fitted curves. The
RMS error of the model is 4.6% and 8.2% for 600V and 1200V, respectively.

5.3 Converter comparison

The QAB converter topology is compared against the PFC+DAB and the IMY
topologies in terms of cost and losses in a chosen application. The DAB topology
has been selected based on the fact that it is bi-directional as well, and it therefore
the same wide range of applications as the QAB converter. The IMY topology has
been selected based on the fact that it is claimed to have a high efficiency. This
topology does not have bi-directional power flow and therefore has a smaller
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Property QAB PFC+DAB IMY

Bi-directional power flow X X ×
Reduced voltage stress X × X
Single-stage X × X
Soft-switching X X ×
Thermal stress control X × ×
Number of switches 16 14 24
Number of diodes 0 0 4
Number of capacitors 1 1 0
Number of inductors 1 4 1
Number of transformers 3 1 3

Table 5.11: Properties overview of the converters used for comparative evaluation.
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Figure 5.6: PFC+DAB topology used in comparative evaluation. Note: for simplic-
ity, switching frequency decoupling and filtering are not drawn.

application area.

The PFC+DAB converter, as shown in Figure 5.6, is selected for comparison due
to its bi-directional power flow and soft-switching properties. It is a two-stage
topology, consisting of a PFC (inverter) stage and a DAB stage. The PFC stage
is soft-switching when using hysteresis current control [15, 25, 47]. Moreover, the
DAB stage is also widely used, and also is soft-switching as already explained in
Part I. The IMY converter, shown in Figure 5.7, is selected due to its low energy
storage and single-stage layout . It also features a reduced average voltage of
the semiconductors to improve SEB-susceptibility and thereby reliability [35, 60,
61, 63]. However, it is not capable of bi-directional power flow due to the diode
rectifier on the dc output. Details of the features of all converters are given in
Table 5.11.
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Figure 5.7: IMY topology used in comparative evaluation. Note: for simplicity,
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To obtain a fair comparison, all converters are designed using the same require-
ments, which are written in Table 5.12. As can be seen, the rated power is 20
kW and the European mains voltage and frequency are used. The switching fre-
quency is varied between 10 kHz, 20 kHz and 45 kHz. This is done to show
different trade-offs between the size and cost of (passive) filtering components
on one hand, and switching losses on the other hand. The voltage and current
waveforms are evaluated over a full ac main cycle, such that accurate results for
the average, peak and RMS values of voltages and currents are obtained. The
dc output voltage is assumed to be constant. The switching losses are estab-
lished by determining which switches are operating in soft-switching and which
are operating in hard-switching. In the case of soft-switching, the turn-off en-
ergy of that half-bridge module at the found operating point is assumed to be
lost twice per switching cycle. In the case of hard-switching, the turn-on energy,
diode reverse-recovery losses, and turn-off energy are assumed to be lost once
per switching cycle. The conduction losses of the IGBTs and diodes are found
by using the current waveform and the conduction losses models of those com-
ponents. It is taken into account that IGBTs conduct the current in one direction
only, and that current in the other direction is flowing through a parallel diode.
The magnetic components are designed using magnetic modeling software, such
that their temperature reaches 100◦C at the selected output power. The losses
and cost are evaluated by using the models from the previous section. For the
semiconductor selection, a de-rating factor is used on the maximum voltage over,
and maximum current through, each semiconductor to obtain the required de-
vice ratings. For each converter the calculations to obtain the component values
are given, and the design considerations are discussed.

5.3.1 Quad Active-Bridge

Firstly, the Quad Active-Bridge topology with NVL (Figure 4.8) for three phase
ac to dc conversion is evaluated. The design guidelines from subsection 4.3.2 are
used and combined with the converter requirements from Table 5.12. This results
in the component design equations and values shown in Table 5.13, which are
based on the PBC control algorithm. Here, ‘(p)’ indicates primary side values
(the mains-side of the transformers) and ‘(s)’ indicates secondary side values (the
dc-side of the transformers).

By using the analysis methods that are described in chapter 2, the current and
voltage waveforms are generated for a full ac mains cycle for the three switching
frequencies. The result of this analysis is shown in Figure 5.8. As can be seen, the
peak current calculated from the first-harmonic approximation (115 A) is slightly
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Parameter Symbol Value

Output power Pdc 20 kW
Input phase voltage VnN 230 V ac RMS
Input frequency ωmains 2π 50 rad/s
Output voltage vdc,s 350 V dc
Switching frequency ωsw 2π 10 krad/s, 2π 20 krad/s,

2π 45 krad/s
Switch type Silicon, 3rd generation IGBT
Diode type Silicon, fast-recovery
IGBT Vce,max, Ic,max de-rating 1.7x
Diode I f w,max, Vr,max de-rating 1.7x
Magnetic component temperature 100◦C
Ambient temperature Tamb 20◦C

Table 5.12: General requirements and parameters for comparative evaluation of
the converters.

Component Equation Value
10 kHz 20 kHz 45 kHz

Lσ 0.8 8(v̂n+vNVL)

π2ωsw îmains
85.1 µH 42.5 µH 18.9 µH

îσ Equation (4.29) 115 A
CNVL Equation (4.10) 374 µF 187 µF 83.0 µF
VNVL 1.15v̂nN 375 V
nratio (Ns/Np) 2vdc,s

3v̂nN
0.718

Vce,max (p) v̂nN + vNVL 700 V
〈Vce〉 (p) vNVL 375 V
Ic,max (p) îσ 115 A
Vce,max (s) vdc 350 V
〈Vce〉 (s) vdc,s 350 V
Ic,max (s) îσ

nratio
160 A

Table 5.13: QAB converter parameters for the comparative evaluation. Compo-
nent values given for switching frequencies of 10 kHz, 20 kHz, and 45 kHz, and
‘(p)’ indicates primary side values, ‘(s)’ indicates secondary side values.
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Figure 5.8: Characteristic waveforms of QAB converter using the parameters for
comparative evaluation, with 10 kHz switching frequency.

lower than the actual value (134 A).

5.3.2 PFC+DAB

The PFC+DAB converter is designed according to the equations written in Ta-
ble 5.14. Here, ‘(p)’ indicates primary side values (the mains-side of the trans-
formers) and ‘(s)’ indicates secondary side values (the dc-side of the transform-
ers). To obtain soft-switching in the PFC stage, hysteresis current control is used
with a variable switching frequency. The minimum and maximum switching fre-
quency can, however, be chosen by selecting the minimum allowed current rip-
ple and the value of the line inductor Lline. It is designed such that the minimum
switching frequency is equal to half the desired switching frequency of the other
converters. Moreover, the minimum allowed current ripple ∆Imin is chosen to be
30 A, such that the maximum switching frequency is limited to approximately 4
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Component Equation Value
10 kHz 20 kHz 45 kHz

∆Imin - 30 A
LR, LS, LT

2π(0.5vbus−v̂nN)

ωsw(îmains+∆Imin)
70.1 µH 35.0 µH 15.6 µH

Cbus
2τCL,PFC Pdc

v2
bus−v2

bus,min
421 µF 211 µF 93.6 µF

vbus > 2v̂nN 750 V
nratio (Ns/Np) vdc

vbus
0.467

îσ
Pdcπ

vdc(π−φmax)
114 A

Lσ
(vbusnratio+vdc)φmax

ωsw2îσ
76.6 µH

Vce,max (p, all) vbus 750 V
〈Vce〉 (p, all) vbus 750 V
Ic,max (p, PFC) 2îmains + ∆Imin 112 A
Ic,max (p, DAB) 2 Pdc

nratiovdc
53.4 A

Vce,max (s, DAB) vdc 350 V
〈Vce〉 (s, DAB) vdc 350 V
Ic,max (s, DAB) 2 Pdc

vdc
114 A

Table 5.14: PFC+DAB converter parameters for the comparative evaluation. Com-
ponent values given for switching frequencies of 10 kHz, 20 kHz, and 45 kHz, and
‘(p)’ indicates primary side values, ‘(s)’ indicates secondary side values.
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times the desired switching frequency. The variation of the switching frequency
is shown in Figure 5.9b, and the corresponding line inductor current is shown in
Figure 5.9a.

