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Abstract

In the last years, power generation from renewable energy sources has increased
steadily. On the one hand, this enables the independence from fossil fuels and
the potential for decreasing electric-energy cost. On the other hand, the share of
volatile power generation in the electricity grid increases. Moreover, while in the
past power has been generated centrally in large power plants and injected into
the high-voltage transmission grid, now vast amounts of electric energy are fed
into the low- and medium-voltage grid. Consequently, the electricity grid needs
to handle fluctuating power generation and reversal power flows from the lower
to the higher voltage grids more often. Since the classical electricity distribution
grid has been designed for unidirectional power flow and only has limited control
capabilities, measures have to be taken.

In modern applications, direct current (dc) has proven advantageous compared to
the classical alternating current (ac) technology. It allows the transfer of more
power since the utilization of cables and lines is higher. Moreover, renewable
energy sources, which are mostly dc or variable ac sources, can be connected
more efficiently to a dc system. Since these dc systems use power-electronic
converters, power flows can be controlled actively to allow optimal utilization of
lines and the limitation of fault currents. Moreover, since these converters operate
at relatively high frequencies, valuable materials like copper and steal, used for
50 Hz transformers, can be saved. The utilization of dc in the medium-voltage
distribution grid would increase the capacity of the existing cables and adds control
capability to cope with the volatile power generation from renewables [1].

This work is dedicated to the implementation of a high-power medium-voltage
dc-dc converter and the construction of a full-scale mega-watt prototype. This
converter is used to step up or step down dc voltages and is therefore considered
as the equivalent of the transformer in the classical ac system. Also based on the
previous work of Lenke [2], the dual-active bridge (DAB) has been identified as
optimal dc-dc-converter topology for a grid application. It allows bidirectional
power flow, provides galvanical isolation and utilizes zero voltage (ZV) or zero
current (ZC) switches, which reduce the losses in the converter significantly.

Chapter 1 gives the motivation for dc systems. Based on a short historical digres-
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sion, the advantages of dc are discussed in detail. Moreover, several applications on
low, medium and high voltage levels are introduced, in which dc is contemplated
or has been implemented successfully already. Different dc-dc converters suitable
for high-power medium-voltage applications are introduced and an overview on
different research works is given.

In chapter 2, the DAB converter is modeled to allow the proper design of voltage
and current control. Based on the findings, a fast current controller is introduced
and demonstrated. Moreover, a balancing control is presented compensating the
effects of asymmetric transformers.

Chapter 3 discusses the soft-switching nature of the converter. The use of an
auxiliary resonant-commutated pole (ARCP) to ensure soft-switching in the entire
operating range is discussed in detail. Different devices in the ARCP are compared
in terms of losses and costs. Finally, the pay-back period of such a system is
calculated for an exemplary application based on the costs for the developed
full-scale prototype.

The high-power medium-frequency transformer is discussed in chapter 4. Through
its high switching frequency, the transformer enables the high power density of
the dc-dc converter. Based on a short introduction, different core and winding
materials are discussed for the use in the high-power high-frequency transformer
prototype. Since the voltage waveforms in the DAB are square shape, the impact
of the higher harmonics on the core losses is evaluated in detail. Finally, different
methods to increase the stray inductance of the transformer are compared. The
stray inductance of the transformer shall serve as an integrated filter element for
the converter. The findings result in the design of a 2.2 MVA transformer to be
operated in a 5kV dc-dc converter.

Finally, chapter 5 presents the construction and the setup of the high-power
medium-voltage demonstrator of the DAB converter. This chapter combines the
findings from the previous chapters and gives some impression on the construction
and the commissioning of the converter. The medium-voltage dc-dc converter is
rated for 5kV dc-link voltage and a power of 5 MW.

The work is completed with a summary and outlook.
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1 Introduction

This chapter gives the motivation for dc technology and high-power medium
voltage (MV) dc-dc converters. An overview of dc technology and dc-dc converters
is given. This overview includes advantages, challenges and the current state of
research regarding dc technology.

1.1 “The War of Currents”

Today’s transmission and distribution of electric energy mainly relies on ac grids
operated at a frequency of 50 Hz or 60 Hz. At the end of the 19*" century, ac was
established since, with the invention of the transformer [3, 4], it allowed, compared
to dc, an easier and more efficient voltage transformation at that time.

Soon people realized that the transformation to higher voltage levels is essential
to efficiently transmit electric energy over long distances. In Germany, the first
three-phase high-voltage alternating current (HVAC) transmission line, connecting
the cities of Lauffen and Frankfurt, was commissioned in 1891 on the occasion of
the International Electrotechnical Exhibition. The rugged ac technology enabled
a power transfer across 176 km at an operating voltage of 15-25kV. From the
high voltage (HV) generator located in Lauffen to the low voltage side of the
transformer placed in Frankfurt a peak efficiency of 74.5 % was achieved [5].

In those years, HVAC generators and efficient transformers made the success of
HV energy transmission possible. This decided the so-called “war of currents” and
established ac technology for transmitting and distributing electric energy [6].

In the present days, the advances in materials research and semiconductor devices
allow an efficient voltage conversion for dc as well. This motivates the revision of
ac versus dc and the advantages, disadvantages and potential of dc technology.
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1.2 DC in a Nutshell

Although today’s energy distribution relies on ac, dc is already advantageous in
many applications. The main drawbacks of the classical ac are reactive power
demand, inflexibility and skin and proximity effects. At the same time, dc
technology allows a higher utilization of materials. Finally, the main problem with
dc, the absence of dc circuit breakers, has been solved and demonstrated through
full-scale prototypes [7]. In the following, these issues are introduced to illustrate
the motivation for dc technology concisely.

As said before, one of the main drawbacks of ac systems is the required reactive
power demand. Reactive currents generate losses, however, they are not transfer-
ring active power. They result from the reactive impedances of transmission lines,
cables and the loads. The reactive line impedance and its reactive power demand
increase with the length of the line or the cable. Long distance cable connections
have a large reactive power demand, which impedes an efficient energy transfer.
Hence, the connection of offshore wind farms far out in the sea with ac undersea
cables is not economic.

The skin effect is another disadvantage in an ac systems. It is caused by the
magnetic field of ac currents flowing through conductors, causing a displacement
of the currents. This current-displacement effect reduces the effective area of
the conductor and increases its resistance consequently. The effect, which is also
explained in detail in chapter 4.1, is especially critical for higher frequencies. For
conductor diameters larger than 20 mm, however, the skin effect is noticeable even
at 50 Hz, thereby decreasing the efficiency [8].

Another issue with the classical ac power system is that since market liberalization
the mix of power generation drastically changed: the share of decentralized and
renewable energy source connected to the grid increases steadily. Most of these
sources are volatile and vary their power generation constantly, e.g. with the
weather or the season. To compensate these fluctuation, power flows have to be
controlled and rerouted in the power system. The classical power system, however,
only has little control capability. It has been built at a time, when generation
was well determined solely through large power plants. Moreover, the large and
heavy generators in the power plants have offered sufficient inertia to stabilize
the grid during short transients. Now, different measures have to be taken in ac
grids to control power flows and to ensure its stability and efficient operation.

The measures are numerous: “phase angle regulators”; “subsynchronous resonance

damper”, “static volt-ampere reactive (VAR) compensators”, “static synchronous

compensators (STATCOMSs)”, “static synchronous series compensators (SSSCs)”.
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Condensed in the expression flexible ac transmission system (FACTS), these
devices are required to maintain the power quality of modern ac networks [9,
10].

In dc systems, many of the above-mentioned issues are not present like reactive
power demand and skin effect. Moreover, power electronics in dc converters allow
active power flow control in (meshed) grids.

Furthermore, the power-transfer capability of dc is higher as well. This is due to
the fact that the insulation of ac cables is rated for the maximal peak voltage. For
the power transfer, however, the root-mean-square (RMS) value of the voltage
is decisive. This is illustrated by a MV cable suitable for ac as well as dc:
HELUTRAIN 4GKW-AXplus [11]. In an ac system, this exemplary cable is rated
for 3kV RMS line-to-line voltage. For operation in a dc system, the cable is
approved for +2.7kV. Comparing the maximal power that can be transferred per
number of wires n, whereas the ac system is operated with three wires and the dc
system is operated with two wires, leads to:

p/n|dC 2:2.7kV-1

_ 2 _
Pl = Taaw = 196 (1.1)
ac 3

This best-case scenario neglects the influence of the skin effect and the reactive
power demand. Although, the power-transfer capability using dc can be increased
by 56 % compared to ac [12].

In a similar manner, dc can increase the power-transfer capability of overhead
power lines. According to [13] the same tower structure can be used for operation
with £380kV dc instead of 220kV ac. This corresponds to a three-fold power
increase.

Interrupting fault currents in a dc system has been an issue for a long time.
Breaking current in an inductive line generates an arc between the opening
contacts, where the contacting medium might be air, vacuum or sulfur hexafluoride
(SF¢) [14-16]. The arc extinguishes when the current crosses zero [17]. In an
ac system, the current crosses zero naturally about every 10 ms, leading to the
extinction of the arc. In a dc system, a natural zero crossing is not present.
Consequently, the approach of conventional ac circuit breakers is not working for
dc. Instead, the zero crossing has to be generated artificially.

Although breaking fault currents in a dc system, has been considered as the biggest
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challenge, there are different circuit breaker approaches today. DC circuit breaker
can be roughly divided into three categories: mechanical, solid-state and hybrid
circuit breakers [18, 19].

Mechanical breakers are relatively slow. Thereby, the fault current to be discon-
nected is comparatively high. This makes mechanical dc circuit breaker rather
interesting for low-voltage applications. However, the mechanical switches offer
low on-state losses and they are cheaper compared to solid-state switches.

Solid-state breakers consist mainly of power-electronic devices [20-22]. Due to
the absence of moving parts, solid-state breakers are faster. However, their
conduction losses are considerably higher because of the higher on-state voltage of
the semiconductor compared to a mechanical switch.

The hybrid circuit breaker has a mechanical and a solid-state switch. The me-
chanical switch offers low losses during normal operation. The actual breaking of
the fault current is mainly achieved by power-electronic devices. Hybrid circuit
breakers have been demonstrated for MV applications [23]. Moreover, ABB has
first presented a 9kA breaker operating at 320kV for high-voltage direct current
(HVDC) applications [7].

Consequently, many promising concepts have been identified and demonstrated in
practical setups. Now, through further development and experience in the field,
dc circuit breaker have to become as reliable and cost competitive as their ac
equivalents.

1.3 Low- and High-Voltage DC Applications

There are numerous applications in which the advantages of dc could be demon-
strated.

On a low voltage level around 400V, dc is especially promoted for data and
telecommunication centers. Since servers and IT equipment in these buildings
are dc loads, hard switched PWM inverters can be saved if a dc distribution is
used. Using a scaled prototype, 7% energy savings were demonstrated using 400 V
dc instead of 480V ac [24]. Moreover, [25] shows that dc data centers have an
increased availability and a lower probability of failures over time.

In aircrafts, the electrical power consumption increases emphasized by the improved
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performance, reliability and life cycle cost of electrical systems compared to
mechanical, hydraulic and pneumatic systems. Whilst traditionally these airplanes
are operated at high-frequency ac (400-800 Hz), the trend is towards dc distribution
systems operating at 270V or 540V due to the higher power density [26-28].

As mentioned before, ac transmission is not economic for long distances due to
the reactive power demand. If ac is not economic, HVDC is used instead. The
connection of an offshore wind park via cable is a popular HVDC application.
Especially for cables, due to the relative proximity of the conductors or shielding,
the reactive power demand is higher than for overhead lines [29, 30]. A point-to-
point HVDC connection, with its large fixed cost for the power-electronic converters,
is considered more economic for wind parks farther than around 100 km from the
shore (depending on many different factors like soil conditions) [31].

1.4 Medium-Voltage DC Applications

One can assume that applications at MV levels benefit similarly from dc. Conse-
quently, MV applications and MV dc-dc converters are investigated further in the
following.

1.4.1 Target Applications
1.4.1.1 Offshore wind farms

The capacity of offshore-wind electricity generation has heavily increased over the
last years, as illustrated in Fig. 1.1 (a).

As technology develops and experience is being gained, the trend is to move
large-scale wind farms further away from coast lines, i.e. into deeper waters [32].
Figure 1.1 (b) shows the distance from the shore and the water depth of wind
farms, planned for development after 2015. Consequently, to be economical, the
number of parks that need an HVDC connection increases.

A central platform transforms the wind energy to HVDC level to transmit it
to the shore. The collector grid connects every wind turbine of the park with
this converter platform as illustrated in Fig. 1.2. It should be noted that the
schematic assumes the use of full-power converter topology. Since it allows the use
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of standard components, the collector grid is usually run at 50 Hz. AC collector
grids require filter components, which are quite heavy and bulky at the given
frequency.

Furthermore, a converter stage is needed to connect the wind turbines to the
collector grid since the wind generators run at variable frequency.

A more efficient and reliable approach is to remove the inverters and use a dc
collector grid instead [18]. Several dc-collector-grid topologies are depicted in
Fig. 1.3. The optimal topology depends on the wind-park power and its dimensions.
These issues are discussed in detail in [34].

Besides low losses, also heavy and bulky 50 Hz components become redundant
in a dc collector grid, which is especially desirable in an offshore application.
Furthermore, a dc collector field is able to integrate dc sources like battery energy
storage systems and electrolyzers more efficiently.

MVAC HVAC | HVDC
3 lac /HDpC /|3 3
— -
Deld el = 7]
3 1ac /“HbpC /|3
— -
DCH AC 7 T ol | e
3 3[AC -
- :
= A Col
3 |AC /HDC 3 central platform
— ) |
DCH “AC u -
3 |Ac /HDC /3
— -
DCH ~“AC u -

Figure 1.2: Typical ac offshore collector grid
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7 DC 7 DCH /' DCl—
3 [AC 3 |ac /HDC
7 DC 7 DCH /DC
DC /+—
- DCl—

MVDC | HVDC
3 |AC /HDC /4
_/_
DCH /DC
3 |Ac /HDC
_/_
DCH /' DC
DC /+—
+ " DCl—

()

Figure 1.3: Different topologies of a dc collector grid
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1.4.1.2 Photovoltaic

To a large extend, photovoltaic (PV) generation is fed in the low-voltage grid.
However in Germany, more than 30 % of PV is also injected into the 20kV MV
grid as illustrated in Fig. 1.4.

Figure 1.5 (a) shows a possible layout of these large PV parks. Multiple PV
modules are clustered to a subfield. Per subfield one low-voltage inverter generates
a 50 Hz ac voltage. Subsequently, the energy from the subfields is collected in an
ac grid, stepped up and injected into the MV grid.

In an alternative approach each PV subfield is connected to a common medium-
voltage direct current (MVDC) collector grid through a dc-dc converter as shown
in Fig. 1.5 (b). From the dc collector grid one central MV inverter feeds the energy
into the grid.

Since one large inverter usually operates more efficiently than several smaller ones
and since cable losses are decreased, the PV power plant becomes more efficient.
In [36] both options are compared for a particular PV layout. Consequently,
the European efficiency index rises from 96.3 % to 97.9 %. Furthermore, the dc
solution brings even more advantages when the plant is connected to an MVDC
or HVDC grid.

Another issue in large PV plants can be the interference between numerous ac
filters. The work of Dotter et. al. demonstrates that weak grid conditions and a
large number of filters can lead to harmful oscillating currents [37]. This effect
still has to be investigated for large dc facilities. However, it can be assumed that
the smaller dc filters are less critical concerning mutual interference.

1.4.1.3 Transmission and Distribution Grid

To cope with the increasing share of distributed and volatile generation in the ac
grid, solid-state transformers (SST) are an effective solution to control the power
flows in future ac grids.

The patent to achieve voltage transformation through high-frequency using power
electronics has been filed by McMurray in 1970. Back then, he called these devices
“electric transformers” [38]. The principle of the SST today remains the same.
It achieves the ac voltage transformation through a high-frequency ac-link using
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s AC /' —DC / —DC

DC+— /DCI— / AC

MVAC MVDC HVDC HVAC
Figure 1.6: Structure of a a solid-state ac transformer

power electronics. Therefore, the size of the transformer can be reduced. Moreover,
the SST provides power-flow control, voltage-sag compensation and fault-current
limitation [39].

Fig. 1.6 exemplarily shows the SST for a connection between medium-voltage
alternating current (MVAC) and HVAC. A direct conversion from ac to ac without
distinct dc-dc converter stage is another approach. However, this requires special
reverse-blocking semiconductor devices [40].

Converting the distribution grid to dc inherently offers the features of the SST [41,
42]. An MVDC infrastructure enhances the stability of the grid under the influence
of volatile energy generation [43]. Moreover, renewable energy sources are more
efficiently integrated into a dc grid since renewables are mostly dc or variable ac
sources [44]. Finally, the increasing urbanization makes the higher power capability
of dc systems a decisive feature for densely populated areas [45].

Similarly, the transmission grid benefits from the advantages of a dc infrastructure.
In a scenario with a large number of HVDC-operated offshore wind farms, it
seems attractive to connect these to a common dc grid [46]. Similarly, projects
like “Desertec” integrate solar power from desert regions with the help of dc
“superhighways” [47, 48]. Moreover, in new initiatives like Europe’s “Supergrid”
the system’s dc voltage is increased further [49, 50].

1.4.1.4 Electric Ship

The electric ship has become a popular application for MVDC. Recently, the
Institute of Electrical and Electronics Engineers (IEEE) published a standard
for the recommended practice for 1-35kV dc systems on ships [51]. Besides the
already mentioned advantages of dc, some aspects are especially interesting for
naval applications. Using dc, the system can be easily separated into several sub-
systems that have different priorities and safety measures. Through active power



1 Introduction 13

routing, the supply of critical and vital loads is ensured in case of emergency. The
dc system is able to recover faster since generators and motors might not require
synchronization. The use and the efficient integration of high-speed generators and
motors and resulting volume savings are especially interesting in naval application.
Furthermore, redundancy and emergency power supply, like batteries, can be
established easily throughout the dc system [52].

Moreover, there are some analogies between the power grid of an electric ship
and the electricity grid: different voltage buses, relatively high power ratings
and wide proportions (making fault detection and isolation challenging). This
promotes the transfer of technology and findings from the electric ship to grid
applications [53-56].

1.4.1.5 Railway

Particularly in German-speaking countries, where railways are operated at a
frequency of 16.7 Hz, the electrification of trains and locomotives with dc enable
great material and weight savings. Due to the low frequency, 16.7 Hz transformers
and machines, that need to be carried by the locomotives, are especially heavy
and bulky.

Through a power-conversion stage at medium-frequency, the size of passive compo-
nents can be reduced strongly [57-59]. Exemplarily, in [59] the power conversion at
1.75kHz is compared to a conventional drive train. Through the medium-frequency
conversion the power density increases from 0.2-0.35kVA /kg to 0.5-0.75kVA /kg
and the efficiency is increased by 2-4 % on average.

1.4.2 State-of-the-Art

As stated in the previous chapter, dc makes power distribution more efficient
and cheaper. Furthermore, the advantages are utilizable in many different MV
applications. One of the key enablers for dc distribution systems are highly efficient
dc-dc converters. They are required to adapt voltage levels, control power flows
and / or to achieve galvanic isolation. The dc-dc converter can be considered
therefore as the “smart” equivalent of a transformer in an ac system. Some
topologies are even capable to directly limit fault currents. The following chapter
presents the current research foci regarding these converters.
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Table 1.1 presents current research on MV dc-dc converters published since 2012,
While some dc-dc converters are investigated based on simulation solely, others
are actually realized as prototypes. Often larger power ratings are achieved by
a connection of multiple smaller converters in series or in parallel. Then, the
ratings of the smallest converter unit are given to allow comparability. For better
visualization the converters from Table 1.1 are mapped in Fig. 1.7.

As also discussed in the previous chapter, there is clearly a demand for mega-watt
dc-dc converters. However, single dc-dc-converter prototypes are at the moment
limited to 250kW (cf. Fig. 1.7). Higher power ratings are realized subsequently
by interconnection of multiple converter modules. Further advancements could be
achieved through new materials, semiconductor devices as well as new topologies.

Regarding material development, especially wide bade-gap materials, like silicon
carbide (SiC), shall be highlighted. Semi-conductor devices using these materials
allow dec-link voltage up to 15 kV while avoiding a series-connection of devices [60].
However, the resulting common-mode currents, electro-magnetic interference
(EMI) and the impact on the insulation materials (cf. chapter 4.1) needs to be
investigated further.

Regarding converter topologies, many different ones are under research at the
moment. A few are depicted in Fig. 1.8 and Fig. 1.9. These topologies mainly
differ in their power-flow direction (uni- or bidirectional), soft-switching capability
and galvanic isolation. Especially, (inspired by the modular multilevel converter
(MMC) [61-63]) the modular dec-dc converters depicted in Fig. 1.9 allow very high
voltage levels by a massive series connection of sub-modules [64]. Each sub-module
is equipped with an individual dc-link capacitor. By controlling the capacitor
voltage, proper voltage sharing among the switches is ensured. These topologies
are especially interesting for HVDC applications. Moreover, it should be noted
that galvanically isolated dc-dc converters can be connected in series to achieve
very high voltage levels [34].

This work focuses on the three-phase dual-active bridge (DAB3) [65] since it offers
bidirectional power flow, galvanic isolation and soft-switching operation over a
large operating range. Within the scope of this work the DAB3 is investigated
for the use in high-power MV applications. This is demonstrated through the
construction of a full scale MV dc-dc converter.

Msee [2] for data before 2012
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Figure 1.9: Modular dc-dc converters



2 Control of the Three-Phase Dual-Active Bridge
Converter

This chapter describes the operating principle of a DAB3. Subsequently, modeling
principles as well as control structures are discussed. A modulation strategy is
introduced, which allows the setting up of an arbitrary output current within
one third of a switching period. This chapter closes with a control scheme to
compensate the effect of asymmetric transformers in the ac link of the dec-dc
converter.

2.1 Operation Principle

As shown in Fig. 2.1 the DAB3 consists of two three-phase full bridge converters.
The one is referred as primary while the other as secondary-side bridge. Both
bridges are connected via a transformer. This transformer provides voltage
transformation and galvanic isolation, one of the main features of the DAB3. A
static voltage conversion ratio can be implemented easily through the transformer’s
winding ratio N
P
=N (2.1)
with N, and Ny being the number of turns on the primary and secondary re-
spectively. Moreover, the galvanic isolation allows the connection of multiple
converters in series to step up the voltage. Therefore, unity turns ration (n = 1)
is regarded in the following.

Both bridges are operated in fundamental-frequency modulation. Consequently, a
six-step voltage waveform is applied to the transformer as depicted in Fig. 2.2. To
transfer power, both voltages are phase shifted by the power-electronic bridges.
Analogies to a synchronous machine are obvious, where the angle between stator
and rotor is determined by the load. Correspondingly, the phase shift in a DAB3
is referred to as load angle ¢ in the following. According to [65], the power

19
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transferred by the DAB3 is

2
_ up g_i) f <p< T 2.2
ps_wsLsd“a(ia o or 0sesg (2:2)
2 2
Up [ T 7T 27
. = . T < T
P qugd( - 18> for 3 <p< 3 (2.3)

With fs = ws/2x being the switching frequency, Ls being the series inductance in
the ac link and d = us/u, being the dynamic voltage conversion ratio. The series
inductance Ls is a major design parameter of the DAB3. It is either a dedicated
inductance connected in series to the transformer, or the stray inductance of
the transformer used as an internal filter element. This is discussed further in
chapter 4.

Figure 2.3 shows the output characteristics of the DAB3. Depending on the
dynamic voltage conversion ratio, the diagram gives the output power as a function
of the load angle according to (2.2) and (2.3). In the load-angle range from 60-90°
the power increases only slightly. However, the apparent power in the transformer
in relation to the transferred active power increases disproportionately high [2].
Consequently, the operating range above 60° is considered rather to provide
temporary overload.

From the symmetrical structure of the converter it is evident that it is capable of
bidirectional power flow. For negative load angles the power flow reverses.

Apart from the static voltage conversion ratio by the transformer or the mentioned
series connection, the converter allows a dynamic voltage conversion ratio d. To
a large extent, this ratio decides whether the converter operates in hard or soft-
switching operation. Therefore, the operation is particularly efficient when the
dynamic voltage variation is small like in grid applications. This issue is also
discussed later and a circuit is introduced to maintain an efficient operation.
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2.2 Different Operating Areas

As stated before, the DABS3 is soft-switched in a large operating area. Consequently,
the turn-on of the active switches and the turn-off of the diodes are under zero-
voltage conditions. Hence, the reverse recovery losses of the diode and the
consequential extra losses in the active switch are negligible. In these soft-switching
operating points, the active switches can be equipped with lossless du/d: snubbers
to minimize the turn-off losses as well. This topic is discussed separately in
chapter 3.2 in more detail.

Figure 2.3 demonstrates that hard switching occurs either in the primary or in
the secondary bridge. Especially, hard switching occurs at low-load conditions for
large dynamic voltage variations. This makes the DAB3 especially interesting for
grid applications, where voltages vary only slightly in the range of +5-10 %.

A

—d=2

/ soft switching—

/ée d=0.5

— T~
output bridge —>
hard switchin

input bridge
hard switching

power

0 /s /s /

load angle in rad
Figure 2.3: Boundaries of the hard and soft-switched operating areas depending
on the load angle, the transferred power and the dynamic voltage
conversion ratio d = us/u,

2.3 Modeling and Dynamic Behavior

The modeling of the converter supports the understanding of its dynamic behavior
as basis for the control design. Two different approaches are presented based on
state-space averaging (SSA) and first-harmonic approximation (FHA). Finally,
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the resulting models are compared with a detailed circuit simulation. The two
modeling approaches are developed in the scope of this work and have been
presented first in [77, 78].

2.3.1 State-Space and State-Variable Averaging

In the first modeling approach two techniques, SSA and state-variable averaging
(SVA), are utilized. Already in 1976, SSA has been used to analyze the dynamics
of switched converters [79, 80]. It has been applied to the DABI1 in [81-83]. Later
in the modeling approach, SVA is used to reduce the complexity of the model. It
has been applied to other three-phase de-dc converters in [84-86]. In the scope of
this work, it has been applied to the DAB3 for the first time.

As indicated in Fig. 2.2, six states (I-VI) over a half switching period can be
identified. Within each state the voltages applied to the transformer windings
are constant. These six states are used for the SSA approach. The order of the
system and with it its complexity is determined by the number of state variables.
Since inductor currents and capacitor voltages are used as state variables, the
system order is determined by the total number of these devices. Neglecting the
transformer’s main magnetizing inductance and taking into account the three series
inductances and the secondary dc capacitor, the system depicted in Fig. 2.4 is a
fourth-order system. The matrix inversion, as part of the SSA, is computationally
intensive for such a system.

Consequently, SVA is used to reduce the order of the system. In a DAB, the
currents in the series inductances are fast changing compared to the capacitor
voltage. Consequently, the fast changing currents are substituted with their
short-term average in each state. Hence, the system order reduces to one.

ip is ip,

oz 2 FEE [
‘pl—mm— —Em— sl

o Us2 -
iny R3[| &2
2 & Cs== RL[]lus

?p3 Up3 &s3  1s3
L

R AR

Figure 2.4: Equivalent circuit diagram for the modeling approaches
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The averaged state-space representation of the system is

t=A-z+B-u (2.4)
y=C-z+D-u (2.5

with
z=us, y=us, u=U, C=1 D=0 (2.6)

In the following, the system matrix A and the input matrix B are derived for
o > 0. A similar calculation for ¢ < 0 yields the same matrices.

The node equation of the dc capacitor is given by

dqui(i _ )72'73_ Us
dt - Cs ° b= Cs CSRL'
According to the SVA, for each state M € {I,...,VI}, the output current is is
substituted by the average output current

(2.7)

3

o = (Ssenripenr). (2.8)

r=1

Ssenmr gives the value of the switching function in state M of the secondary bridge
of phase z € {1,2,3}. For Sszms = 1 and Sszm = 0 the upper and lower switch
is conducting, respectively. Since the magnetizing inductance is neglected, the
absolute value of the primary and secondary-side transformer currents are equal

(ipzhf = _lszM)

The averaged phase currents are calculated assuming constant dc voltages in
each state and steady-state operation. Consequently, the phase currents at the
beginning of mode I equal the negative phase currents at the end of mode VI:

VI
ipe(0) = —ipa (1) = = | ipa(0) + > Alpans
M=I
1 VI
=3 > Alpen, (2.9)

M=I



2 Control of the Three-Phase Dual-Active Bridge Converter 25

Table 2.1: Transformer voltages and secondary switching function for states M
according to Fig. 2.2

M |1 I I v v VI
Up1 M 1/3 /3 2/3 2/3 1/3 1/3
Us1 M —1/3 /3 13 2/3 2/3 /3
Ss1m 0 1 1 1 1 1
Up2M —2/3 —2/3 —1/3 —1/3 /3 /3
Us2 M —1/3 —2/3 —2/3 —1/3 —1/3 1/3
Ss1m 0 0 0 0 0 1
UpsM /3 /3 —1/3 —1/3 —2/3 —2/3
Us3M 2/3 1/3 1/3 —1/3  —1lf3  —2/3
Ssam 1 1 1 0 0 0
wAtpr \ o e o  T—e@ 9 Ts—gp
where
1
AImeW = f (upzM - usz]\f) . AtM (210)

is the current change in phase x during state M. upzar and usgar are the primary
and secondary transformer voltages of phase x in state M, respectively. Aty is
the duration of the state M.