The intermediate bus voltage vbus is buffered by capacitor Cbus. The value of this
capacitor is dependent on three factors, namely the nominal voltage vbus, the al-
lowed minimum voltage vbus,min during a load step, and the response time differ-
ence of the control loops τCL,PFC, as demonstrated by the equation in Table 5.14. It
is chosen that the voltage drop should not exceed 75 V, such that the bus voltage
remains above the required minimum (i.e. to keep the diodes from conducting).
For this purpose, the response time τCL,PFC is assumed to be approximately 4
times the switching cycle time, similar to the QAB converter.

The DAB-stage is designed such that at maximum output power the phase shift
equals φmax = π/2, similar to the situation in the QAB-converter, which also
converges to π/2 at maximum output power. Moreover, the transformer wind-
ing ratio is selected such that the circulating current is minimized. At the oper-
ating point given, both full bridges of the DAB converter are operating in soft-
switching. This results in the waveforms shown in Figure 5.9c.

5.3.3 IMY

The IMY converter [10–12] is designed according to the equations written in Ta-
ble 5.15. Here, ‘(p)’ indicates primary side values (the mains-side of the trans-
formers) and ‘(s)’ indicates secondary side values (the dc-side of the transform-
ers).

The design equations and component values for the IMY-converter are written in
Table 5.15. The waveforms of the IMY converter are given in Figure 5.10. It can be
seen that the duty cycle varies with the mains phase to control the phase current.
Moreover, it can be seen that the output current is indeed relatively constant, and
only contains the ripple of 10 A that was chosen during the design.

5.4 Results

The found voltage and current waveforms are used to determine the voltage and
current requirements of all converter components. Then, with the cost and losses
models, the three topologies are characterized. The results of this estimation are
shown in Figure 5.11. As can be seen, some converters might have high cost, but
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Figure 5.9: PFC+DAB converter using parameters for comparative evaluation
with 10 kHz switching frequency. (a) PFC stage current waveform, (b) relative
switching frequency of PFC, (c) DAB stage voltage and current waveforms.
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Component Equation Value
10 kHz 20 kHz 45 kHz

∆Idc - 10 A

Lout
2π(
√

3v̂nN nratio−vdc)
2∆Idcωsw

268 µH 134 µH 59.6 µH

iσ RMS ≈ idc 57.1 A
isw RMS idc

nratio
43.9 A

V̂sw (p) v̂nN 325 V
〈Vsw〉 (p) 1

0.5

∫ 0.5
0 v̂nN sin (2πt) dt 203 V

nratio (Np/Ns) vdc
1.5v̂mains

0.717

Table 5.15: IMY converter parameters for the comparative evaluation. Component
values given for switching frequencies of 10 kHz, 20 kHz, and 45 kHz, and ‘(p)’
indicates primary side values, ‘(s)’ indicates secondary side values.
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Figure 5.10: Characteristic waveforms of IMY converter using parameters for com-
parative evaluation with 10 kHz switching frequency.
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Figure 5.11: Results of comparative evaluation with QAB, PFC+DAB, and IMY
topologies. From left to right: 10 kHz, 20 kHz, and 45 kHz switching frequency.
(a) Comparison of main component cost, (b) comparison of losses of the main con-
verter components. Black bars indicate the model inaccuracy. For switches and
diodes, both the conduction losses (‘c’) and switching losses (‘sw’) are given.
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Figure 5.12: Results of KPI evaluation with QAB, PFC+DAB, and IMY topologies
for 10 kHz, 20 kHz, and 45 kHz switching frequencies.

provide larger efficiency and vice versa. To do a fair comparison of the converters,
a key performance indicator (KPI) is defined by

KPI =
CconverterPlosses

Pdc
, (5.27)

with Cconverter the total converter cost, Plosses the total converter losses, and Pdc
the total converter dc power. The KPI is a measure for the required investment
to obtain a certain efficiency. It holds that, the higher the KPI, the higher the
price for a certain efficiency. For the evaluated converters, the KPI is given for all
switching frequencies that are analyzed, and shown in Figure 5.12. It can be seen
that the IMY converter provides the best KPI for all switching frequencies. The
QAB converter outperforms the PFC+DAB converter from 20 kHz onwards.

While the IMY converter has the lowest KPI, hence the best performance, this
converter lacks some key features of the QAB converter, such as soft-switching,
thermal stress control, and bi-directional power flow. Therefore, in situations
where those features are required, such as low-EMI applications or motion sys-
tems, the QAB converter is the preferred choice. It must also be noted that the
majority of the cost in the QAB converter is caused by the transformers. As semi-
conductor technology evolves, the switching frequency will increase and thereby
the transformer size will decrease. Thence, it is to be be expected that the KPI
difference between the QAB converter and the PFC+DAB converter increases as
technology evolves.
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5.5 Summary

For a comparative evaluation, it is required that cost and losses models for the
most significant components of a power converter are established. The cost mod-
els given in this section are fitted on a database with actual component cost from
Q3 of the year 2015. It is proven that the curve-fitting method provides good ac-
curacy. The losses models, on the other hand, are based on the manufacturer’s
datasheet parameters of the semiconductor components, and modeling software
for the magnetic components. Then, curve fitting is carried out on the available
data, where the fitted functions are founded on the physical models of the com-
ponents. The curve fitted functions are shown to have an accuracy between 4.6%
en 27%, depending on the model.

Using the cost and losses models, three topologies, being the QAB, PFC+DAB,
and IMY topologies, are compared in a 20 kW ac-dc converter application. For
each converter the design equations are given. Moreover, various switching fre-
quencies are analyzed to afford different design trade-offs. A key performance in-
dicator is defined to compare the results fairly. It is shown that the IMY converter
outperforms the other two topologies. This topology, however, does not sup-
port bi-directional power flow, as well as lacks thermal stress control and oper-
ates only under hard-switching. The QAB converter outperforms the PFC+DAB
converter at higher switching frequencies. Moreover, the QAB converter is the
most flexible topology of the three, combining all features of both the IMY and
PFC+DAB, and adding the possibility of thermal stress control to improve the
lifetime in highly dynamic applications.



Part III

Experiments





Chapter6
Prototype design

“Sometimes if you want to see a change for the better, you have to take things
into your own hands.”

(Clint Eastwood)
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Parameter Symbol Value

Input phase voltage VnN 230 V ac RMS
Input frequency fmains 50 Hz
Maximum output power Pdc 20 kW
DC voltage (working range) 0 ... 700 V dc
DC voltage (typical) vdc 500 V dc
Switching frequency fsw 45.5 kHz
Ambient temperature 20◦C
Emission compliance EN61000-6-4

(0.15 MHz ... 0.5 MHz only)
Power-factor PF 0.90 (open-loop, 0.2Pdc)
Parameter decoupling Power-balance control
Control platform DSP, Texas Instruments

type 28M36P63C2
Cooling Forced-air, RPM-controlled fans

Table 6.1: Specifications of QAB-converter prototype.

6.1 Introduction

This part, Part III, describes the experimental verification of the proposals given
in the previous chapters. For this purpose a prototype QAB ac-dc converter, of
which the topology is introduced in Part II, is designed and built. The design of
the prototype is focused towards functionality and serviceability, such that ver-
ifications can be established. Efficiency, cost and size are not a main concern.
The converter is designed according to specifications for high-power ac-dc con-
version applications where 350 V dc voltage is required, such as electric vehicle
battery chargers and photovoltaic arrays. Electro-magnetic compatibility (EMC)
of the prototype is not required for experimental verification, but nevertheless
compliance with part of the EN61000-6-4 standard is designed for to avoid prob-
lems with conducted emissions. The control platform is chosen to be a digital
signal processor (DSP) from Texas Instruments. The main specifications of the
prototype are summarized in Table 6.1.
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Figure 6.1: Block diagram showing the architecture of the prototype.

6.2 Hardware

6.2.1 Overall architecture

The converter hardware consists of four main parts: the control board, the ac
power board, the ac filter board, and the dc power board. The converter can be
schematically represented by the block diagram shown in Figure 6.1. As can be
seen, an isolation barrier is located between the ac and dc side, as well as between
the power boards and the control board. Moreover, current sensors are located
on each transformer winding to ensure that no bias current is flowing to avoid
saturation problems. Common-mode (CM) and differential-mode (DM) filtering
is implemented to comply with the regulations.