Due to the linear current slopes, the average phase current i,/ in a state is given
by the mean value of the initial current and final current in state M.

The averaged secondary dc currents for state I and II can be calculated using (2.8)
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and the values in Table 2.1:

151 = 1p31

((34,0—71') Us—l—(s—(p +7r)Up) , (2.12)

= 9wl 2

1511 = Up1 11 + Ip31I

1

Due to symmetry, the averaged secondary currents of the even and odd states are
equal. Consequently, also the system matrices of the even states (Ae, Be) and of
the odd states (Ao, Bo) are equal, respectively. Therefore, the equations (2.12),
(2.13) and (2.7) yield

9w Lg
—2Zs 4 3p— T 32 4 ¢
Ao = L T — B, = -2 2.14
9w L Cl ’ 9w LCy’ ( )
9wLs
el | g0 5
Ao = —2u T Be= 2% 2.1
wLCs ’ 9w L Cl (2.15)

As part of the SSA, the matrices are weighted with the duration of the according
mode. As also the duration Atys of the even and the odd modes is equal, the
averaged system and input matrix are

1

A=2(0pr A (- ) = (2.16)
BI%(BO-SD-FBe-(”/S—@)):LP(jLi:C?)' (217)

By perturbation of the input and output around a certain operating point, the
small-signal transfer functions are determined. The effect on the output is then
linearized to derive the transfer functions for the DAB3. This practice in general
is described in [79]. The steady-state model, which can also be derived from the
characteristic equation of the DAB3 [65] is given by

U, _Buv(3-5)

U I (2.18)
p s

The small-signal transfer function from the input to the output voltage represents
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q
Figure 2.5: Fundamental FHA model of a DAB3

the sensitivity of the output voltage with respect to disturbances of the input

voltage:
s Us/u,
=— == 2.19
=0 Up RiCss+ 1 ( )

Finally, the small-signal transfer function from the load angle to the output voltage

is determined:
Up Ry, (2 Lp) 1
= - ) —. 2.20
- o wLls \3 7w/ R.Css+1 ( )
Up=

2.3.2 First-Harmonic Approximation

The FHA is a common approach to analyze ac quantities in power-electronic
converters. Although these quantities might consist of many harmonics (like the
square wave forms in a DAB), the FHA only considers the fundamental oscillation -
the first harmonic. Consequently, the system can be described by simple ac-circuit
analysis using space vectors and phasors.

The FHA has been applied first to the DAB3 in [65]. It has been used to describe
the steady-state behavior of the converter. Contrary, time dependent space vectors
instead of stationary phasors are used in this work and originally in [77]. Therefore,
the FHA is able to represent the dynamic behavior of the DAB3.

Exemplarily, the fundamental space-vector diagram of a DAB3 is shown in Fig. 2.5.
The angle between the primary and secondary transformer voltage corresponds
to the load angle . The voltage difference U, b~ U . applies across the series
inductance Lg of the ac link. Consequently, the currents
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are perpendicular to the voltage difference as also indicated in Fig. 2.5.

As also discussed further in chapter 3.2, the DAB3 operates in soft-switching when
the current phasor is located between the voltage phasors. Hence, the FHA is also
a good tool to quickly estimate a certain operation point.

In the following, the FHA approach is used to model the dynamic behavior of the
DABS3. The structure of this model is depicted in Fig. 2.6. Primary and secondary
voltage are scaled by 2/~ resulting in the RMS value of the first harmonic. Rotating
the secondary voltage phasor by ¢ and subtracting both voltages give the voltage
difference across the transformer. This phasor is transformed to the stationary
reference frame to achieve a voltage vector rotating according to the switching
frequency. The transformer vector is fed into a transformer model giving the first
harmonic of the ac-link current. Finally, the current component which is in phase
with the secondary side voltage is calculated and fed into the model of the output
filter. The model of the output filter, which is in this example an RC' load, results
in the dynamic secondary dc voltage.

Since the principle of this dynamic FHA model can be depicted in two figures
(Fig. 2.5 and Fig. 2.6) basically, it is very illustrative and especially useful to
understand the operation principle of a DAB3. Moreover, due the modularity of
this dynamic model, the transformer model or the output filter can be changed
easily. This allows a quick comparison of different output filters for example.
However, the accuracy of the model is limited as discussed in the following
section.
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Figure 2.7: Comparison of the models by introducing a step on the primary dc
voltage and the load angle respectively.

2.3.3 Verification and Comparison

In the following, the two models are verified and compared in terms of accuracy.
As a reference, a detailed model is built using the circuit simulator software
Piecewise Linear Electrical Circuit Simulation (PLECS) [87], a toolbox for Matrix
Laboratory (MATLAB) [88].

The SSA model is implemented through equations (2.18), (2.19) and (2.20) in
MATLAB.

The implementation of the dynamic FHA model is according to Fig. 2.6 using
MATLAB and Simulink®. The transformer is modeled with its transfer function
in the s-domain. While stray inductance and winding resistance are considered
in the transfer function, the magnetizing inductance neglected. This ensures
also a proper comparability with the SSA model, which neglects the magnetizing
inductance as well. According to Fig. 2.4, a dc-link capacitor and a resistor
representing a load are connected.

The models are compared by stepping up a certain input variable and observing
the system output, which is the secondary dc-link voltage us. Figure 2.7 shows the
results of the comparison. In (a), a step of the input voltage from 4.5kV to 5.5 kV
is considered, while (b) evaluates a step in the load angle from 12° to 15°.

Considering the step of the input voltage, the SSA model achieves very good
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accuracy. Both the dynamic behavior and the steady-state values agree with the
detailed PLECS circuit simulation. This is reasonable since the system matrices
are independent of the input voltage. Regarding the step of the load angle, the
steady-state value of the output voltage is overestimated. The reason lies in
the quadratic relationship between load angle and secondary voltage, which is
linearized during the process of the SSA.

From Fig. 2.7 it is obvious that the FHA model underestimates the transferred
power. This results in a lower output voltage. The FHA neglects the higher
harmonics which contribute to the power transfer in a DAB3. Consequently, the
dynamic FHA model rather suits an illustrative representation of the converter
than a precise modeling of the dynamic power transfer. However, if additional
higher harmonics were to be considered, this model could be very well suitable for
real-time simulation of dc grids. Since most commercial real-time simulators have
their origin in the calculation of ac grids, they can compute a model based on
harmonic approximations very efficiently. This is also motivated by the fact that
the dynamic behavior of the model matches the circuit simulation very well.

From both models it is evident that the dynamic behavior of the converter is
mainly determined by the dc-link capacitors. Since the current in the ac-link is
limited by a comparably small series inductance, its dynamic is much higher. This
and the observation of the oscillations in the dc currents after an abrupt stepwise
change of voltage or load angle have led to the investigations on the instantaneous
current control (ICC).

2.4 Instantaneous Current Control

The ICC, which is presented in the following section, allows the control of the
output current of a DAB3 within one third of a switching period. It has been
presented first in [78, 89, 90]. Based on the ICC, the improved instantaneous
current control (I*CC) has been developed, which was presented first in [91, 92].

2.4.1 Applying the Clarke Transformation

Equation (2.22) and (2.23) represent the well-known Clarke transformation [93].
Presented in 1943, the Clarke transformation allows the representation of a three-
phase system in the two-dimensional «f3-plane. In the following, it is applied to
the quantities of a DAB3.
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. . g 2 /. ) ) . 1120°
i, = ipa + jipp = 3 (zpl + aip2 + Q2Zp3) with g = ™ (2.22)
or
i 21 =1 _1 Z:PI
u =3 [o v | | (2.23)
p 2 2 ip3

Applying the Clarke transformation to the ac currents in a DAB3 and plotting
the resulting currents i« and ipp in the af3-plane result in a hexagon as depicted
in Fig. 2.8.
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Figure 2.8: Applying the Clarke transformation [93] to the ac currents in a DAB3
results in a hexagon in the «f3-plane

Figure 2.9 shows the formation of the trajectory within a half switching cycle. In
each state (cf. chapter 2.3), the vectors of the transformer voltage are constant
in amplitude and phase. The current vector develops along a trajectory which
is indicated by a dashed line in the figure. Note that the current vector itself
is not shown. It ranges from the point of origin to a point on the trajectory.
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Neglecting the winding resistance and the transformer’s main inductance, the
current vector moves in parallel to the difference of the voltage vectors. In each
state, the length of the trajectory is proportional to the duration of the state.
Therefore, the main edges of the current trajectory are proportional to the load
angle . In the following, the trajectory is observed during a load step.

2.4.2 The Instantaneous Current Control (ICC)

If the load angle is changed abruptly from ¢; to w2 the current trajectory will leave
the origin as depicted in Fig. 2.10 (a). This shift results in diverging phase currents
and, consequently, in an oscillation of the dc-link currents. After the displacement,
the trajectory returns to the center in an exponential manner. The time constant
of the exponential decay 7 = %Z is determined by the series resistance and the
inductance of the ac link.

As stated before, the main edges of the trajectory are proportional to the load angle.
Consequently, setting the load angles of each converter phase independently, the
trajectory can be centered immediately after the transition. This is the principle
of the ICC. From infinite combinations to control the phase angles during the
transitions, Fig. 2.10 (b) and (c) depict two particular methods. The load angles
in the time domain using these methods are shown in Fig. 2.11.

The two-step method is the fastest way to move from one trajectory to another.
The transition is completed after one third of a switching period. It may however
lead to an overshoot, in particular when the power shall be reversed as shown
later. Implementing the two-step method, two intermediate load angles ¢ and
pi2 are set during the transition. Regarding a load-angle transition from 1 to @2,
the intermediate load angles are pt1 = @2 and @2 = @1 as depicted in Fig. 2.11.
This corresponds to the application of the new load angle at either a rising or
falling edge in all three phases.

Using the three-step method, a third intermediate load angle is introduced. For
convenience all three transition load angles can be chosen equal i1 = @2 = @3 =
%. The angle that is being set during the transition is the mean value of the
initial and the target load angle.

Figure 2.12 shows a simulation comparing an abrupt change of the load angle and
ICC three-step method. The proof of both ICC methods can be found in [78]. It
should be noted that the ICC works equally well when the sign of the load angle
changes to reverse the power flow.
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Figure 2.10: Load-angle step without ICC and two different ICC methods
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2.4.3 The Improved Instantaneous Current Control (12CC)

The ICC neglects the series resistance in the ac-link. It achieves very good results
for highly efficient transformers so that 7 = Ls/r, > 1/f,. In case 7fs becomes
smaller, there might still occur unwanted oscillations on the dc currents using the
ICC. For these scenarios the I?CC has been developed and presented first in [91,
92].

Similar to the ICC, there are two methods, a two-step and a three-step method,
using two and three intermediate transition load angles respectively. However,
compared to the ICC, the transition load angles have to be corrected by an
additional factor .

K=e BFf7. (2.24)

The equations of the I?CC involve logarithmic and exponential terms which are
computational complex regarding the implementation on a digital signal processor
(DSP). Therefore, the equations are approximated using the first element of the
Taylor series around point (p1,p2) = (0,0).

Considering the two-step method, the transition load angles are:

) | (5275)6% +e‘2:’fiT (Ii2fli) Y1+ @2 9 95
pu1(p1,p2) =27 forIn K2 —rKk+1 - K2—Kk+1 (225)
2 ®1 _P2 2
kel 4 (1 — K)e ZnfsT K71+ (1 —K) g2
=2 fsr] ~ :
w2(p1,02) T fsT n( K2 —r+1 K2—kKk+1
(2.26)

Like for the ICC, the three-step method uses three constant transition load
angles:

w1 (p1,92) = Pr2(p1,02) = @3(P1,02)

=27 fs7l 2.27
7 fs7 In PR ( )

Kl o1+ 0o

2.2
pr] (2.28)



2.4 Instantaneous Current Control

38

»&vwa&vw“&vw »&VT&VMLA@& »s.vfs.vm“&vw

t t t
A ippC A ippC A ippC
»
s.vm > &vm s.vm >
4 >
M MW ipe ip N/ ine
(a) Abrupt change (b) ICC two-step method (c) *CC two-step method

Figure 2.13: Comparison between ICC and I?CC with 7f, = 1



39

2 Control of the Three-Phase Dual-Active Bridge Converter

G0 = Sf+ i DD ,I pue HOT uvemjaq uostredwo)) ' 2mMS1
poyjewr dogs-omy D)), T (9) pojewt degs-omy DT (q) dniqy (e)

v, vy

£dy gy (1dy | edgzdy 1y gdyfedy ‘Tdy



40 2.4 Instantaneous Current Control

2.4.4 Verification

In the following, the ICC and I*CC are demonstrated using a 50V small-scaled
converter. The converter uses insulated-gate bipolar transistors (IGBTs) (Infineon
1KW30N60) that are switched at 10 kHz.

2.4.4.1 Measurements of the ICC

Firstly, the load angle is changed from 30° to 45°.

As evident from Fig. 2.15 (a), the abrupt change of the load angle leads to a shift
of the hexagon from the origin. Using the ICC (three-step method), the new load
angle can be set fast while avoiding the shift of the hexagon.

Next, the ICC is demonstrated for a reversal of the power flow. The load angle is
changed from —30° to 45°.

Changing the load angle in an abrupt manner, shifts the entire hexagon out of
the origin leading to intensively diverging phase currents and oscillations on the
dc-link currents. As demonstrated in Fig. 2.16 (b), the ICC is very effective even
when the power flow has to be reversed.

The remaining transient is caused mainly by a tilting of the hexagon. This results
from the forward voltage drop of the power-electronic devices, which is non-linear
and different for IGBT and diode. During the power-flow reversal this effect is
especially noticeable since for different directions of power flow different devices
are mainly conducting the current. Moreover, the ICC neglects the influence of
the main inductance and the resistive losses in the transformer.

However, this measurement corresponds to a load jump from —58 % to 81 % of
the nominal power. Regarding this very extreme scenario, the ICC still performs
fast and accurately.

Startup and Emergency Stop Analogously, the ICC can be used during the
startup and emergency stop. In Fig. 2.17, the system sets a load angle of 45°
immediately after the startup. Again the ICC settles instantaneously on the target
trajectory. Only a small transient can be observed, which (additionally to the
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Figure 2.17: Measurement of a startup

reasons named above) results from the main inductance of the transformer which
has to be magnetized during startup.

Similarly, the ICC can be used during an emergency stop to demagnetize the
series inductances very fast and remove the energy in the system as quickly as
possible.

2.4.4.2 Measurements of the 1°CC

The I2CC is verified as well using the small-scale laboratory prototype. To show
the advantages of the I?CC over the ICC, the unfiltered dc current before the
dc-link capacitor is calculated from the phase currents iy . . .4p3 and the switching
function of the according bridge.