The transistor modules are placed in-between the power boards and the heat sink,
and the magnetic components are centrally located, between the ac and dc power
board. The main components are indicated in the photo of the prototype, shown
in Figure 6.2. The gate drivers are custom modules which are mounted orthog-
onal to the power boards, as shown in Figure 6.3. The purpose of this mounting
method is twofold: the transistor modules can be placed closer together which
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transformers

dc power board

control board

ac power board

Lσ
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& CM-filter

Figure 6.2: Photo of prototype QAB-converter. Left: the dc-side power board and
the dc-connection. Middle and bottom-left: magnetic components. Right: ac-side
power board and, on top of that, the ac input board.

minimizes parasitic effects, and the magnetic field caused by the high currents
in the power board has less coupling to the traces in the gate drivers due to the
increased distance.

The control board has various inputs and outputs, which accept the voltage and
current measurements from the power boards and, among others, drive the in-
rush relays. The measurement inputs contain protection circuits that trip when-
ever an input exceeds the safe range. When such a circuit trips, the converter is
shut down by disabling the gate drivers and disconnecting the mains from the ac
input board by using relays. A DSP runs the converter firmware and contains the
PWM generators, analog-to-digital converters and other peripherals. The soft-
ware and control is discussed further on.
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Figure 6.3: Close-up photo showing the orthogonality of gate drivers (vertical)
and ac-side power board (horizontal) in the center. The ac input board can be seen
on the right side, being stacked on top part of the ac power board.

6.2.2 Component selection and design

Magnetic components

The transformer winding ratio is found using Equation (4.43), resulting in

nratio =
2v′dc,s

3v̂′nN
≈ 1.0. (6.1)

Moreover, the inductance Lσ,s is placed on the secondary side of the transformers,
such that its value is found by Equation (4.25) and Equation (4.33) resulting in

Lσ,s < 0.8n2
ratio

8
(

v̂′nN + v′NVL

)

π2ωsw în
= 38.8 µH. (6.2)

To allow for some flexibility for experimental purposes, e.g. higher switching
frequencies and different mains voltages, it is chosen that

Lσ,s = 20 µH. (6.3)

This allows the switching frequency to be increased with a factor 2, or the mains
voltage to be reduced to 110 V ac instead for future evaluations, without compro-
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mising the power handling capabilities.

Transistors and gate driving

Modern IGBTs still suffer from relatively large turn-off losses due to the tail cur-
rent that is inherently present in those devices [31, 76]. The result is that, even
though the QAB-converter has ZVS for most of the ABs, the switching losses will
be substantial when such devices are used. When MOSFETs are used instead,
this issue can be dealt with as there is no tail-current in those devices. How-
ever, the performance of silicon MOSFETs that have a sufficiently high voltage
rating is rather poor. In recent years, however, semiconductors which are based
on wide bandgap materials have been introduced in the market. The switching
and conduction performance of transistors that are produced using those materi-
als is superior compared to the well-known silicon-based transistors [22, 23, 62],
to begin with the lack of tail current, similar to silicon-based MOSFETs. For this
reason, the prototype is fitted with silicon-carbide MOSFET half-bridge modules.

The required voltage rating of the ac-side and dc-side transistors is found by us-
ing Equation (4.31), together with a de-rating factor of 1.7 to improve reliability,
based on the measurements carried out on silicon-based MOSFETs [63].1 This
results in a primary and secondary side breakdown voltage of

Vds,max (p) = 1.7 (VNVL + v̂nN) = 1.7 (375 + 325) = 1190 ≈ 1200 V (6.4)

Vds,max (s) = 1.7v̂dc = 1.7 (700) = 1190 ≈ 1200 V, (6.5)

respectively, showing that both sides require 1200 V rated transistors. Note that
the maximum dc output voltage is selected to be 700 V and the mains peak phase-
voltage is 325 V, according to Table 6.1. Moreover, the voltage VNVL is set to 375 V,
leaving 50 V margin. At the time of building the prototype, only one 1200 V SiC
MOSFET module was available: the Cree CAS100H12AM1 (engineering sample).
Its specifications are summarized in Table 6.2. Two of these half-bridge modules
are used to form a full-bridge configuration for each AB.

1The author was unable to find literature that shows a comparison of SEB sensitivity versus off-
state voltage for SiC- and Si-based transistors. It is recommended that semiconductor manufacturers
provide these figures in the datasheets they publish, such that accurate reliability estimations and
comparisons of technologies can be made.
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Parameter Symbol Value

Maximum drain-source voltage Vds,max 1200 V
Gate-source voltage range Vgs [-5,+20] V
Internal gate resistance Rgi 1.25 Ω

On-state resistance (typ) Rds,on 25 mΩ @ Vgs = 15V
Body-diode reverse-recovery charge Qrr 833 nC
Body-diode capacitive charge Qc 1.6 µC
Maximum junction temperature Tj,max 150◦C
Thermal resistance, junction to case Zth,j−c 0.16 K/W

Table 6.2: Specifications of Cree CAS100H12AM1 SiC MOSFET half-bridge mod-
ule. Two half-bridge modules are used per AB.

Conduction losses The maximum RMS current through the transistors is found
by Equation (4.29), resulting in

îσ,PBC =
π
√
(vNVL + v̂nN) îmains

2
√

ωswLσ
= 111 A pk (6.6)

Iσ,PBC =
îσ,PBC√

2
= 78.7 A RMS. (6.7)

This value is worst-case, at a certain moment in the mains phase voltages. From
simulation it is found that the RMS current averaged over a full mains cycle
equals 49.9 A. In each half-bridge module one transistor is conducting this cur-
rent, causing conduction losses. Per module, the conduction losses are therefore
equal to the losses of a single transistor conducting the full current, according to

Pmodule,conduction,p = Rds,on (Iσ,snratio)
2 = 62.3 W (6.8)

Pmodule,conduction,s = Rds,on I2
σ,s = 62.3 W, (6.9)

for the primary and secondary side respectively.

Switching losses The switching losses are found using the datasheet param-
eters according to the method proposed in [19], as follows. Firstly, the turn-on
losses are calculated. The current rise-time is estimated using

tri =
Vmiller

(
Rg + Rgi

)
Ciss

Vgs,max −Vth
, (6.10)
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Figure 6.4: Example with id = 60 A, where the linearized threshold voltage Vth
and Miller-plateau voltage Vmiller are determined graphically as function of id. Plot
is captured from the datasheet of Cree CAS100H12AM1 MOSFET module.

where Vmiller is the (Miller-plateau) gate-source voltage at which the transistor is
able to conduct the full current id, Rg the external turn-on gate resistance, and
Vgs,max the output voltage of the gate driver. The value of Vmiller can be found
from the datasheet. Moreover, Vth is the linearized gate-source threshold voltage,
which is equal to the voltage at which half of id is flowing through the transistor.
The process of finding Vmiller and Vth for the Cree CAS100H12AM1 is shown in
Figure 6.4.

The gate current during the Miller-plateau can be calculated by

Ig,on =
Vgs,max −Vmiller

Rg + Rgi
. (6.11)

Then, the voltage fall-time is estimated to be

t f v =
(vn − Rds,onid)Crss

Ig,on
. (6.12)

Now, by assuming the current rises linearly and the voltage falls linearly with
time, the turn-on energy is determined by

Eon = vnid
tri + t f v

2
. (6.13)

For turn-off, the procedure is largely identical. Firstly, the current fall-time is
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approximated by

t f i =
Vmiller

(
Rg + Rgi

)
Ciss

Vgs,min −Vth
(6.14)

The gate current during the Miller-plateau is calculated by

Ig,off =
Vmiller −Vgs,min

Rg + Rgi
. (6.15)

Then, the voltage rise-time can be estimated according to

trv =
(vn − Rdsid)Crss

Ig,off
, (6.16)

which results in the turn-off energy

Eoff = vnid
trv + t f i

2
. (6.17)

Moreover, when the turn-on energy is dissipated, generally the diode reverse-
recovery and capacitive losses are dissipated as well. These energy losses are
approximated by using the worst-case reverse-recovery charge from the transis-
tor datasheet according to

Err = (Qrr + Qc) vn. (6.18)

For all switching instants, the average turn-on, turn-off, and reverse-recovery en-
ergy is calculated. By multiplying these average values with the switching fre-
quency, the switching-losses power-dissipation is found. For the QAB-converter
prototype, this results in switching losses

Pmodule,switching,p = 35.8 W (6.19)

Pmodule,switching,s = 26.5 W, (6.20)

and the total losses per module are then found to be

Pmodule,p = Pmodule,conduction,p + Pmodule,switching,p = 98.9 W (6.21)

Pmodule,s = Pmodule,conduction,s + Pmodule,switching,s = 89.6 W, (6.22)

for the primary and secondary side respectively.