The transformer has a series inductance of Ly = 250pH and a resistance of
Rs = 0.8Q leading to fs7 = 3.12 at 10kHz switching frequency. The before
mentioned voltage drop of the semiconductor devices, however, leads to an effective
fsT of 0.44.

The load-angle step is from 0° to 40°. This leads to the transition load angle for
the ICC of p11 = pr2 = i3 = 20°. Within the experiment the & is set to achieve
a fast transition to the target load angle. Consequently, the transition load angle
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of pr1 = pr2 = 3 = 31.2° is set for the I2CC three-step method.

The results of the measurement are depicted in Fig. 2.18.
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2.5 Closed-Loop Control

The ICC and I2CC are very fast open-loop current-control methods. Closed-loop
current and voltage controller that utilize the fast dynamics of the two ICCs are
discussed in the following. Parts of this work have been presented also in [77].

Since the dc current can be set within one third of a switching period, it can be
assumed that the dynamic of the converter is mainly limited by the switching
frequency and the dc filter, namely the dc link capacitors. This can be concluded
from the modeling approaches in section 2.3 as well.

A straightforward approach to design a closed-loop voltage controller is a cascaded
control structure [94]. They consist of an inner and an outer control loop. The
current controller, with its higher dynamic, regulates the inner loop, while the
voltage is controlled in the outer loop. Cascaded control structures have two main
advantages. Disturbances in the inner loop are compensated directly independent
from the slower outer loop. Moreover, the cascaded controller consists of two
controllers. Since these controllers can be designed subsequently, the design process
is more intuitive. On the contrary, the use of two cascaded controllers results in a
lower bandwidth of the outer control loop.

Figure 2.19 shows one possible controller implementation. As stated, the current is
controlled in the inner loop while the voltage is controlled in the outer. Moreover,
a feed forward in the current control is used which consists of the power equation
of the DAB3. The share of the load angle contributed by the feed forward (cf.

Fig. 2.19) is
2 2m\? 2mwLs
=2 _ [(*) _ 2.29
3 \/( 3 ) U, (2.29)

Since the power equation neglects the transformer’s main inductance, the winding
resistance and the forward voltage drop of the power semiconductors, a feed-back
control should be implemented as well. This can be for example a proportional-
integral (PI) controller.

The voltage is controlled in the outer control loop. The gain of the voltage
controller, which is a PI controller in the example, is tuned according to the
dc-link capacitor and the load.

The proposed feed-back control is a straightforward approach, which is easy to
implement and to design. A current limiter can be implemented easily by limiting
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the reference current. Note that an anti windup mechanism should be implemented
when a control variable, either the current or the load angle, is limited.

For most applications, the proposed control is well suitable. If higher control
bandwidth is required or the switching frequency is very low, techniques like
disturbance feed forward, dead-time compensation or adaptive control can be
implemented [95-97].

2.6 Balancing Control

In the following section, the effect of asymmetric series impedances in the ac-link
and the consequences on the converter are discussed. Moreover, a control method
is introduced to compensate the effect of asymmetric impedances. Parts of this
work have also been published in [78, 98].

2.6.1 Motivation

Often the stray inductance of the transformer Ly is used as internal filter element.
Hence, the stray inductance of the transformer serves as series inductance Ls. In
this case, a careless design of the transformer can lead to asymmetric impedances
in the ac link.

This is demonstrated in the following. Figure 2.20 (a) gives the winding and core
arrangement of a standard three-phase three-leg transformer. Considering this
arrangement, the transformer is designed for the use in a 5kV DAB3 operated at a
switching frequency of 1 kHz. Increasing the distance between the primary winding
P; and secondary winding S; of each phase i € {1,2,3}, the stray inductance is
increased to serve as integrated series inductance. This distance is set for each
phase equally.
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A finite-element method (FEM) model of this design is created using the simu-
lator Finite Element Method Magnetics (FEMM) [99]. To determine the stray
inductance of each phase, the secondary winding is shorted while the primary
winding is supplied. Consequently, a magnetic field is generated between primary
and secondary winding. The energy stored in the magnetic field corresponds to
the energy stored in the stray inductance of the transformer’s equivalent circuit.
This way the value of the stray inductance can be determined from the FEM
simulation. Alternatively, one can calculate the stray inductance from the current
and voltage phasors, which leads to the same result.

Figure 2.20 (b) shows the result from the simulation to determine the stray
inductance of the first phase. Carrying out this simulation for the other phases as
well leads to

Lot = 104.5 pH (2.30)
Lo = 112.1 pH (2.31)
Los = 104.5 pH. (2.32)

Although the transformer is perfectly symmetrical, the second phase located on
the central core has a higher stray inductance. This results solely from the use of
a three-legged core. Evident from the simulation in Fig. 2.20 (b), the magnetic
field is denser in the winding windows resulting from the yoke above and below
the winding. In the outer part of the transformer, the stray field spreads wider.
Consequently, the stray inductance of the second phase is larger since the magnetic
field increases.

This example illustrates that a very marginal variation in the geometry already
has a significant effect on the stray inductance of the transformer. Including
manufacturing tolerances, +5 — 10 % variation of the stray inductance between
the phases is reasonable.

2.6.2 Impact of Asymmetric Impedances on the Converter

The impact of an asymmetric series impedance in the ac link is investigated
through a laboratory prototype. The converter is operated with a primary- and
secondary-side dc-link voltage of 60V at a switching frequency of 10kHz. The
main inductance of the transformer’s three phases are Ly; = 2.7mH, Lys = 2.1 mH
and Lps = 2.4mH. Moreover, the stray inductance of each phase is Ls1 = 394 nH,
Loo = 2331H and Lgs = 248 pH. The load angle in that measurement is ¢ =
38°.
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Figure 2.20: Stray-inductance analysis through an FEM simulation

Figure 2.21 shows the result of the measurement. Due to the asymmetric trans-
former, the phase currents are unequally distributed among the phases. The phase
with the smallest series inductance carries most current. If the phase currents are
transformed to the af3-plane, the resulting hexagon will be deformed as depicted
in Fig. 2.21 (b). From the dc input and output current, shown in Fig. 2.21 (c)
and (d) respectively, one can see that the current ripple increases. The current is
superimposed by a second order harmonic with respect to the switching frequency.
The dc input and output voltage ripple, depicted in Fig. 2.21 (e) and (f) respec-
tively, is calculated from the dc current and the assumption the dc-link capacitor
being 100 pF. The second-order harmonic can be observed in the dc voltage as
well.

Due to the asymmetry in the transformer the phases do not share the current
equally. Consequently, the windings of the transformer and the power-electronic
devices might show different temperatures for the three phases. Ultimately,
the converter would need to be derated according to the devices sharing the
highest current. The harmonics on the dc current increase leading to higher
losses in the capacitors. Moreover, the voltage ripple on the dc-links is increased
unnecessarily.

The length of the hexagon’s edges is proportional to the load angle of the particular
phase. As the hexagon in the af-plane deforms under the influence of the
asymmetry (cf. Fig. 2.21 (b)), it is possible to correct it using individual load
angles for each phase. This is the main principle of the balancing control.
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Figure 2.21: Influence of an asymmetric transformer on a DAB3
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2.6.3 Compensation of Asymmetric Impedances

Having asymmetric impedances in the transformer and introducing individual
load angles, two issues have to be kept in mind.

Usually the potential of the transformer’s star point is either plus or minus %Up
with respect to the mid point of the balanced dc-link. For an asymmetric system,
however, the voltage is

Lg1Lg2 _;’_ LgiLgs _|_ LoaLgs

U U
Unp1 = -2 + AU S Ny g 6 3 2.33
NP AN = S s T Tos + LoiLos + LozLos (2:33)

In the following, an impedance variation of +5 % is considered. Consequently,
AUnp,1 is less than +1 % of the dc-link voltage. For the sake of simplicity, this
effect is neglected and phase voltages of :I:%UDC and :t%UDc are assumed.

Secondly, one has to note that when different load angles for the three phases
are set, 120° phase shift between the phases can not be kept up for the primary
and secondary side at the same time. In other words, besides the load angles,
two additional degrees of freedom come along: the phase shift of two phases
with respect to the reference phase. For the first investigation the phase shift
is set symmetrically on the primary and secondary bridge. Consequently, the
gating signals on the primary and secondary bridge are shifted by —% and %

2
respectively.

Equalizing the rms value of the ac currents, for example, ensures a balanced
distribution of the winding losses in the transformer. This is verified through a
simulation using MATLAB and PLECS with the following parameters:

U, =5kV L1 =230 pH Ry =15mQ
Us =5.5kV Lgs = 160 pH Ly = 100 mH
fs = 1kHz Lo3 = 200 pH

The simulation results are depicted in Fig. 2.22. Initially, the reference output
current is set to 500 A. All phases are operated with the same load angle. As
discussed before, the transformer currents are unequally distributed among the
phases. At tp = Oms the balancing control is switched on. Consequently, the
phase currents converge while the power-controller keeps the total output power
stable. At ¢t; = 40 ms the power controller receives a new reference value of 1000 A.
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Note that during the transition, the phase currents remain stable. Finally, at
to = 70ms the balancing control is switched off and the transformer currents
diverge.

The balancing-control structure is depicted in Fig. 2.23. One dedicated controller
achieves the power regulation. In the given example, this controller sets the load
angle of the third phase ¢3. The balancing controllers set the load angles for the
first and second phase ¢1 and ¢2. They are controlled in a way that the RMS
value of the three ac currents is equal.

It should be noted that the three phase currents and load angles are strongly
coupled by the nature of the DAB3 and the controllers interact with each other.
Since the dynamic of the balancing controllers, however, can be very low, it is
unlikely that the balancing and power controllers build up oscillations. In fact,
very good results are achieved with the balancing controller being pure integral
controllers.

2.6.4 Optimization Objectives

Figure 2.24 gives a close-up view of the simulation in Fig. 2.22. Although the
RMS currents are balanced, there is still a second harmonic on the dc currents.
Actually, there are multiple optimization goals:

equal RMS phase currents,

minimal dc voltage ripple on the primary,

minimal dc voltage ripple on the secondary,

minimal capacitor RMS current on the primary,

minimal capacitor RMS current on the secondary,

equal turn-off currents (main contributor to the switching losses),
compensation of the second harmonic on the primary dc current and
compensation of the second harmonic on the secondary dc current.

It has been shown that, for example, it is not possible to minimize the dc-voltage
ripple on the primary and on the secondary at the same time [98]. Rather, a
single optimization goal has to be found on the one hand. For example, due to
the operating range of a converter the primary dc-capacitor current is always
larger than the secondary. Consequently, the primary dc-capacitor current shall
be minimized.
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On the other hand, one can optimize the system taking multiple objectives into
account. This includes the definition of a cost function which is minimized during
the optimization process. The definition of this cost function depends on the
specific application of the converter.

2.6.5 Practical Implementation

Due to the elevated frequency, it is challenging to determine the RMS value
accurately. Consequently, an alternative control scheme is investigated beside the
feed back of the RMS currents.

To balance the transformer currents, three characteristic current values (one for
each phase) are fed back to a current controller. Ideally, these current values
can be acquired via a single sampling point for each phase without further post
processing. To ensure a robust implementation, these points should not be sampled
at a switching action concurrently. Consequently, the midpoints of the linear
current trajectories are analyzed for suitability.

Figure 2.25 shows different sampling points that are intended as reference input
for the feed-back control. For the different investigated control methods either
the currents marked with a cross (i+), a dot (ie) or an 'x’ (ix) are equalized by
the controller.

In the following comparison, the primary and secondary dec-voltage ripples (Aup
and Aus) are used to benchmark and compare the different approaches. A
comparison is conducted using U, = 5kV and ranging Us from 4.5kV to 5.5kV.
The stray inductance of the transformer is Ls1 = 230 pH, L2 = 160nH, Loz =
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200 nH for the asymmetric case and Ls = 200 nH for the symmetric case. The
switching frequency is assumed fs = 1kHz and the dc-link capacitances on the
primary and secondary side are 1 mF each. The comparison of the different input
variables is shown in Fig. 2.26. The balancing scheme based on controlling the
current e achieves good results only for low load angles (¢ < 15°). Moreover for
higher load angles, the voltage ripple on the primary and secondary dc is even
higher than the case without balancing control (indicated by "w/o balancing'
in the graphic). Equalizing the currents i+ or ix leads to much better results.
The choice between i4 and ix does not influence the balancing significantly. The
performance is comparable to a perfectly symmetrical transformer as indicated
in the figures as well. Consequently, the negative influence of an asymmetric



56 2.6 Balancing Control

transformer can be compensated nearly completely.

It should be noted that especially for low load angles, balancing iy might not be
practical since switching actions near the sampling point influence the current
measurement. However, balancing the currents is shows good results for low load
angles. This motivates to use is for low load angles and switch to i+ for higher
load angles.

Using the same laboratory demonstrator with the same parameters as for the
measurement in Fig. 2.21, the balancing control has been implemented. The results
are shown in Fig. 2.27. The steady-state load angles are @1 = 44.5°, 3 = 33° and
p3 = 31°. Figure 2.27 demonstrates that the dc-current ripple can be reduced
effectively compared to the measurement shown in Fig. 2.21.
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As discussed before, the DAB3 is a soft-switched converter in a wide operating
range. Regarding the realization of this dc-dc converter as an MV prototype, the
different applicable power semiconductors are discussed in the following. Moreover,
an ARCP is designed which allows soft-switching in the entire operating range of
the converter.

Parts of this chapter have been published as well in [12, 100].

3.1 Preferable Power-Electronic Devices

The power-electronic switches in a DAB3 require active turn-off capability. Con-
sequently, IGBTs, metal-oxide-semicondutor field-effect transistors (MOSFETSs),
integrated gate-commutated thyristors (IGCTs) and many other devices are appli-
cable in general. Since the DAB3 is a soft-switched converter, switching losses
are heavily reduced by the converter topology. Therefore, one can suggest that
devices, which are optimized for a very good conduction performance, are the
ideal choice for this converter [2].

This shall be verified in a brief investigation. Through a PLECS simulation the
losses of different semiconductors are compared. The simulation parameters are
listed in Table 3.1. For the comparison, three IGBT and IGCT devices are chosen
rated for 4500 V. A module and a press pack IGBT are compared. Both of them
have the highest rating in their class. Regarding the IGCT, the device is chosen
which already prevailed for a DAB3 application in [2]. The devices, together with
some characteristic values, are given in Table 3.2. The loss data of each device is
found in the data sheets of the corresponding manufacturers. Moreover, the data
of the IGCT using turn-off snubbers have been measured by Lenke [2].

Figure 3.1 gives the sum of the semiconductor losses in a stacked bar plot. The

losses of the active switches and the diodes are included. Since 2.8 kV devices are
used, two of them per inverter arm are connected in series. Consequently, the
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Table 3.1: Simulation parameters

primary dc voltage U, =5kV
voltage conversion ratio d=1
switching frequency fs = 1kHz
series inductance Ls = 200 pH

Table 3.2: Semiconductor devices

Type Model Umax AU Eo.g°
Presspack IGBT  ABB 5SNA 2000K451300 4500V 3.7V 10J
Module IGBT Infineon FZ1200R45KL3 4500V 4V 8.5J
IGCT ABB 5SHY 35L4511 4500V 255V 8.5
Diode Infineon D1031SH® 4500V 3.8V

Diode Internal diode FZ1200R45KL3 4500V 3.2V

2 at 2000 A

b at 2000 A

¢ Except of the module IGBT, which is using its internal diode

losses are given for 24 IGBTs or IGCTs and 24 diodes. The results are broken
down in conduction losses Peond and switching losses Pey.

The performance of the IGCT is superior to both IGBT devices. The lower forward
voltage drop and the reduced switching losses decrease the overall power loss.
Compared to the module IGBT and the press-pack IGBT, the use of the IGCT
reduces the losses by 26 kW and 46 kW, respectively, at a power level of 7T MW.

Moreover, the influence of additional lossless snubbers, which are introduced in
chapter 3.2, can be compared. Figure 3.1 (d) and (e) show the semiconductor
losses if 1 pF and 2pF are connected in parallel to each IGCT. Consequently,
1 nF reduces the switching losses significantly. A further increase of the snubber
capacitance to 2 pF, however, reduces the switching losses only slightly. This
“saturation effect” is also described in [101]. Moreover, the turn-off losses under
quasi zero-voltage conditions are strongly affected by the carrier lifetime of the
bipolar devices [102] and their internal structure [103]. This motivates the special
design of bipolar devices, both IGBT and IGCT, for the use in soft-switched
converters.

Regarding the relative losses in relation to the transferred power, the IGCT allows
an efficiency increase of roughly 0.7 percentage points compared to the press-pack
IGBT. If the IGCT is equipped with lossless snubbers, additional 0.5 percentage
points can be gained.
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Usually, the performance increase has to be judged against the additional features
of the IGBT as e.g.

the short-circuit detection and turn-off capability,

the simplified series connection of devices,

the simpler gate drive unit,

the absence of a clamping circuit in hard-switched applications [104],
several different manufacturers and

possibility for in-house gate driver design.

However, the fact that many of these features are not required in soft-switched
converters motivates the use of IGCTs in the DAB3 even more. This and the
assurance of the soft-switching operation in the entire operating range is discussed
in the following chapter.



3.1 Preferable Power-Electronic Devices

62

losses in kW

losses in %

100

0

. P
0 Peond

120 120
100 100
80 80
60 60
40 40
20 20
0 0
1234567 1234567 1234567 1234567 1234567
power in MW power in MW power in MW power in MW power in MW
3 3 3 3
mfm.,mrm_\m\m_\m_ 2|- : 2 2 2
1 1 mwm_\mfm_mmm_ 1| 1|
: aaaEat GeaeEes
0 0 0 0

01234567

power in MW

(a) Presspack IGBT

Figure 3.1: Losses of different power-electronic devices in a DAB3
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3.2 Ensuring Soft-Switching Operation Using the Auxiliary
Resonant-Commutated Pole (ARCP)

In general, snubber circuits are used to reduce the switching losses in power-
electronic devices by limiting the current or voltage transients during device
turn-on or turn-off respectively. An RC snubber for example is depicted in
Fig. 3.2 (a). The capacitor Csn limits the voltage slope. Hence, virtually zero-
voltage turn-off is achieved. The resistor Rs, limits the inrush current, occurring
when the device turns and shorts the charged capacitor Cs,. Although the losses
in the semi-conductor switch are reduced, the total losses increase due to the
snubber loss [105]. Consequently, it is rather a shift of the generated losses from
the semi-conductor device to the snubber, which allows a simpler cooling.

Since the DAB3 provides soft-switching in a wide operating range, each power-
electronic device turns on when virtually zero voltage is applied across it. Con-
sequently, the resistor Rsn (used to limit the inrush current during turn-on) is
not required. Hence, the snubber reduces the turn-off losses while no additional
snubber losses occur. Therefore, this principle is referred to as lossless snubber in
the following.

Applying the lossless snubber in the DAB3, soft-switching operation has to be
ensured throughout all operating points. In the following, an ARCP is analyzed
and designed for the use in a particular dc-dc converter prototype of 5kV and
5MW. Parts of this work have been presented in [100].

Since 1989, the ARCP is used to maintain soft-switching in power-electronic
converters [106-108]. Mainly, it has been applied to inverters. However, it has also
been used in three-level converters [109], multi-level flying capacitor converters [110]
as well as matrix converters [111]. Moreover, in [2] first investigations have been
made to apply the ARCP to a DAB3.

RSH
= Csn
Csn
(a) RC snubber (b) Lossless snubber

Figure 3.2: Turn-off snubbers
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3.2.1 ARCP Operation

A single phase leg of an ARCP is depicted in Fig. 3.3 (a). Figure 3.3 (b) shows an
exemplary commutation from the lower main switch Smain— to the upper main
switch Smain+-

The operation principle of the ARCP according to [107] is introduced briefly:

Phase | To initiate the commutation S,ux is turned on. Consequently, the current
iaux rises linearly according to the dc-link voltage and the inductance Laux.

Phase Il When the current i,ux equals the load current i,1, the second phase
begins. Now the load current is carried by the ARCP branch completely.
Within phase IT additional boost current is injected into the ARCP branch.
The boost current provides further energy for the commutation to compensate
losses.

Phase Il The lower main switch Spain— is turned off. According to the resonance
of auxiliary inductance L,u,x and the snubber capacitances Csn+ and Csn—,
the snubber capacitors reload. When the antiparallel diode of the upper
main switch Spaint becomes forward biased, Smain+ is able to turn on at
zero-voltage conditions.

Phase IV The commutation is completed when the inductance Laux is demagne-
tized.

It should be noted that there are different operating points for the ARCP. In
the given example, the load current has the improper sign for the commutation
from the lower to the upper voltage rail. Therefore, the ARCP takes over the
full load current in phase I. This ARCP operation mode is referred to as “mode
2” in the following and corresponds to the hard-switched operating point of the
DABS3. In “mode 1” the sign of the load current is suitable to reload the snubber.
However, the energy provided by the load current is insufficient to commutate
the voltage within a given time frame. “Mode 1”7 can be split into two further
modes. In “mode 1a” the current is not high enough to commutate timely within
the dead time. Yet, it provides enough energy to compensate the losses during the
commutation. Therefore, no additional boost time is needed and S.ux is turned
on at the same time the according main switch turns off. In “mode 1b”, the load
current is even too low to compensate the losses. Consequently, the ARCP has
to provide extra boost energy. The different modes in relation to the operation
boundaries are depicted in Fig. 3.4. Comparing to Fig. 2.3, the operating range of
“mode 2” is identical to the hard switched operating points of the DAB3 without
ARCP.
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Figure 3.3: Single phase leg of an ARCP

The integration of the ARCP-concept into the DAB3 for the primary side is shown
in Fig. 3.5. The additional switch S,ux and the inductance La.,x are connected
per phase. Especially in a DAB3, they are considered as auxiliary devices since
they are rated for a small fraction of the total converter power. This results from
the fact, that the DAB3 is inherently soft-switched. If the DAB3 operates in a
formerly hard-switched operating point, the ARCP will need to provide small
reactive current only. This is also shown later, when an ARCP for a medium-
voltage dc-dc converter is designed and constructed. Compared to the use in an
inverter application, this is one main advantage of the ARCP use in a DAB3.

3.2.2 Design Considerations

In this chapter, the ARCP is designed for a 5 MW DAB3 operated at a nominal
dc-link voltage of 5kV considering a dynamic voltage variation of £10%. The
dc-dc converter is operated at 1kHz.

The auxiliary switch S,ux has to be bidirectional in terms of voltage-blocking
capability and current conductivity. Moreover, it has to be rated for the half
dc-link voltage. The RMS current in the ARCP branch is fairly low compared to
the power rating of the converter. The exact current rating, however, depends on
the chosen inductance Laux. The switching frequency of S.ux equals the switching
frequency of the dc-dc converter. Consequently, being Saux a thyristor, a sufficient
recovery time has to be fulfilled.
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Figure 3.5: Integration of the ARCP in one bridge of the DAB3

Also the passive components, the snubber capacitance Csn and the auxiliary
inductor Laux, need to be designed. These components influence the turn-off
losses of the main switches, the operating range with deactivated ARCP, the
peak auxiliary current, the RMS auxiliary current, the commutation time, the
reverse-recovery losses of Saux, the voltage transients across the auxiliary switch,
the voltage transients imposed to the medium-frequency transformer, the auxiliary-
inductor size and the inductor losses. Designing the ARCP, a good trade-off needs
to be found. From an efficiency point of view, the auxiliary inductance should
be as large as possible while still allowing commutation within a specified dead
time. Hence, the peak and RMS auxiliary current are minimal. Yet, this leads to
a heavier and more costly inductor.

During the design of the ARCP, the suitability of different technologies shall be
evaluated and compared. This includes different semiconductor devices (thyristor
vs. turn-off IGCT), different materials (silicon (Si) vs. SiC) and different topologies.
The considered semiconductor devices that are compared are listed in Table 3.3.
SiC diodes with the specified ratings are commercially not available. Consequently,
a series and parallel connection of the commercial diodes D2 and D3 is utilized
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Table 3.3: Compared semiconductor devices

Symbol  Model Material Rev. Block. Snubber
T GeneSiC GA060TH65 SiC no no
To Westcode R1127 Si yes yes

IGCT  Mitsubishi GCT GCU15CA- Si yes no

130
Dy ABB HiPak 5SLD Si - -
0600J650100
Do CREE C2D20120D SiC - -
D3 CREE C4D40120D SiC - -
Dy Infineon D1031 SH Si - -
Ds Infineon DD600S65K1 Si - -
Ds 6.5kV, 1kA prototype [112] SiC - -
S B9 B S RSN
Saux Saux
(a) Topology A (b) Topology B

Figure 3.6: Topologies of the bidirectional switch, depicted with thyristors

respectively. Alternatively, a prototype diode presented in [112] is considered.
In the end, the results of both approaches are similar. Moreover, Table 3.3
indicates whether a thyristor is able to block reverse voltages. If this is not the
case, antiparallel diodes are used as shown in Fig. 3.6 (a) to block the reverse
voltage. In the following, this is considered as “topology A”. Furthermore, as the
reverse-recovery behavior of Saux is determined by the diodes, the use of additional
diodes might be reasonable especially when the thyristor’s recovery charge is very
high. In contrast to this, “topology B” omits these diodes. Figure 3.6 also shows
an optional RC snubber. It might be required by the active device to limit the
rise of the forward voltage. Whether an RC snubber is required, is also indicated
in Table 3.3.

3.2.3 Loss Modeling

The losses of the various ARCP implementations shall be evaluated for different
power ratings and ratios of the primary and secondary dc voltage. The loss
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Table 3.4: Input parameters

DC-link voltage U, =5kV
Switching frequency fs =1kHz

Main snubber capacity Csnt = Csn— = 0.68nF
Auxiliary inductance Lauwx = 8.31H
Dead time of main switches 50 s

calculation has to be as precise as possible. Especially, reverse recovery losses of
Saux shall be considered. Since these are not satisfactorily calculated by available
simulation tools, an appropriate ARCP model is built up, which uses the loss
data from the manufacturers’ data sheets. This is encouraged furthermore by the
relatively simple voltage and current waveforms in an ARCP.

Figure 3.7 shows the principle flow chart of the loss calculation. It includes the
input parameters, manufacturers’ data-sheet values and the analytical loss model.
The input parameters of the following investigation are given in Table 3.4. During
the input-side switching instant the main current i,1(0) is assumed to be constant.
Dependent on the operating point of the DAB3, the current is calculated to

1% 2rd o -
. _ o (B —dp— %) for0<p<3
i1(0) b o . (3.1)
sop; - (md—2dp — ) for §<p<

ERENIE]

is1(p) = (32)

—nh (B te- ) for0<p<
T -(275—‘1—1—2@—#) for 3<p< 3§

T 3wLs 3

according to [2]. Note that isi(¢) is the main current for a commutation in the
output bridge. For comparison, also the losses for a DAB3 without an ARCP are
calculated with the same model.

3.2.4 Simulation Results

Considering the different power-electronic devices in Table 3.3, the loss savings by
the ARCP are calculated. For this purpose, a load profile is assumed as depicted
in Fig. 3.8. It considers part-load conditions as well as dynamic voltage variations.
Although this fictitious load profile does not correspond to an actual application,
it is a suitable benchmark for the different ARCP configurations.

Table 3.5 shows the energy saved by the ARCP compared to a setup without
ARCP. If no ARCP is used, the main switches are not applied with the lossless
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Figure 3.7: ARCP loss calculation

snubbers. Moreover, the table gives the average energy saving per phase and per
switching period. The following conclusions can be drawn from the results.

The sole use of two silicon thyristors T2 has no positive effect on the average losses.
This is basically due to the high turn-off losses of the thyristor and the losses in
the RC snubber that occur also when the ARCP is inactive. If the diode Ds is
connected in series, to limit the recovery charge (topology A), the ARCP performs
very well and saves in total (for all three phases) an energy of around 11.3J
per switching cycle. For this configuration, which is named “T2Ds”, Fig. 3.9 (a)
shows the losses in the whole operation range. The figure illustrates the switching
losses generated in one phase leg in the input bridge per switching period. The
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black curve represents the switching losses without an ARCP. As soft-switching
is not ensured, snubber capacitors are not considered at the main switches in
this case. Moreover, the black curve includes losses from a di/d: snubber that
has to be applied for IGCT converters. It prevents the diodes from destructive
reverse-recovery currents [101]. The gray curve depicts the commutation losses
with the use of an ARCP. The di/a: snubber can be omitted as the diodes do
not turn off hard. It is evident that the ARCP configuration has lower losses.
However, it suffers from the no-load losses of the thyristor’s snubber.

The configuration “T2Ds5” does not inject any boost current, if the load current
is sufficient to compensate the commutation losses. Therefore, the comparison
between configuration “T2D5” and “T2Ds(Boost)” gives the benefit of the intro-
duced “mode 1a”. A significant part of the loss is generated in the RC snubber of
the thyristor, even though the ARCP is deactivated. “T2Ds(Decouple)” separates
the RC snubber from the ARCP if it is deactivated using an additional solid-state
switch or relay. As losses can be reduced significantly, the extra effort is worth to
consider.

Furthermore, it is an interesting option to use SiC thyristors due to their small
reverse-recovery charge. However, as they are not reverse blocking capable, an
antiparallel diode is needed as shown in Fig. 3.6 (a). This diode has to be an
SiC device as well since the diode determines the reverse-recovery behavior of
the series connection of thyristor and diode. Using an Si diode would negate
the advantage of the SiC thyristor. Figure 3.9 (b) shows the results in case SiC
thyristors and SiC diodes are used as a bidirectional switch. Due to the absence of
an RC snubber, the efficiency is improved especially in the naturally soft-switched
operating area. When the ARCP is active, the higher conduction losses of the
SiC devices impair the small turn-off losses.