This results in a primary and secondary side junction-to-case temperature differ-
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Figure 6.5: Schematic diagram of line-impedance stabilizing network, as used for
conducted emission compliance of EN61000-6-4.

ence of

Tj−c,p = Ploss,module,pZth,j−c = 15.8◦C (6.23)

Tj−c,s = Ploss,module,sZth,j−c = 14.3◦C, (6.24)

which indicates that the modules can easily handle the power when it is mounted
on a suitable heatsink.

The transistor modules are driven by gate drivers which are designed such that
they apply the largest allowable voltage swing across the gate-source pins of the
transistors. This optimizes the on-state performance and switching speeds.

Filtering

An off-the-shelf common-mode (CM) filter is used for high-frequency common-
mode disturbance rejection, manufactured by EPCOS, type B84144A0050R120.
The filter can conduct 50 A RMS phase currents, which is sufficient for the ap-
plication. Differential-mode filtering is added to the converter in order to com-
ply with the conducted low voltage ac port emission regulations according to
EN61000-6-4. For the prototype, only the emissions from 150 kHz to 500 kHz are
taken into account. This is done by using the analytical QAB-converter model,
from which the spectrum of the AB input current is determined. In agreement
with EN61000-6-4, a line-impedance stabilizing network (LISN), shown in Fig-
ure 6.5, must be used to determine the conducted emissions from this current
spectrum. The spectrum of the input current of a mains-connected AB, the trans-
fer function of the LISN, and the requirements from the EN61000-6-4 standard are
all shown in Figure 6.6. Based on this information, the required total filter gain
is determined, which is shown in Figure 6.7. As can be seen, a suppression of 90
dB is required to comply with the standard. This suppression is achieved in two
stages, as shown in Figure 6.1, where the first stage is the CM-filter, which also
filters DM distortion, and the second stage is the DM-filter. The requirements of
the DM-filter are established by reducing the filtering requirements by the CM-
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Figure 6.6: Spectrum of the input current of a mains-connected AB averaged over
a full ac mains cycle, transfer function (TF) of the LISN, and the required LISN
output voltage according to the EN61000-6-4 standard.
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Figure 6.7: Required total filter gain, differential-mode gain of EPCOS
B84144A0050R120 filter, and the resulting DM-filter gain requirement.
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Figure 6.8: Schematic diagram of used three-phase damped second-order LC-filter
for DM-filtering. One phase filter is shown, the other filters are identical.

filter DM gain as shown in Figure 6.7. As can be seen, this results in a required
DM-gain Areq,DM of -28.1 dB at a frequency freq,DM of 181 kHz.

The DM-filter is chosen to be a damped LC-filter, of which the schematic diagram
is shown in Figure 6.8. Those filters have -40 dB/decade roll-off, which results in
a required crossover frequency of

fco,DM =
freq,DM

10
Areq,DM
−40

, (6.25)

which is valid as long as fco,DM � freq,DM. The crossover frequency is then de-
termined by

fco,DM =
1

2π
√

LDMCDM
. (6.26)

The total capacitance in the filter Ctot,DM is selected such that the desired PF is
reached at 20% output power, by

S =
0.2Pdc

PF
(6.27)

Q =

√
S2 − (0.2Pdc)

2 (6.28)

Ic,DM =
Q

VnN
(6.29)

Ctot,DM =
Ic,DM

2πωmainsVnN
. (6.30)

Half of this total capacitance is used to dampen the LC-filter as Cd,DM, the other
half is used for the filtering itself as CDM. This results in an required inductance
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Figure 6.9: Optimization of DM-filter damping resistor. Marker indicates value
with minimum filter peaking.

of

LDM =
1

4π2CDM f 2
co,DM

. (6.31)

The transfer function from AB current to CM-filter current, when assuming an
ideal voltage source on the CM-filter output terminals, is equal to

HDM(s) =
sRd,DMCd,DM + 1

s3CDMLDMRd,DMCd,DM + s2 (CDM + Cd,DM) LDM + sRd,DMCd,DM + 1
.

(6.32)

Damping the LC-filter is done via the damping network comprising Cd,DM and
Rd,DM. The value of Rd,DM is found by numerically minimizing the peaking of
the filter, as shown in Figure 6.9.

When adding 10 dB margin to the minimum required filtering, the resulting DM-
filter parameters and component values are given in Table 6.3, and the corre-
sponding frequency response is shown in Figure 6.10. The marker indicates freq,
and it can be seen that the required filtering Areq of -38.1 dB is obtained at this
frequency.

It must be noted that the filtering influences the control loops, and the filter trans-
fer functions must be incorporated in the system response before starting the
loop-shaping procedure especially if the open-loop bandwidth approaches the
filter cross-over frequency. This method is not covered in this thesis.
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Parameter Value

Areq,DM -38.1 dB
freq,DM 181 kHz
fco,DM 20.2 kHz
CDM 9.28 µF
LDM 6.70 µH
Cd,DM 9.28 µF
Rd,DM 1.46 Ω

Table 6.3: Component values and parameters of designed DM-filter.
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Figure 6.10: Transfer function from AB current to CM-filter current of designed
DM-filter. Marker indicates freq.
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Measurement Channels

Voltage vR, vS, vT ,
vdc, vNVL

Current iR, iS, iT ,
idc, iNVL,
iT,R (p), iT,S (p), iT,T (p), iσ,s

Temperature 2x heatsink

Table 6.4: Measurements implemented on prototype converter.

Other components

Other additional components are required for the converter to operate. Firstly, a
number of measurements is needed, of which the list is shown in Table 6.4. More-
over, a number of protections are implemented, such as over-voltage protection,
over-current protection, over-temperature protection, and under-voltage protec-
tion, as summarized in Table 6.5. Both hardware and software protections are
used. Hardware protections are independent from the DSP that normally con-
trols the converter, and when triggered they disable the whole converter to avoid
damage on components. The advantage of hardware protections is their speed
and reliability, however they are unadjustable. Software protections, on the other
hand, are implemented in the DSP and are therefore fully configurable. However,
those protections rely on the DSP to operate and have a relatively long response
time, taken into consideration the ADC sample time and the processing speed of
the DSP. To use the advantages of both systems, the hardware protections are set
at the absolute maximum allowable levels, while the software protections are set
to the safe operating levels.

6.3 Software and control

The software that runs on the DSP consists of a state machine and various rou-
tines. The state machine controls the operating mode of the converter, ensures
proper initialization and shutdown, and controls the functioning of the routines.
The routines, on the other hand, handle the timing-critical functions such as
closed-loop control and the software protections. An overview of the architec-
ture that is used is shown schematically in Figure 6.11.

It can be seen that the control loop calls its subroutines in an organized fash-
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Protection Type Channels

Over-voltage HW & SW vR, vS, vT ,
vdc, vNVL

Over-current HW & SW iR, iS, iT ,
idc, iNVL,
iT,R (p), iT,S (p), iT,T (p), iσ,s

MOSFET saturation HW per gate driver
Control under-voltage HW per gate driver
Over-temperature SW 2x heatsink-mounted sensor

Table 6.5: Protection mechanisms on prototype converter implemented in hard-
ware (HW) and/or software (SW).

state machine interrupt

read ADCs

PLL

compensators
closed-loop

decoupler
system

update PWM

configures

runs

protections

control loop

Figure 6.11: Architecture of the implemented software in the prototype.
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ion: first the ADC channels are read, after which the software protections are
checked to find whether values are out of the normal working range. Then, the
PLL routine and closed-loop compensators (both discussed in subsection 4.3.3)
are executed. Next, the system decoupler, described in section 3.3, is used to de-
termine the required phase shift and duty cycles. Finally the PWM modulators
of the DSP are updated. The control loop is executed on interrupt-basis, which
results the high timing accuracy that is desired for closed-loop control. When the
control loop is not running, i.e. in idle time, the state machine is active. The state
machine configures the control loop (e.g. enables/disables functions, resets com-
pensators, initializes timers and ADCs), and, amongst others, controls relays and
status indicators when necessary.