The option “IGCT” uses an IGCT instead of a thyristor. The IGCT is turned off
actively when the current crosses zero. This comes with two advantages: Firstly,
the IGCT does not need an RC snubber. Secondly, there is no presence of a
reverse-recovery charge. As the conduction losses are lower, this configuration
achieves a higher efficiency than the SiC solution (cf. Fig. 3.9 (c)). However,
additional sensor and control effort are required to detect the zero crossing of the
current.
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Figure 3.8: Load profile based on the Euro Efficiency [113] for PV applications

Table 3.5: Saved energy by the ARCP (per phase, averaged over entire load profile)

Configuration Input Bridge Output Bridge

T2 -0.65J 0.00J
T2Ds 1.757J 2.03J
T2D5(Boost) 1.54J 1.85J
T2Ds(Decouple) 2.57J 2.90J
T1Ds 1.66J 1.95J
T1D3 3.50J 3.69J
T1Ds 3.54J 3.72J
IGCT 3.73J 3.88J

3.2.5 Measuring Results

To demonstrate the feasibility of the concept, full-scale prototypes are designed
and built for a single phase. Moreover, the additional effort in control, device
volume and cost can be judged.

The configurations “T2Ds” and “IGCT” are implemented since they are the most
cost effective and most efficient solution respectively. The ARCP is designed for
the DAB3 parameters given in Table 3.1 except for the dc-link voltages, which
are now considered dynamically in the range of 4.5 to 5.5kV.

For this application, the auxiliary inductance is determined to be 8.3 pH. The peak
current in the inductor is 1.8 kA, while the RMS current does not exceed 380 A.
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1.36 nF are connected in parallel to each main switch as snubber capacitance. Due
to availability reasons for the configuration “IGCT”, the same devices for the
auxiliary switch have been used as for the main switches, “5SHY 3545” from ABB
Switzerland. A reverse blocking IGCT, like the Mitsubishi GCT GCU15CA-130,
however, would achieve higher efficiencies since it does not require the antiparallel
diodes. The logic to determine the zero-current crossing has been implemented as
well based on the work of [114].

For the thyristor-based configuration (“T2Ds”), the fast silicon thyristors “R1127
NC 36 R” from IXYS Westcode are used [115]. These press-pack devices offer
turn-off times below 200 ps at a maximal voltage of 3.6kV. To reduce the effec-
tive reverse-recovery charge, the Infineon diode “DD600S65K1” is connected as
antiparallel diode to each thyristor (cf. Fig. 3.6 (a)). While the reverse-recovery
charge of the diode is given with 1050 pC when turning off 600 A at 2000 A /ns
and 125 °C, the thyristor’s theoretical value lies beyond 5000 pC. Therefore, the
switching losses of the auxiliary switch are supposed to be decreased heavily.

Firstly, the setup is commissioned in the laboratory as depicted in Fig. 3.10 (a).
Subsequently, the ARCP is also connected to the medium-voltage dc-dc converter
rated for 5 MW as shown in Fig. 3.10 (b). The successful tests ensure that the
ARCP also works with the increased parasitics of a medium-voltage setup.

Figure 3.10 (c) shows the corresponding measurement with the configuration
“T9Ds”. The load current, which is not depicted in the measurement, is ip1 =
—1.5A. Without ARCP, this would result in a hard-switched operating point
and a short-circuit of the snubber capacitor when the main switch turns on.
However, the ARCP injects a boost current of about 150 A using a fixed boost
time. Therefore, the snubber capacitors are reloaded and the upper main switch
Smain+ can be turned on under ZV conditions.

Moreover, it can be seen from the measurements that the reverse-recovery effect is
solely determined by the diode Ds. From the measurements it is evident that during
the reverse recovery the entire voltage is blocked by the diode connected in series to
the thyristor. Moreover, the other diode (connected in antiparallel to the thyristor)
prevents the reverse voltage from building up across the thyristor. Consequently,
the charge carrier are not flushing out of the device as reverse-recovery current but
recombining inside the device. Consequently, the reverse-recovery charge is solely
determined by the diode and the large reverse-recovery charge of the thyristor can
be suppressed effectively.
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Figure 3.9: Loss comparison with and without ARCP
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3.2.6 Advantages of Applying an ARCP

Ensuring soft-switching operation through the ARCP comes with several advan-
tages, which shall be investigated further.

Efficiency Improvement and Payback Period

As already discussed, the ARCP safes switching losses in the converter by ensuring
soft-switching. The improvement of efficiency is one of the main advantages of
the ARCP. The increase, however, depends on the load profile of the converter.
Especially when operated at partial-load conditions or at unequal dc voltages, the
dc-dc converter benefits from the ARCP.

One of the preferable applications for high-power medium-voltage dc-dc converters
is the connection of wind turbines to an MVDC collector grid [116]. Therefore, as
an example, the energy savings for a wind application shall be investigated in the
following. Subsequently, the payback period can be calculated easily.

To determine the load profile, data of the wind farm “Alpha Ventus” located in
the North Sea are considered. Moreover, the power profile of a 5 MW “Areva
Multibrid M5000” wind turbine as depicted in Fig. 3.11 is considered [117].

The weather conditions of “Alpha Ventus” are provided by the research platform
“FINO1” [118]. “FINO1” provides weather data as the statistical distribution of
different wind speeds v from the last 10 years. The occurrence probability p can
be represented by a Weibull distribution [119]
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Figure 3.11: Power curve of an “Areva Multibrid M5000” wind turbine
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The voltage ratio d is approximated using a Gaussian distribution with a standard
deviation of oq = 0.04. The resulting load profile is illustrated in Fig. 3.12.

Multiplying the load profile with the saved commutation energy as depicted in
Fig. 3.9 gives the averaged energy saving per switching period. Multiplying it with
the switching frequency of 1kHz gives the average loss savings. Consequently, an
ARCP with the configuration “T2D5” saves 8.4kW on average.

To evaluate the amortization period, a feed-in tariff of 0.19€/kWh is considered
according to the German Renewable Energy Act [120].

The additional costs for the ARCP components (configuration “T9Ds5”) are ap-
proximately 1600€. The costs are determined by the built prototype and therefore
do not include volume discount. The following components are included in the
costs: thyristors, diodes and RC snubber (for the switch Saux), the inductor Laux
and the capacitors Cs. About 70 % of the costs are semiconductor cost. To equip
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six inverter legs of a 5kV DAB3 with the ARCP technology, the investment of
9600 € is required.

Accordingly, the period of amortization is

9600€ 1
Tra0s = Gi9€ /W - 8.46W 365 24n/a 000 (34)

An analogue investigation for the configuration “IGCT” leads to

28000€ ) 1
0.19€/kWh - 21.6kW 365-24h/a

TIGCT = =0.78a. (35)

Consequently, the costs for the additional components amortize after 8 to 9 months
in case of the thyristor-based solution. If the ARCP is realized based on IGCT
devices, it amortizes after 9 to 10 months and allows higher savings afterwards.

Saving IGCT related di/dt Snubbers

One of the major drawbacks of IGCTs is the need for a di/a: snubber as depicted
in Fig. 3.13 (a). It is required to limit the 4i/das during the IGCT turn-on and the
diode turn-off respectively. Without the snubber, the steep diode turn-off would
lead to a destructive reverse-recovery current peak. Moreover, a homogeneous
turn-on of the IGCT is ensured without causing hot spots in the silicon.

For soft-switched operation points, however, the d4¢/da¢ snubber is not required since
the diode turns off naturally when the current crosses zero. Hence, the ARCP,
ensuring soft-switching in the entire operating range, allows the omission of the
di/qs snubber.

Fig. 3.13 (b) and (c) depict the devices for the single-phase ARCP prototype and
the di/a¢ snubber for a 5 MW medium-voltage converter. Since the di/da¢ snubber
can be saved, the installation of an ARCP does not require much additional space.
Moreover, losses and cooling effort are reduced due to saving the water-cooled
resistors in the d¢/a: snubber.



3.2 Ensuring Soft-Switching Operation Using the Auxiliary
Resonant-Commutated Pole (ARCP)

° é_ﬂﬁ S'Zﬁ 3'23@

Co==

78

—

Ci = = =

. RZERTYRZ

(a) Schematic of the di/a
snubber

(b) Saux and Laux vs. d¢/dt snubber’s in-  (c) Cs vs. di/da:r snubber’s capacitance
ductor and resistors
Figure 3.13: Size comparison of the ARCP with the obsolete di/a: snubber

Improved Converter Safety

One critical fault in power-electronic converters is a failure of a semiconductor
device. In contrast to module devices, the press-pack devices always fail short.
Hence, the behavior during a failure is determined and redundancies can be
implemented easier.

A failure of a single device is not very crucial initially. However, when the
conjunctive device of the same phase turns on, the dc link is short circuited. This
in turn leads to excessive over currents and to the potential destruction of the
converter.

In zero voltage (ZV) switched converters, the voltage in the turn-on instant of
a semiconductor device is zero in general. If a single device fails, however, the
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Figure 3.14: Zero-voltage detection circuit

voltage across the complementary device of the same phase leg will not decay to
zero. By the short-circuit of the single device, the voltage will be clamped to the
dc-link voltage. If the ZV condition is detected before the switch turns on, the
dangerous dc-link short circuit can be avoided.

Figure 3.14 (a) shows such a ZV detection circuit. It is based on the circuit
presented by Koéllensperger [121] with adapted parameters for the given application.
As soon as the IGCT voltage falls below 30V, diode Dyv becomes forward biased
and the device voltage is applied to the subsequent circuitry. If the voltage falls
below a certain limit, the schmitt-trigger indicates the ZV condition by a 24 V logic
signal. This signal can be fed directly to a controller or to an optical transmitter.

This circuit has been implemented on a 35 mm by 70 mm printed-circuit board
(PCB) as shown in Fig. 3.14 (b).

In Fig. 3.14 (c), a measurement shows the IGCT voltage in an ARCP during
commutation. It demonstrates a clear detection of the ZV condition. The schmitt-
trigger circuit (cf. Fig. 3.14 (a)) ensures a certain tolerance against noise.
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4 Medium-Frequency High-Power Transformer

The following chapter is dedicated to the medium-frequency transformer. Con-
necting both semiconductor bridges, it is one of the key components in the
DAB3. It provides galvanic isolation and ensures high efficiency even at large
voltage-conversion ratios.

The mega-watt prototypes in Chapter 5 are built using proven design methodolo-
gies assuming sinusoidal voltage and current waveforms. Therefore, this chapter
investigates the core losses for sinusoidal voltages and rectangular voltages gener-
ated by power electronics.

Chapter 2 highlighted the tight tolerances on the stray inductance for dec-dc
converters. Consequently, several transformer designs, suitable for MV applications,
are compared in terms of achievable stray inductance and sensitivity on physical
dimensions.

The high power density and the requirements on the stray inductance make the
transformer design challenging. Alternatively, the series inductance could be
realized through separate inductors connected in series to the medium-frequency

transformer. This alternative option is discussed for the MV dc-dc converter.

Some of the following content has been published as well in [12, 122, 123].

4.1 Introduction

4.1.1 Review on different applications

Transformers in general are used for a huge variety of applications whenever
ac voltages need to be stepped up or down efficiently or if galvanic isolation
shall be established. Regarding the design and the used materials, three decisive
parameters can be identified: current, voltage and frequency.
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Figure 4.1: Treeing in silicone rubber at 50 Hz and 200 Hz (Source: [134])

The current rating of the transformer or (more precisely) the RMS current through
the phases determines the cross-sectional area of the transformer wires and with
it space required in the winding window of the transformer. Moreover, at higher
frequency additional effects, namely the skin and proximity effects, increase the
ohmic losses further. To suppress these influences, usually more space is required
in the winding window since copper-fill factors are reduced.

The operating voltage at the windings and the voltage withstand between primary,
secondary and ground, determine the requirements of the transformer insulation.
At high voltage levels, in the order of 3kV and above, partial discharge (PD) has
to be considered [124]. PD is either the cause or an indicator for the aging of the
insulation material being it gaseous [125], liquid [126, 127] or solid material [128].
Especially in solids like polyimides, PD causes a degeneration of the insulation
material. Reasons for this are chemical processes and physical damaging through
particle bombardment [129]. This results in treeing while a quicker growth of the
tree, i.e. a faster aging, with increasing frequency has been observed (cf. Fig. 4.1).
However, this effect has not been understood fully [130-134].

As discussed before, elevated frequencies result in complexer winding configurations
and probably a faster degeneration of insulation material. Moreover, higher eddy
currents occur in the core materials increasing the core losses. Also the higher
power density comes with additional challenges in the thermal design, since less
surface is available to dissipate heat.

Consequently, voltage, current and frequency mainly determine the feasibility
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Figure 4.2: State-of-the-art transformers and their applications

of a transformer design. Additionally, high voltage, current and / or frequency
ratings make the transformer design challenging so that often only two of these
parameters are of a high rating. In aeronautics, for example, transformers are
operated at elevated power and frequency while the voltage level, however, is fairly
low. Figure 4.2 gives additional examples.

In contrast, the transformers in high-power dc-dc converters need to achieve a
high power throughput at high frequency and fairly high voltage. The following
chapter is dedicated to that kind of transformer.

4.1.2 Windings

Considering the core and the windings, there is a big variety of materials and
styles that can be considered for a given application.

As winding material usually copper is used since its specific resistance is very
low allowing a very compact design. Increasingly, aluminum is used since it is
less expensive and features a lower density than copper. However, aluminum
is more difficult to process - especially connecting cooper and aluminum parts
with each other. Moreover, the specific electrical resistance of aluminum is higher
compared to copper. This fact, however, might be especially interesting at higher
frequencies. At high frequencies, current displacement named skin effect results in
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a poor utilization of the material inside e.g. a round conductor. The utilization is
given by the skin depth [135]

d~ 2p\/5 for w > 1/pe, (4.1)

which in turn depends the electrical resistance p, the electric permittivity e and
the magnetic permeability p of the material.

In the end, the skin depth of an aluminum conductor is deeper compared to copper
at the same frequency leading to a higher utilization. This is demonstrated using
the software FEMM [99]. Figure 4.3 shows two simulations in which a sinusoidal
current having an RMS value of 100 A and a frequency of 1000 Hz is fed to a
round wire with a diameter of 10 mm. While in Fig. 4.3 (a) and (c) the wire is
made from copper, the simulation in (b) and (d) results from an aluminum wire.
It is demonstrated that current distribution is more homogeneous and, hence,
the utilization of the aluminum wire is higher. In medium-frequency high-power
application, aluminum might be the favorable winding material finally, since
thicker litz wires or foil can be used (as explained below).