6.3.1 State machine

The state diagram of the state machine is depicted in Figure 6.12, where it can
be seen that there are various initialization states which need to be completed
successfully before the converter starts with normal operation. The purpose of
each state is described in the following.

[start] Inactive state, to wait for the power-on signal. In this state, all gate
drivers are disabled and the relays which connect the mains with the converter
are open. All control loops are disabled and reset to their initialization-state.
When a power-on signal is received, it moves to the pre-charge state.

[pre-charge] The mains relays are closed, thereby allowing to pre-charge the
capacitors in the converter via the MOSFET body diodes as described in subsec-
tion 4.2.2. As soon as the voltage vNVL is sufficiently high, in this case >95% of its
final value, the pre-charge period is ended by by-passing the pre-charge resistors
with relays and moving to the next state. If the desired voltage is not reached, the
converter moves to the error state.

[sync PLL] The first interrupt-based control loop is activated: the phase-locked
loop. As soon as this routine reports that lock-on is established and the frequency
range is valid, it moves to the next state. When, however, these criteria are not
met within a reasonable amount of time, the error state is activated.
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Figure 6.12: State diagram of software state-machine as implemented in the pro-
totype.
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[enable gate drivers] The gate drivers of all power modules are enabled and
the full control loop is activated, which contains the closed-loop controllers as de-
scribed in subsection 4.3.3, and the system decoupler as described in section 3.3.
The controllers are used to stabilize vNVL to the desired voltage level. The exter-
nal reference input îmains,ref is still kept at zero. When vNVL reaches the desired
voltage level to within a certain range, the converter continues to the next state.
If the voltage does not stabilize within the required amount of time, or surpasses
its limit values, the error state is activated.

[normal operation] If this state is reached, all controllers are activated success-
fully. In this state, the external set-points are used such that the output power
of the converter can be controlled. As soon as the power-off signal is received,
normal operation is terminated by going to the start state. When a software or
hardware protection mechanism trips, the error state entered.

[error] All gate drivers are disabled, all relays are opened, all control loops are
disabled and reset. A reset-signal is required before the start state is entered.

6.3.2 Implementation of compensators and filters

Because the software runs on a digital controller which uses sampled data, the
compensators and filters that are designed in the Laplace-domain should be con-
verted to the digital domain. This is achieved by the bilinear transform, which ap-
proximates the continuous-time Laplace-domain in the discrete-time Z-domain,
using the substitution of s with

s =
2 (z− 1)
T (z + 1)

, (6.33)

with T the sample interval. Starting with an Laplace-domain transfer function
Hs(s), after some manipulations this results in the Z-domain transfer function

Hz(z) = Hs

(
2 (z− 1)
T (z + 1)

)
= · · · = b0 + b1z−1 + b2z−2 + · · ·+ bNz−N

1 + a1z−1 + a2z−2 + · · ·+ aMz−M . (6.34)

This approximation is accurate for values well below the Nyquist-frequency. Two
methods can be used for implementing this equation in a processor: Direct Form
1, and Direct Form 2 [20]. While the Direct Form 2 requires less memory and
computational effort due to it consisting of half the memory elements, the Direct
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Figure 6.13: Direct Form 1 implementation of a digital filter.

Form 1 has a reduced probability of arithmetic overflow. For that reason, the
Direct Form 1 is implemented, which is shown in Figure 6.13.

To determine the bilinear transform, the sample interval T is needed. Ideally, it
should be as high as possible such that it becomes negligible when compared to
the period time of the highest frequency of interest in the filters and compen-
sators. Against the recommendations made in section 4.3.3, it is chosen to use
fsw/2 as the control loop rate and to do analog signal sampling a frequency of
fsw/5. This way the DSP can be used to do the computations of the control loops.
This means that the achievable open-loop bandwidth is (severely) limited, as the
sampling frequency is much lower than what is recommended. This is done to
limit design time, because an FPGA and external ADCs can be omitted. It does
not affect the main goals of the prototype.

6.4 Summary

For validation of the QAB-converter theory, a prototype converter based on this
topology is designed and built. The prototype is aimed at high-power appli-
cations where bi-directional and isolated three-phase ac to dc conversion is re-
quired, as its maximum output power is chosen to be 20 kW, with a dc voltage
of 500 V. Moreover, forced-air cooling is used. The hardware architecture of the
converter is described, as well as the selection of the main components, and the
design of the magnetics. Basic switching and conduction losses estimations are
given, and filters for standard compliance are discussed. Moreover, the software
architecture is explained, together with a brief analysis of the control loop imple-
mentation and discretization of the Laplace-domain analysis. In the next chapter,
the designed prototype is used to make measurements to analyze its operation.



Chapter7
Measurements

“In the spirit of science, there really is no such thing as a ’failed experiment.’
Any test that yields valid data is a valid test.”

(Adam Savage)
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DC power
supply

Load resistor

DC sourceAC source

4-Quadrant
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4-Quadrant
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Figure 7.1: Block diagram showing the setup used for the measurements.

7.1 Measurement setup and equipment

For the measurements, a setup is used which consists of a power analyzer, two
sources, and a controlling computer, as shown in Figure 7.1. The dc-side power
source comprises a load resistor and a dc power supply, such that both current
sourcing and current sinking on the dc-side is possible. The ac-side power source
consists of three four-quadrant power amplifiers which are combined to form a
three-phase ac source. Amidst the sources and the QAB-converter prototype is
a power analyzer to measure the performance of the converter. Table 7.1 shows
a summary of all equipment that is used. A photo of the setup is shown in Fig-
ure 7.2.

As can be derived from the list of equipment, the maximum power in rectifier
mode is approximately 15 kW due to limitations of the ac source. On the other
hand, the maximum power in inverter mode is approximately 10 kW due to lim-
itations of the dc source. While the converter is designed to operate up to 20 kW
input power, the measurements still provide useful insight in the behavior and
model accuracy.

The conditions of the measurement are kept constant, unless noted otherwise.
These conditions are summarized in Table 7.2. As can be seen, all measurements
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Equipment Type

Power analyzer Yokogawa WT3000E (4x 1kV 30A elements)
AC source Spitzenberger & Spies DM 15000 / PAS
DC source Combined dc power supply and load resistor

- DC power supply Regatron TopCon TC.P.20.1000.400.S.HMI
- Load resistor Frizlen BWV 83

Oscilloscope LeCroy WaveRunner 44MXi-A
- High-voltage probes Tektronix P5200A
- Current probe Tektronix TCP303

Table 7.1: Overview of the equipment that is used for the measurements.

Figure 7.2: Overview photo of prototype QAB-converter in laboratory set-up.
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Parameter Symbol Value

Input phase voltage VnN 230 V ac RMS
Input frequency fmains 50 Hz
Neutral-voltage lift voltage vNVL 375 V
DC voltage vdc 500 V dc
Switching frequency fsw 45.5 kHz
Ambient temperature ≈ 21◦C
Parameter decoupling Power-balance control, γ = 1
Control Closed-loop with PLL

Table 7.2: Conditions of QAB-converter prototype measurements, unless noted
otherwise.

use closed-loop control, the PBC algorithm with γ = 1 (see section 3.3), and an ac
input voltage which corresponds to the European mains grid.

7.2 Measurement results

Results where gathered using the measurement setup as described in the pre-
vious section. Firstly, the initialization of the neutral-voltage lift is verified and
shown in Figure 7.3. As can be seen, the neutral-voltage lift capacitor pre-charges
via the body diodes and series resistors. Then, the in-rush resistors bypass relay
is activated, and after that the gate drivers and the control loop are initialized,
the voltage is lifted further up to the desired working voltage. This procedure is
according to subsection 4.2.2.

Next, waveforms of the ac- and dc-side were measured at 10 kW in rectifier mode.
These are shown in Figure 7.4. Some distortions are present near the peaks of the
current. These irregularities worsen significantly if the dead time is increased
from 400 ns to 800 ns, as demonstrated in Figure 7.5.
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Connected to mains

NVL control activated

Normal operation

In-rush bypass
relay activated

Figure 7.3: Measurement of neutral-voltage lift (blue) and common-mode current
(yellow) during the initialization phase of the converter.
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I: 10A/div
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Vertical:
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I: 10A/div

Horizontal:

Vertical:
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Figure 7.4: Measurement with 10 kW input power and rectifier operation, showing
the converter ac-side voltages and currents (top), and dc-side voltage and current
(bottom).

Moreover, a load step is measured from -5 kW to +5 kW, which is shown in Fig-
ure 7.6.

Then, at over 14 kW, which is the maximum output power of the ac-source, de-
tailed information of the input and output is given in Table 7.3. As can be seen,
the power factor is high, and the current waveforms have a relatively low total
harmonic distortion.

Next, the efficiency of the converter in rectifier mode and inverter mode is de-
termined for various input powers, of which the results are shown in Figure 7.7
and Figure 7.8, respectively. Moreover, the simulated efficiencies are also given
in these figures, and it can be seen that there is a good correspondence between
the measured and simulated results.

The power factor has been measured in both inverter and rectifier mode, which
is shown in Figure 7.9. It is demonstrated that its value is higher than 0.98 from
10% output power onwards. It must be noted that this is much higher than the
designed value due to the operation in closed-loop control, which compensates
the reactive currents that would be present otherwise.

Next, the common-mode current through the mains phases (iR + iS + iT) is mea-
sured at 10 kW input power in rectifier mode. As can be seen in Figure 7.10, the
currents are below 1 A RMS for all frequencies. It must be noted that compliance
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U: 150V/div
I: 10A/div

Horizontal:

Vertical:

5 ms/div

U: 300V/div
I: 10A/div
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Vertical:

5 ms/div

Figure 7.5: Measurement with 10 kW input power and rectifier operation, showing
the converter ac-side voltages and currents (top), and dc-side voltage and current
(bottom) with dead time increased by a factor 2.

U: 150V/div
I: 5A/div

Horizontal:

Vertical:

20 ms/div

U: 300V/div
I: 5A/div

Horizontal:

Vertical:

20 ms/div

Figure 7.6: Measurement with input power load step from 5 kW rectifier mode
to 5 kW inverter mode, showing the converter ac-side voltages and currents (top),
and dc-side voltage and current (bottom).
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Parameter Value

Mains voltage 229.5 V RMS
Mains current 20.65 A RMS
Mains power 14.17 kW
Mains power factor 0.9967
Mains current THD 4.5%
DC voltage 501.5 V
DC current 26.21 A
DC power 13.14 kW

Table 7.3: Measurement data obtained at 14 kW input power, operating as rectifier.
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Figure 7.7: Efficiency of QAB-converter prototype operating as rectifier compared
with simulation results.
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Figure 7.8: Efficiency of QAB-converter prototype operating as inverter compared
with simulation results.
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Figure 7.9: Power factor of QAB-converter prototype operating as rectifier (black)
and inverter (grey dashed).

to EMC emissions can not be tested using this data, as a LISN needs to be used
for this matter.

Then, the parameter γ was varied while measuring the RMS current iσ, as shown
in Figure 7.11. This is done for a range of input powers and compared with sim-
ulation results. As can be seen, the current can be varied while maintaining the
same output power. However, there is a significant error for γ much smaller than
1.

Finally, some measurements are taken to show the transformer voltages un with
n ∈ [R, S, T, dc] in both the rectifier mode and the inverter mode, as shown in
Figure 7.12 and Figure 7.13 respectively. Here, it can be clearly seen that each
transformer is modulated according to its own setpoint, and that the reactive
currents are low, as governed by the PBC method. Moreover, it can be seen that
almost no ringing and other parasitic effects are present.
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Figure 7.10: Measured common-mode current (iR + iS + iT) frequency response
of QAB-converter prototype operating as rectifier at 10 kW input power (without
LISN).
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Figure 7.11: Measured effect of parameter γ on RMS current of iσ averaged over a
full ac mains cycle at various input powers and compared with simulations, with
γ ∈ [1, 0.9, 0.8, 0.7] (bottom to top).
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Figure 7.12: Measured switched-nodes voltages un and current iσ at 10 kW input
power in rectifier mode. Top: udc (yellow), uR (magenta), uS (blue), uT (green).
Bottom: iσ.



154 CHAPTER 7: MEASUREMENTS

Figure 7.13: Measured switched-nodes voltages un and current iσ at 10 kW input
power in inverter mode. Top: udc (yellow), uR (magenta), uS (blue), uT (green).
Bottom: iσ.
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7.3 Discussion

The measured phase currents show good power factor (> 0.99) and low harmonic
distortion (< 5%) figures. Moreover, load steps are proven to be stable and the
closed-loop behaves as expected. The small distortions that are present in the
phase currents are most likely caused by the dead time of the semiconductors,
as the irregularities worsen significantly when the dead time is increased. The
power factor exceeds standard requirements significantly due to the closed-loop
operation, that compensates the reactive currents which result from the filter ca-
pacitors placed in parallel over the mains phases. The captured waveforms are
clean, which demonstrates a good circuit board layout and correct switching be-
havior of the semiconductors. Moreover, common-mode currents are small (< 1
A), which means that the voltage of CNVL is stable and no parasitic effects result
from using the proposed neutral-voltage lift method.

The efficiency plots confirm a good match between the measured and the sim-
ulated values, which means that the used models have sufficient accuracy for
losses description. It is found that the converter efficiency is approximately 93%
over a wide power range. While this is not a remarkably high efficiency, it should
be noted that the converter design was devised for flexibility to show a proof-of-
concept, rather than efficiency. From simulations is found that the efficiency can
be improved significantly by using a different transformer design, as there are
several hundreds of watts lost in the transformer cores.

It is also shown that the parameter γ allows scaling of the current iσ without af-
fecting the power flow. Scaling this current can be useful when thermal control is
required in high-reliability applications (e.g. automotive and lithography). The
significant difference that appears to be present between simulation and mea-
surements results for lower values of γ might be caused by resistive losses, semi-
conductor dead time effects, or errors in matching the actual magnetics with the
models, for instance. For γ close to 1 the predictions are correct, and the trend
of the response is correct as well. The mismatch does not cause any other unex-
pected behavior, and it is therefore anticipated that it does not preclude thermal
stress control to be used effectively.

The converter is not tested up to its rated power due to limitations of the lab-
oratory power supplies. However, as the simulations match the measurements
accurately, the efficiency at rated power can be estimated reasonably well.
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“A fanatic is one who can’t change his mind and won’t change the subject.”
(Winston Churchill)
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8.1 Conclusions

A generic modeling technique for AB-converters has been introduced, which is
able to describe the interaction of an arbitrary number of ABs. Because piece-wise
linear analysis does not scale well when the number of possible states increases,
a modeling technique based on Fourier-series has been adopted. In this way, not
only can the power flow and currents be analyzed, the soft-switching properties
can be studied as well. Moreover, the Fourier-based model provides analytical
expressions that are suitable to be used for control algorithm optimization. The
modeling error has been confirmed to be small when the series are truncated at
sufficiently high values. The modeling technique has been used throughout this
thesis with a truncation at 25 harmonics, which has been shown to yield highly
accurate results when compared with piece-wise linear modeling.

Two control methods have been derived which support AB-converters with an
arbitrary number of ABs. The first method is phase-shift control, which oper-
ates quite similarly to what is commonly employed in dual active-bridge con-
verters. It has been shown that this method provides soft-switching properties
under certain operating conditions. However, the circulating current can be rel-
atively high. Newton-optimization techniques have been used to resolve this
issue, which resulted in the second control method: power-balance control. It has
been demonstrated that, by using this power-balance control method, the cur-
rents are reduced significantly when compared to phase-shift control. However,
the soft-switching properties are compromised at some operating points. The
algorithm also enables scaling of the circulating current independent of the con-
verter output power. A concept has been proposed that employs this feature to
reduce thermal stress, thereby improving converter lifetime.

The neutral-voltage lift concept has been introduced, which allows the use of
unipolar voltage inputs with three-phase ac connections. It has been shown that,
compared to matrix-based solutions, the number of switches is reduced by a fac-
tor two, as bidirectional switches are not required. Moreover, the average voltage
stress of the switches has been proven to be a factor two lower when compared
to PFC-based solutions. This reduces the sensitivity to single-event burnout and
thereby improves the reliability. Moreover, by applying neutral-voltage lift to
the quad active-bridge topology, this converter can be used for three-phase ac to
dc conversion. Details on the implementation and control of neutral-voltage lift
and the quad active-bridge topology have been treated quantitatively and quali-
tatively.