Besides the already mentioned skin effect, the proximity effect is another source
of current displacement. Different from the skin effect, it origins from the high-
frequency currents in the neighboring windings. Figure 4.4 depicts the proximity
effect of two neighboring windings carrying the same current but in different
directions. Due to the magnetic field between the windings and the Lorentz force,
the current is displaced. As before, the effect is more intense considering copper
material.

Both, skin and proximity effect, lead to a current displacement in the conductor.
Consequently, the losses, being proportional to I?, increase as well. To suppress
these effects, the geometry of the conductor should be in the order of the before
mentioned skin depth. In practice, two kinds of windings are usually used for
these applications, foil winding or high frequency (HF) litz wire.

The foil winding is a very cheap and very effective solution. The winding consists
of a thin foil that is wrapped around the core. The thickness of the foil is chosen
to be not more than twice the skin depth to suppress the eddy currents. Due to
the geometry, however, the foil winding suffers from large capacitance values from
windings to core and within the winding. The effect on the converter should be
regarded beforehand.
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Figure 4.3: Current distribution due to skin effect comparing copper and aluminum

As an alternative, HF litz wire can be used. One wire consists of several hundreds
to thousands isolated parallelized strands, each being small compared to the skin
depth. Therefore, displacement currents are suppressed. Due to the use of this
many strands, the copper fill factor is not very high, leading to a high stray
inductance. As already discussed, however, a certain stray inductance is desired
in a dc-dc converter application. Consequently, it might be a promising solution.
Unfortunately, litz wire is expensive compared to foil windings.

4.1.3 Core Materials

The choice of the core material mainly depends on the frequency components of
the voltage and the power rating. Limiting factors are the core size, the costs
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Figure 4.4: Current distribution due to the proximity effect comparing copper and
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and the losses. The core size is determined by the saturation field strength Bgas.
The costs increase nearly linearly with the core weight. The core losses consist of
the hysteresis losses and eddy-current losses. While the coercive magnetic-field
strength H. is a measure for the hysteresis losses, eddy-current losses depend on
the resistivity of the material, the lamination thickness or the particle size.

For the given application, the interesting soft-magnetic materials can be roughly
classified as silicon steel, amorphous iron, nanocrystalline material, soft-magnetic
composite (SMC) and ferrite. Each material has different advantages and shall
be introduced briefly in the following. At the same time, the key facts of some
prominent core materials are enlisted in Table 4.1.

Grain oriented or non-oriented electrical steel is a classical and well known material
for transformers and inductor cores. Usually, a fraction of silicon (typically 3% to
6.5 %) is added to the iron to increase the resistivity of the material. Consequently,
eddy current can be reduced. This material is available in sheets or ribbons with
different thicknesses. While lamination thicknesses of 230-350 pm are typically
used in 50 Hz applications, thicknesses of 50-180 pm are especially interesting for
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medium-frequency applications. One advantage of silicon steel is the maximal
flux density of 2T, which is the highest compared to the other core materials.
This gives the chance for compact transformer designs since less core material
is required. Another advantage is the low price, which is due to the well known
manufacturing processes and the fairly large required volume. However, the price
increases with decreasing thickness. In comparison to the 180 pm material, the
price per kilogram increases by a factor of 4 and 12 for the 100 pm and 50 pm
materials respectively.

Amorphous iron is produced through rapid solidification. The melted metal alloy
is cooled down rapidly by flowing on metallic drum which is water cooled. This
results in a solid ribbon with a very small thickness of around 20 pm. Moreover,
through a fairly small coercivity the hysteresis losses are small as well. Compared
to silicon steel, the core losses can be reduced significantly as also indicated by
the figures in Table 4.1. Also the price has come down with time. Today the price
per kilogram of amorphous material is in the range of silicon steel. However, one
big disadvantage of amorphous iron is the high magnetostriction, meaning the
linear expansion of the material under the influence of magnetic fields. In the
application, magnetostriction results in increased noise emission and additional
losses. Moreover, if a lap joint is used to close the magnetic core, its temperature
increases significantly in comparison to the rest of the core [2]. Therefore, the
entire transformer needs to be derated to keep the lap-joint temperature within
the limits.

In the first steps, producing nanocrystalline materials is similar to amorphous
metals. Through an additional annealing process at for example 500-600°C,
however, the amorphous structure is converted to a crystalline structure. Since
the size of the crystals is in the range of 10 nm, it is referred to as nanocrystalline.
Compared to amorphous material, nanocrystalline compositions have a smaller
saturation flux density as well as smaller coercivity. Considering the same flux
density, the losses of the nanocrystalline core are 1/5 compared to an exemplary
amorphous core [136]. Moreover, nanocrystalline materials do not have the issues
of magnetostriction as indicated in Table 4.1. The price per kilogram, in turn, is
four times higher compared to amorphous material.

For comparison, a “high polarization” ferrite core material is enlisted in Table 4.1
as well. The saturation flux density is very low compared to the other materials.
This is also the reason, why the target frequencies for ferrite material is 10 kHz
and above.

SMC might serve as a compromise. Commercial materials offer a saturation flux
density equal to amorphous metals, but the manufacturing process is similar to
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ferrites using a sintering process. Moreover, it could be that the sintering process
allows alternative core geometries and very low costs in a series production. On
the other hand, the sintering process limits the maximal core size. Pressures of
5-8t/cm? are required for the sintering while industrial presses maximally achieve
forces equivalent to 800t [137]. In the end, the geometry is limited by the maximal
capability of industrial presses. Another benefit is that the material losses can
be tailored for different applications: through different grain sizes, an optimal
compromise between permeability and hysteresis losses can be set. Moreover,
different metallic powders can be used. Using powders of iron (Fe) and cobalt
(Co) for example, high saturation-flux densities of above 2T have been reported
while the grain size is less than 3 pm [138]. Since the eddy current losses of the
material are proposed to be very low [139], it might be especially interesting when
the operating frequency is increased further.
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4.2 Core Losses in a Dual-Active Bridge Application

In the past, many researchers have investigated the core losses under non-sinusoidal
excitation. Most of them regard drive applications using pulse-width modulation
(PWM) [151-154] or fundamental frequency modulation at 50-60 Hz [155]. Since
the frequency in the DAB3 is one to two decades higher involving additional loss
mechanism, this effect is investigated further in the following. This work has been
published first in [123].

4.2.1 Core Loss Measurement

For this investigation laser-processed grain-orientated steel with a lamination
thickness of 180 pm is measured at frequencies up to 10 kHz. The measurements
have been performed at the Institute for Electrical Machines (IEM), RWTH
Aachen University. The test bench is able to generate arbitrary flux-density forms
in the magnetic material. Consequently, a sinusoidal flux can be compared with
the piece-wise linear flux in a DAB3 application. In the following, the two test
cases are referred to as “sinusoidal” and “DAB3” respectively. Figure 4.5 shows
the phase voltage, the magnetic-flux density and the hysteresis loop for both cases.
Already the hysteresis loop reveals that the core loss density, represented by the
spanned area of the loop, is slightly lower for the DAB3 case. Figure 4.5 (d) gives
the specific iron losses Ps measured by the test bench as a function of the peak flux
density B. Some points are given separately in Table 4.2. It is evident that the
core losses for a DAB3 application are lower compared to a sinusoidal excitation
with equal peak flux density. This results from the lower rate-of-change % of
the magnetic flux density. This effect shall be validated using state-of-the-art

analytical models.

Table 4.2: Measured specific core losses

BinT Specific core losses in W/kg  Relative deviation
Py sinus P, baB3 |Ps,sir;;s_ s, DAB3|
’ ’ s,DAB3
0.1 0.54 0.41 32%
0.5 9.61 8.59 12%
1.0 33.96 31.09 9%

1.5 73.90 69.73 6 %
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4.2.2 Analytical Validation

For the modeling of core losses under non-sinusoidal, unbiased excitation the im-
proved generalized Steinmetz equation (iGSE) [156] has proven. It uses Steinmetz
parameters a, 3 and k according to the original Steinmetz equation (OSE) [157]

W
e (4.2)

P, = kf*B” with [P = .

The Steinmetz parameters are determined through several measurements at differ-
ent frequencies and flux densities during sinusoidal excitation. While the frequency
is set to 1kHz, 5kHz, 7kHz and 10kHz, the peak flux density is varied from 0.1
to 1.8 T in 0.1T steps. From the measurements, the following Steinmetz parame-
ters can be determined for the chosen silicon steel material with a thickness of
180 pm:

o = 1.6155 B =1.7021 k=52-10"" (4.3)

Figure 4.6 shows the measuring points together with the lines of best fit resulting
from the evaluated Steinmetz parameters.

Equations (4.4) and (4.5) represent the well-known improved generalized Steinmetz
equations as published in [156].

o

. foa (T
p = MAB) T / dB " 4 (4.4)
0

T dt

with
k

ki = )
(2m)o=1 [ | cos O - 20-dg

(4.5)

where AB is the peak-to-peak value of the flux density, T is the period time of
the flux density and «, 8 and k are the Steinmetz parameters.

For piece-wise flux densities, (4.4) simplifies to [156]:

p_hi (AB)°~ 5

(e

Bmy1 — Bn
i (tm41 — tm) , (4.6)

tm+l - tm

T
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where (tm, Bm) are the supporting points of the piece-wise linear flux.

Now, using the Steinmetz parameters in (4.3) and the iGSE according to (4.6),
the losses are calculated for the piece-wise flux in a DAB3. Figure 4.7 shows the
results from OSE and iGSE together with the original measurement at a frequency
of 1kHz. While the results from the OSE are apparently in good accordance
with the sinusoidal measurement, the iGSE slightly overestimates the losses of the
DAB3 flux waveform. Figure 4.8 shows the errors between OSE and iGSE with
the respective measurement. It can be seen that there is already a slight error in
the OSE. It propagates to the iGSE which uses the same Steinmetz parameters.
This error might be related to variations of the permeability for different flux
densities and especially the complex permeability of silicon steel at the regarded
frequencies [158]. Moreover, eddy currents which occur in the material at the
considered frequencies, are not covered by the Steinmetz formulas [159]. The
relative error, however, is very small. Consequently, the iGSE delivers accurate
core losses for a DAB3 application.

4.2.3 Core Losses Under Load Conditions

The previous discussion assumed no-load condition in the core. In the following,
the influence of the load condition on the core losses is further investigated.

Under load condition, both power-electronic bridges are phase shifted according
to the load angle. Consequently, also the magnetic flux generated by each bridge
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Figure 4.9: Magnetic flux density for a DAB3 at ¢ = 75° and d = 1

is phase shifted according to Fig. 4.9. Subsequently, the magnetic fluxes generated
by primary and secondary winding superpose in the transformer core. Hence,
the peak flux density under load is smaller compared to no-load condition. The
maximal flux density at no load is referred to as By in the following.

The iGSE is now used to calculate the core losses at load conditions. Consequently,
magnetic relaxation during the phase of constant flux is not considered [160].
Figure 4.10 gives the core losses calculated by the iGSE. Please note that even
under load conditions, the losses are plot versus the peak-flux density under
no-load conditions B%. It is evident that the core losses decrease with increasing
power transfer of the converter. Moreover, the core losses decrease faster for
load angles larger than 60°, since the flux waveforms overlap in a way that the
dB

maximum g of the total flux is reduced. This effect has been evaluated through

measurements. Figure 4.11 shows the measuring results for By = 1T. In the
figure, two best fit lines are drawn as well, calculated for the intervals [0° 60°] and
[60° 90°] respectively. Also the core losses calculated by the iGSE are given. An
almost constant offset between the iGSE and the measurement can be observed,
which has been present at no-load conditions as well (cf. Fig. 4.8). Apart from
this offset, iGSE and measurement are in good agreement. Therefore, the effect
could be verified in practice and should be considered when designing a DAB3
converter.



96 4.2 Core Losses in a Dual-Active Bridge Application

core losses in kﬂ
s

wn

S

90
60

30
magn. peak flux 0 0 load angle
density By in T in degree
Figure 4.10: Specific core losses in a DAB3 under load condition calculated by the
iGSE
35
. measurement
S — — — best-fit line
e ~ GSE
g
w
2
E 25
o®
3
© 20
15

0 30 60 90
load angle in degree

Figure 4.11: Measured specific core losses in a DAB3 under load condition



4 Medium-Frequency High-Power Transformer 97

4.3 Stray Inductance Design Considerations

It shall be noted that the very basics of transformer design are not repeated
within this thesis. Only the definition of the transformer’s stray inductance is
recapitulated due to the importance for this work. For deeper insides in the
transformer design, the following references are recommended: Mohan, Undeland,
Robbins [161], McLyman [162] and Hurley [135].

4.3.1 Stray Inductance Calculation

Several methods to determine the stray inductance have been evaluated and
compared in this work. For simple geometries and a first rough estimation, the
stray inductance can be calculated by an analytical approach. On the contrary,
FEM simulations can be used to calculate the stray field. Subsequently, through
the stray field energy, the equivalent stray inductance can be determined. The
FEM simulation can be either performed considering two (2D) or three dimensions
(3D). These different methods shall be compared in the following.

Analytical Calculation

As also presented in [161], the procedure to calculate the stray inductance ana-
lytically is explained briefly. The analytically derived stray inductance is then
compared to the FEM simulation.

To derive the stray inductance, the magnetic energy stored in the stray field shall
be calculated according to the volume integral of magnetic field strength H and
flux density B. Subsequently, the stray inductance Ls is the inductance value
leading to the same energy amount.

Figure 4.12 shows the cross section of an exemplary winding configuration. It
is assumed that the secondary winding is short circuited. In the primary-side
winding the current flows out of the drawing plane indicated by a dot. In the
secondary-side winding the current has a contrary direction represented by a cross.
The winding thickness is a, the wire insulation is b and the coil insulation is c.
The course of the magnetic field strength is depicted below. The field increase due
to a wire is simplified. It is assumed linear. Moreover, the magnetic field in the
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core is assumed to be zero. According to the ampére’s circuit law, the maximal
magnetic field strength in the winding window is

where hy, is the height of the winding window.

In the following it is assumed that the relative permeability of the materials in the
winding window is 1. Consequently, for this two-layer configuration, the magnetic
energy is

g
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: ngpz, (4.9)

where i, is the mean winding length and N, the number of primary-side turns.

This gives for the stray inductance considering the 2-layer arrangement

Holm N2
Lo- W |:3 +3b+20:| . (410)
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Figure 4.12: Magnetic field in the winding window

Analogously, the stray inductance for the 3-layer arrangement is

Im N2
Lo = ”Ohip [Ea + %b + c] : (4.11)

9

Deriving the formulas for the stray inductances, many assumptions have been
made:

The current in each winding is assumed perfectly homogeneous,

the course of the magnetic field correlates to a rectangular wire, not a round
one,

each winding has the same length [,,, and

the geometry of the transformer is assumed cylindrical.