Cost and loss models have been derived for the main components of power con-
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verters. It has been shown that the fitted models provide accurate information
over a wide range of operating conditions. Based on these models, the proposed
quad active-bridge topology, the PFC+DAB topology, and the IMY topology have
been evaluated. A key performance indicator has been defined, which demon-
strated that the proposed topology outperforms state-of-the-art with similar fea-
tures for high switching frequencies.

For validation of the quad active-bridge converter theory, a prototype converter
has been designed and built based on this topology. The hardware architecture
and the main component selection procedure are described. Basic losses estima-
tions are given, and filters for standard compliance are discussed. Moreover, the
software architecture and implementation are addressed. Measurements on the
prototype have been carried out, and the results show that the converter oper-
ates as predicted. Phase currents have a total harmonic distortion of only a few
percent, and the power factor is above 0.99 over a very wide load range. The
efficiency has been shown to be 93% over a wide load range, and the measured
efficiency matches closely with the simulated values in both rectifier and inverter
operation. It also has been shown that scaling of the circulating currents operates
as intended, however the simulation appeared to provide an over-estimation of
the current. This might be caused by resistive losses, dead time, and mismatch
between the models of the magnetic components and the actual components. The
mismatch did not cause any other unexpected behavior, it is therefore anticipated
that thermal stress control can still be used effectively.

8.2 Outlook and Recommendations

Design and control methods have been introduced which are able to outperform
comparable state-of-the-art techniques. The current technology readiness is suf-
ficient to start valorization of the ideas, and the expectation is therefore that more
implementations of the proposed methods will follow, especially in high-power
applications where the differences are most significant. Research is still highly
recommended, as it can potentially further improve the performance. Conse-
quently, the performance difference with state-of-the-art will increase as well.

In this thesis, a framework is established for modeling and control methods that
support the AB-converter class. To further extend the possibilities of the pro-
posed framework, further research is recommended in various additional sub-
jects:

• While the power-balance control method is optimized towards minimum
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circulating currents, it only makes use of a first-harmonic approximation of
a two-AB problem. It is shown that this can easily be extended to a solu-
tion for multiple ABs. However, this extension does not take advantage of
the additional degrees of freedom that are provided by the added ABs. It
should be possible to reduce the circulating currents further when these are
incorporated in the optimization procedure.

• It is shown that, for a certain range of operating conditions, soft-switching
can be obtained. However, additional insight on the soft-switching behav-
ior is desired. Models (preferably analytical ones) that describe the bound-
aries and conditions for soft-switching, including for instance parasitic ca-
pacitances, have to be developed such that this can be included in the de-
sign optimization procedure.

• Currently, the power-balance control method does not take into account
soft-switching constraints. However, when the switching frequency in-
creases, it is highly desirable that soft-switching is achieved throughout all
operating conditions. Additional research is therefore needed to add these
constraints to the optimization procedure.

• A thermal stress control algorithm has been proposed. Due to various prac-
tical limitations, a validation of this method is relatively comprehensive.
Therefore, this thesis does not contain a validation of the algorithm. Fur-
ther research should implement and validate the method, as well as extend
the algorithm such that the required look-up tables can be generated easily.

The comparative evaluation can also be extended in various ways, such as:

• The current evaluation includes the cost and losses of magnetics, capaci-
tors, switches, and diodes. However, only the magnetics and capacitors
required for the basic operation are included. Filtering that is necessary to
comply with harmonics and emission standards is not taken into consider-
ation, while it can have a significant impact on the cost of a converter. All
mentioned items should, therefore, be added to the evaluation.

• For many applications, the reliability of a converter is of significant value.
Therefore, a reliability analysis should be added to the evaluation algo-
rithm.

While the prototype does operate as predicted, there are various ways to improve
its overall performance and (economic) value:

• The transformers that were used when the measurements were conducted,
were built according to a first design iteration. The core losses are consider-
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able, and significantly reduce the obtained efficiency. A thorough redesign
of the transformers can improve the efficiency while also reducing the size
of the magnetic components.

• Carry out a Pareto-front analysis of the whole converter to optimize the
overall efficiency versus cost and size trade-off. This can potentially in-
crease the performance by a large amount.

• To increase the control bandwidth, an FPGA-based high-speed sampling
and control system should be implemented. This will reduce the required
value of the neutral-voltage lift capacitor, as well as the THD of the phase
currents.
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9.1 Scientific Contributions

The main contributions of this thesis can be summarized as follows:

• Fourier-based generic modeling technique that supports an arbitrary
quantity of active-bridges.
While models for some types of active-bridge converters exist, no modeling
techniques which support generic multi-port AB-converters were available.
This thesis presents such a technique, helping the evolution of multi-port
converters based on this topology. By comparison with piecewise-linear
models it is demonstrated that the technique is accurate.

• Extension of phase-shift control to support multi-port AB-converters.
Similar to the lack of generic AB-converter models, there were no generic
control strategies available for multi-port AB-converters. To fill this gap,
this thesis introduces and validates a multi-port extension of the phase-shift
control algorithm that supports an arbitrary quantity of active bridges and
its accuracy is validated.

• Generic, yet optimized, control strategy for active-bridge converters that
supports an arbitrary quantity of active-bridges.
This thesis introduces a generic and optimized control strategy that sig-
nificantly reduces the circulating current when compared to phase-shift
control. The method supports multi-port AB-converters with an arbitrary
quantity of active bridges. The method is validated and it is shown that a
good accuracy is achieved. Moreover, the method allows scaling of these
circulating currents, and a method is proposed to employ this feature for
thermal stress control to increase converter lifetime.

• Cost-effective and efficient method to allow three-phase ac to be directly
connected with multi-port dc-dc converters.
The neutral-voltage lift method is introduced to allow the unipolar inputs of
dc-dc converters to be used for ac-dc conversion applications. The method
does not require bipolar-voltage blocking switches, nor matrix-like config-
uration of the switches. The neutral-voltage lift component selection proce-
dure and control method are discussed.

• Quad active-bridge ac-dc converter topology and design methods.
The quad active-bridge topology is introduced, which employs the neutral-
voltage lift method as well as the multi-port AB-converter control methods
to come to an AB-based converter that is capable of ac-dc conversion. The
design equations of the main components and a control architecture and
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design method are given. It is shown by simulations that the converter
operates according to the expectations.

• Tools for the cost and performance evaluation of power converters.
Performance evaluation tools are developed that are able to estimate the
cost and losses of the most important components of power converters.
The cost models are based on the actual market prices, while the compo-
nent losses are modeled using datasheet parameters. The accuracy of these
models are given and demonstrate sufficient accuracy.

• Comparative evaluation of active-bridge converters in a three-phase ac to
dc conversion application against state-of-the-art topologies.
The QAB topology is compared to two state-of-the-art topologies in a spe-
cific power-conversion application using the cost and performance evalua-
tion tools. The key performance indicator shows that the proposed topol-
ogy outperforms state of the art with similar features for higher switching
frequencies. On the other hand, if not all features are required, it is found
that there are better performing alternatives.

• Experimental verification of the introduced modeling and control meth-
ods, as well as the topological concepts.
The quad active-bridge converter is implemented with the proposed mod-
eling and control methods in a prototype for experimental verification. The
hardware and software architecture are discussed, and various measure-
ments are conducted on this prototype. These measurements confirm that
the converter operates as expected.
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9.3 Patents
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A.1 Validity of assumptions in Fourier-based model-
ing and control

The assumption in Equation (2.3) holds when the switching frequency is much
higher than the frequencies present in vn(t). In that case, the voltages vn(t) can
be varying without affecting the results of the above modeling technique. Pa-
rameters that use this assumption are indicated by the ’-symbol. The validity of
this assumption can be demonstrated as follows. The average power per AB is
defined as

P′n(k) =
〈
i′σ(t)u

′
n(t)

〉
. (A.1)

Then, by defining

u′n = (Vn,dc + Vn,ac sin (ωact)) sin (ωswt) (A.2)

and

i′σ = (Iσ,dc + Iσ,ac sin (ωact)) sin (ωswt) , (A.3)

it is found that the average power for AB n over one switching cycle, using a
first-harmonic approximation, is proportional to

P′n ∝
〈
(Iσ,dc + Iσ,ac sin (ωact)) (Vn,dc + Vn,ac sin (ωact)) sin2 (ωswt)

)〉
.

Now, by defining

P′n,l f (t) = Iσ,dcVn,dc + (Iσ,acVn,dc + Iσ,dcVn,ac) sin (ωact) + Iσ,acVn,ac sin2 (ωact)
(A.4)

it follows that the average over one switching period then equals

P′n ∝
〈

P′n,l f (t) (0.5− 0.5 cos (2ωswt))
〉

(A.5)

and therefore

Pn = P′n ∝
〈

0.5P′n,l f (t)
〉

(A.6)
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as long as
〈

0.5P′n,l f (t) cos (2ωswt)
〉
→ 0. (A.7)

This holds when ωn,ac � ωsw, and in that case the modeling method is accu-
rate because it may be assumed that vn(t) = vn(t + Tsw). This also means that
relatively small values of ωn,ac are allowed without significant loss of accuracy.

For instance, when

ωsw = 10ωn,ac = 1, (A.8)

and Vn,dc = 1 V, Vn,ac = 1 V, Iσ,dc = 1 V, Iσ,ac = 1 V, the following holds:

〈
P′n
〉
=

1
2π

2π∫

0

P′n,l f (t) (0.5− 0.5 cos (2t)) dt (A.9)

=
1

2π

2π∫

0

0.5P′n,l f (t) dt− 1
2π

2π∫

0

0.5P′n,l f (t) cos (2t) dt (A.10)

≈ 5.43− 0.00699. (A.11)

Therefore, the deviation at ωsw = 10ωn,ac is already small. For applications in
ac-dc conversion with 50 Hz or 60 Hz mains frequency, the analysis will therefore
be accurate, as the switching frequency of the converter will easily surpass 500
Hz or 600 Hz.

A.2 Multi-dimensional non-linear curve fitting using
linear algebra

Linear fitting of non-linear curves can be done when the data to fit can be rewrit-
ten in the form





z1 = p0 + p1 f1(x1) + p2 f2(x1) + · · ·+ pn fn(x1)

z2 = p0 + p1 f1(x2) + p2 f2(x2) + · · ·+ pn fn(x2)
...

zm = p0 + p1 f1(xm) + p2 f2(xm) + · · ·+ pn fn(xm)

(A.12)
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with n parameters to fit, m data points, xi the data vector of the i-th input, and
fk(x) the a priori known functions that use the input data vector xi. Then, the
fitted function scaling parameters p can be found using the following.

By postulating

A =




1 f1(x1) . . . fn(x1)
...

... . . .
...

1 f1(xm) . . . fn(xm)


 , (A.13)

Equation (A.12) can be rewritten in matrix-form

Ap = z, (A.14)

where z is the vector containing the output values, and p contains coefficients
that are to be found. Then, by using pseudo-inversion techniques (e.g. singular
value decomposition), the solution is found by

p = A−1z. (A.15)

The RMS error of this solution can be found by

RMSE =

√
1
n ∑

(
(Ap− z)2

)
, (A.16)

where the square is calculated element-wise and the summation sums all matrix
elements.

A.3 Scaling of IGBT switching losses

The switching losses of IGBTs are dependent on various things, such as the gate
resistance, the conducted current, the voltage and the parasitic elements in the
circuit. The gate-resistor dependency that is used while modeling the switching
losses is determined from the manufacturer datasheets, shown in Figure A.1. It
can be seen that the turn-on losses of both IGBTs scale linearly with the gate re-
sistance. Moreover, a rough approximation of the turn-off losses can be made by
assuming that these losses are independent of the gate resistance. This is valid
especially when the gate resistance is relatively low, which is generally the case.
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(a) (b)

Figure A.1: The dependency of switching losses as a function of the gate resis-
tance, in (a) Infineon FF200R06YE3 IGBT, (b) Infineon FF150R12KE3G. The grey
dash-dot-dotted lines indicate the linearized approximation.



176 CHAPTER A: APPENDICES

According to [51], the switching losses of IGBTs can be scaled according to

Esw = Esw,ref

(
VCE

VCE,ref

)Kv
, (A.17)

with Kv ≈ 1.2. In most cases, linear scaling (Kv = 1) will be sufficiently accu-
rate, as a factor two variation in VCE will then cause only 14.9% of error when
compared to the nonlinear model. In the losses models, linear scaling is used for
simplicity.



Nomenclature

Conventions

Convention Description
x(t) Value of x at time t.
X Mean or RMS value of x.
x′ Value may be considered constant in switching

frequency time interval.
x, X Matrix or array.
x̂ Peak/maximum value of x.
|x| Absolute value of x.

where x can be substituted by an arbitrary symbol or parameter.

Global symbols (Latin)

Symbol Unit Description First use
CNVL F Neutral-voltage lift capacitor 4.2.1

Continued on next page
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Symbol Unit Description First use
dn - Array with all AB duty-cycles 2.2.2
imains A Mains grid phase current 4.2.1
imains,ref A Control loop mains grid phase-current

reference
3.2.1

iσ A Current through Lσ 2.1
in A Current flowing to AB n 2.1
in,set A Decoupler current-flow to AB n set-point 3.2.1
kmax - Harmonic at which to truncate

Fourier-series
2.2.3

KPI USD Key performance indicator, USD
required for given efficiency

5.4

Lσ H Total series inductance in loop of ABs 2.1
nratio - Transformer winding ratio 4.3.2
Pn W Power flowing in AB n 2.2.2
Pn,set W Decoupler power-flow to AB n set-point 3.2.1
Ppos W Total power of all sources processing

positive power in PBC
3.3.2

Snm - Transistor m of AB n 2.1
Tn - Transformer of AB n 2.1
Tsw s Converter switching-cycle period-time 2.2.2
un V Voltage between switched-nodes of AB n 2.1
Upos V Voltage vector length of all sources

processing positive power in PBC
3.3.2

vNVL V Neutral-lift voltage 4.2.1
vNVL,ref V Control loop neutral-lift voltage reference 4.2.1
vn V Voltage over AB n 2.1
vnN V Voltage from mains phase n to mains

neutral line
4.2.1

Xn - Harmonic scaling factor of AB n 2.2.2

Global symbols (Greek)

Symbol Unit Description First use
γ - Scaling factor of current iσ 3.3.2
φn rad Phase shift of AB n 2.2.2
ωmains rad/s Mains grid frequency 4.2.1
ωsw rad/s Switching frequency of converter 2.2.2
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Acronyms

Acronym Description First use
AB Active-bridge 1.2
ADC Analog-to-digital converter 4.3.3
CM Common-mode 6.2.1
DAB Dual active-bridge 1.2
DM Differential-mode 6.2.1
DSP Digital-signal processor 6.1
EMC Electro-magnetic compatibility 6.1
EMI Electro-magnetic interference 5.4
FIR Finite impulse-response 4.3.3
FPGA Field-programmable gate array 4.3.3
FRF Frequency-response function 4.3.3
IGBT Insulated-gate bipolar transistor 2.2.1
IMY Isolated matrix Y-rectifier 5.1
KPI Key performance indicator 5.1
LISN Line-impedance stabilizing network 6.2.2
LUT Look-up table 3.4
MOSFET Metal-oxide-semiconductor field-effect

transistor
3.4

NVL Neutral-voltage lift 4.2.1
PBC Power-balance control 3.1
pcs Pieces 5.2.1
PF Power-factor 6.1
PFC Power-factor correction 1.2
PI Proportional and integrating 4.3.3
PLL Phase-locked loop 4.3
PSC Phase-shift control 3.1
PTC Positive temperature-coefficient 4.2.2
PV Photovoltaic 1.1.1
PWM Pulse-width modulator 4.3.3
QAB Quad active-bridge 2.1
RMS Root mean square 2.2.2
RPM Revolutions per minute 6.1
SEB Single-event burnout 4.2.1
SF-PLL Synchronous-frame phase-locked loop 4.3.3
SISO Single-input single-output 4.3.3
THD Total harmonic distortion 4.3.3

Continued on next page
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Acronym Description First use
USD US dollar 5.2.1
VCO Value-controlled oscillator 4.3.3
ZCS Zero-current switching 2.2.4
ZVS Zero-voltage switching 2.2.4
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