Although, the approach depicts the influence of transformer geometry and stray
inductances very clearly, it is questionable whether these formulas give trustful
results for a practical implementation. Consequently, two- and three-dimensional
FEM simulations are investigated to determine the transformer’s stray induc-
tance.
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L

Figure 4.13: Three-phase transformer serving as example for the FEM comparison

3D FEM Simulation

To rate the performance of the FEM tools for determining the stray inductance,
a low-power transformer is modelled. The transformer is part of a small-scaled
dual-active bridge serving as laboratory prototype. It is a three-phase five-legged
arrangement as depicted in Fig. 4.13.

Due to the computational burden, one phase of this transformer is simulated using
the software Comsol [163]. The dimensions of the investigated transformer core
are (regarding Fig. 4.14)

heore = 13 mm hwndw = 56 mm deore = 35 mm (4.12)
Weore = 13 mm Wywndw = 15 mm.
Besides the parameters of the transformer cores, the winding geometry is defined
by three parameters: dcore,pri is the distance between the inner winding and the

core, dpri,sec is the distance between the primary and secondary winding and dy is
the distance between two turns of the same winding. For the following simulation
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the winding parameters are

doore,pri = Wecore,pri — 3.35 mm dpri,sec = Wpri,sec — 1.5mm dy = 1l mm.

(4.13)

The litz wire is made of copper and has a width of 1.2 mm and a height of 3.6 mm.
Regarding the 11 turns of each winding and the insulation dy, between two turns,
the height and width of the coils are

hpri = hsec = 49.6 mm Wpri = Wsec = 1.2 mm. (4.14)

The stray inductance is determined through a short-circuit test. Both primary
and secondary carry a peak current density of 8 A/mm?, however, in different
directions according to Lenz’s law. The short-circuit test results in an RMS current
of 24.4 A at 1kHz.

The energy stored in the stray field during the short-circuit test corresponds to
the stray inductance. The results of the simulation are depicted in Fig. 4.15.
The color map gives the magnetic-field strength in A/m while the stream lines
indicate the direction of the magnetic field. The total magnetic energy in the
model is calculated to 81.51nJ. Since the model represents a quarter of the whole
transformer, the total energy for a single phase of the transformer is 326 nJ. This
results in the stray inductance
2Wm 2-326pnJ

,3D 72 (21.4A)? 09y (4.15)

This value corresponds very well to the measured stray inductance of the lab
prototype. Therefore it can be concluded that the FEM software models the
reality sufficiently to calculate the stray inductance already in the design stage of
the transformer.

However, especially considering more complex systems, like a three-phase trans-
former, the computational effort increases extensively. Therefore, the same design
is simulated in 2D in the following chapter. The accuracy and simulation time is
compared with the 3D software subsequently.

To compare qualitatively with the 2D simulation, Fig. 4.16 shows the reference
transformer in the 3D simulation from its front and side view.
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2D FEM Simulation

In the following, it shall be investigated to what extend 2D simulations are
suitable to determine the transformer’s stray inductance. For the 2D simulation
the software FEMM is used. Extruding the simulation result of the plane by
the depth, the magnetic energy in this virtual arrangement can be calculated.
Although this method is occasionally referred to as 2.5-D, in this work the term
2D is kept.

Figure 4.17 (a) shows the simulation result of a single phase of the transformer in
the front view. Using these results and assuming the depth of the transformer, the
energy amount of the stray field inside the winding window is covered. However,
it is clear that also the end winding, laying outside the winding window, has
a strong contribution to the stray field. Consequently, in a second step, the
transformer is simulated from the side view. The corresponding result is depicted
in Fig. 4.17 (b).

The simulation of the front view and the side view give a magnetic energy of

Wi =127.719n and Wy s = 93.2471nJ (4.16)

respectively.

Consequently, the inductance values
Ly =0.4277pH and Ly = 0.3122pH (4.17)

can be calculated as depicted in Fig. 4.14.
Figure 4.14 also illustrates that after performing the two simulations there is still
a share of the stray inductance missing. This share comes from the four corners

and is represented by Ljy'. To take it into consideration, the magnetic energy per
unit length is investigated first:

W  127.7191nJ

o —

Wit = T = mmm 3.649 pnJ/mm (4.18)
;Wi 93247

Wi = T —— 3.586 nJ/mm (4.19)

Due to the spreading of the magnetic field, the stray inductance per unit length
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in the winding windows is about 1.76 % larger than in the end winding in front
of the core. This effect has also been discussed in chapter 2.6 where it results in
asymmetric stray inductances.

Since the corners are also located outside the winding window it seems reasonable
to use Wy, ¢ to calculate the inductance contribution of the corners. Since the
mean length of a single corner is

2. (dcore,pri + dpri + 1/2 ° dpri,sec)7 (420)
it follows for the stray inductance

2. . . 1/o9. .
= 22 (deorepr ;wdp“Jr 2 doriec) 1 _ 9546 . (4.21)
core

Hence, the total stray inductance of this configuration is

Loop = Ly + Ly + Ly’ = 0.9945 pH. (4.22)

In this approach, Ly’ is calculated indirectly calculating first the inductance per
unit length Lﬁ/mwm. As an alternative, the side-view simulation can be performed
using the depth of

Weore + 2.2 (dcore,pri + dpri + 1/2 ° dpri,sec)- (423)

This considers the influence of the corners directly.

Compared to the 3D simulation, there is a difference of

Losp — Loop _ 1.09nH — 0.9945 nH

= 8.76 %. 4.24
LC;73D 1.09 }lH % ( )

Although, the difference might already have an influence on the operation of the
converter, the advantage of the 2D approach is its computation time.

The simulation time required on an Intel® Core™ i7-4600U CPU and 8 GB of
system memory is shown in Table 4.3. The simulation time for the 2D arrangement
is only 1% of the 3D simulation. Therefore, the 2D approach is extremely
interesting at an early design stage when many iterations are required to make
the design more concrete.
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Table 4.3: Simulation time

time

3D Comsol 437s
2D FEMM front 3.4s
side 1.4s

total 4.8s

4.3.2 Integrated Stray Inductance

In literature many approaches can be found to increase the stray inductance to
use it as an integrated filter element. At first, these approaches are introduced
with their individual advantages and disadvantages. Moreover, they are evaluated
regarding their suitability for high-power medium-voltage applications.

Enlarged Winding Distance

The most intuitive approach is to simply increase the distance between the
coaxial windings of the primary and secondary as also depicted in Fig. 4.12. As
discussed in chapter 4.3.1, the magnetic energy Wm = 30 fV H?(x)dV (cf. (4.8))
is adjusted by increasing the volume of the winding and by reducing the height of
the transformer.

This approach is very simple and straight forward. For first design steps, the stray
inductance can be approximated by a single formula due to the simple geometry.
Increasing the volume of the winding, leads of course to a higher mean length of
turns and hence results in higher winding losses. Moreover, the space within the
winding window is limited and with it the maximal achievable distance between
the windings.

Stacked Winding

In contrary to the coaxial winding arrangement, the stacked windings are located
on top of each other. It has been applied to de-dc converters e.g. in [164]. The
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stray inductance value of this winding arrangement is probably higher than for
the coaxial winding arrangement. This is being evaluated below.

Stray Channel

In both mentioned approaches the space between the windings is air or rather
transformer oil. Since the stray-channel does not contain any soft magnetic
material, it is not able to saturate, which might be required in some applications.
Moreover, there is no dependence of the stray inductance on the current.

As an alternative, soft-magnetic material might be added to the stray channel.
For example, this has been proposed in [165, 166] also. As an advantage a higher
stray inductance can be achieved. However, the channel might saturate which
would lead to an excessive current rise and might destroy the converter ultimately.
Moreover, the manufacturing of the transformer becomes more complicated.

Core and Shell Type

The different winding arrangements and stray-channel concepts can be applied
to a core-type or shell-type transformer. While the core-type transformer has
exterior windings, the windings of the shell-type transformer are enclosed by core
material (cf. Fig. 4.19).

The shell-type transformer has a more complicated core geometry. However, the
core-type transformer requires split primary and secondary windings considering
a single-phase transformer.

The shell-type transformer has a lower stress under short-circuit conditions. How-
ever especially in three-phase transformers mostly core types are used due to the
easier mechanical construction [167, 168].

4.3.3 Adjustment Precision and Tolerances

In the following, the presented approaches are compared for their suitability in a
high-power converter. Hence, single-phase transformers are designed and compared
in terms of their achievable stray inductance value and in terms of manufacturing
tolerances.
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In the following, four different geometries are compared. The transformer core
is either a core type or a shell type. The windings are positioned on top of each
other (stacked) or coaxially.

The transformers are designed for an apparent power of 2.2 MVA and a phase
current of 670 A. At a frequency of 1000 Hz, the core requires a minimum area
product of A, = 1.737-10"%m* (cf. [135]). For the following comparison, 28
turns per winding and a current density of 1 A/mm? are used.

The simulations are performed in 2D using FEMM and the previously explained
method. Figures 4.18 to 4.21 show the simulations of the four considered trans-
former geometries. Each figure shows the simulation of the front and side view
respectively.

As indicated by the color map, the magnetic field strength of the stacked winding
is higher than for the coaxial winding. This leads to a higher inductance value
as also shown later. Moreover, it can be seen that the stray field in the near
environment of the transformer is larger for the stacked winding. This has to be
considered also in the later construction of the transformer. Placing conductive
material near the transformer might induce eddy current. However, this effect
needs to be investigated further.

Comparing the transformer cores, the core-type seems to be more self-contained
from the front view. From the side, core and shell type show similar characteris-
tics.

In the following, the achievable stray inductances for each geometry are investigated.
The core size and the insulation between each layer of a coil are kept constant.
The insulation per layer is set to 10mm. However, the distance between the
primary and secondary coil is varied. It is set to 10 mm initially. Subsequently, it
is increased step-wise until the winding-window area is utilized fully. The results
of this evaluation are depicted in Fig. 4.22 showing the stray-inductance value as
a function of the distance between primary and secondary winding.

First of all, it is evident that each setup covers a different range of stray-inductance
values. Consequently, depending on the desired stray inductance one would choose
the core-winding arrangement. As supposed before, the stacked windings achieve
the highest stray-inductance values using the same transformer cores compared to
the coaxial windings.

In a next step the influence of tolerances in the winding placement on the stray
inductance shall be investigated. Since the distance between the primary and
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Table 4.4: Inductance variation on the distance between primary and secondary

Core Winding Inductance variation
Shell type stacked 1.38 pH/mm
Core type  stacked 0.87 pH/mm
Shell type coaxial 1.47 yH/mm
Core type coaxial 0.63 pH/mm

secondary has the highest influence on the stray inductance, the tolerances of
this distance are investigated. Hence the slope of the best-fit lines of the curves
in Fig. 4.22 are regarded. The values are given in Table 4.4. Consequently, the
core-type transformers (0.63-0.87 pH/mm) are less sensitive to geometry variations
than the shell-type transformers (1.38-1.47 pH/mm).

It is evident from the simulations however that some stray field is generated in the
outer part of the transformer. This can be seen as fringing flux due to the very
large air gap. Bringing magnetic material between the primary and secondary
the flux can be guided and the fringing flux should be reduced. Moreover, analog
to an usual inductor, a concentrated or distributed air gap can be implemented.
Therefore, the stray inductance value can be set more precisely and less distance
is required between the windings. The magnetic material might be brought into
space between the winding locally or along the full length of the winding. The
later ends up with some kind of toroidal inductor which is fully integrated into
the transformer, leading probably to the design with the highest power density
regarding a single phase transformer.
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Figure 4.14: Transformer layout and the different stray-inductance contributions
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Figure 4.15: 3D FEM simulation of the reference transformer, color map showing
the magnetic-field strength in A/m
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Figure 4.16: Front and side view of the 3D FEM simulation, color map showing
the magnetic-field strength in A/m
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Figure 4.18: Core-type transformer with coaxial winding
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Figure 4.19: Shell-type transformer with coaxial winding
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Figure 4.20: Core-type transformer with stacked winding
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Figure 4.21: Shell-type transformer with stacked winding
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4.3.4 Distinct Series Inductances

It might not be desired to use the stray inductance of the transformer as series
inductance of the dc-dc converter. Reasons for it might be that the design becomes
too complicated or the stray inductance can not be set precisely. Moreover, it
might be an approach to design the transformer stray inductance as low as possible
and, subsequently, use distinct inductances to set the series inductance precisely
but also flexibly for different applications. This section investigates the use of these
distinct series inductances. The additional costs and losses due to the inductances
are analyzed for different core materials. Parts of this section are also published
in [169].

The inductances are designed according to Hurley [135] using the parameters
given in Table 4.5. For a quick estimation of the inductor size, double E cores are
assumed with the optimized dimensions given in [161].

The regarded core materials are:

e Thyssen Krupp PowerCore H90 (TK): silicon steel, 180 pm lamination thick-
ness

JFE 10JNEX900 (10JNEX): silicon steel, 100 pm lamination thickness
JFE 10JNHF600 (10JNHF): silicon steel, 100 pm lamination thickness
JFE 10JNEX900 (20JNHF): silicon steel, 200 pm lamination thickness
Hitachi 2605SA1 (H2605): amorphous iron

Hitachi NanoCrystalline (NC): nanocrystalline

The transformers have been designed in a way that the sum of the winding and
core losses become minimal [169]. Figure 4.23 shows the inductor for different core
material. The silicon steels TK, 10JNHF and 20JNHF result in an impractical
design since the required air gap is larger than the actual core height. However, the

Table 4.5: Basic input data for the inductor design

Objective Parameters Value
Operation frequency 1000 Hz
RMS current 900 A
Inductance value 100 nH
Ambient temperature 40°C
Temperature rise 55K

Heat transfer 10W/(m?K)
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Figure 4.23: Volume comparison of inductors using different core materials in
relation to the medium-frequency transformer prototype
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Figure 4.24: Volume comparison of air coils at different current densities in rela-
tion to the medium-frequency transformer prototype and the cored
inductor using nanocrystalline material

material 10JNEX demonstrates that there are more suitable silicon steel materials
for the considered application. The amorphous inductor using H2605 leads to a
similar core size. The inductor from nanocrystalline material can be build very
compact due to the low core loss density.

For the regarded medium-voltage high-power dc-dc converter two of those inductors
would be required. In relation to the medium-frequency transformer, going for
two additional inductors might be an option when the transformer design can be
simplified through this approach.

In the following, it is evaluated if air coils might be an alternative solution. For
different current densities, air-coil designs are depicted in Fig. 4.24. Increasing
the current density reduces the volume of course. However, also the ohmic losses
increase of the inductor.

The losses and the costs of the presented inductors are investigated in the following.
The losses in the core and in the winding result from the inductor design directly.
The total costs C take the material price Cmat and the costs due to the energy
loss Ce into consideration. The costs due to energy loss consider an operation
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time of 10 years at nominal power and an electricity price of 0.19€/kWh. It shall
be noted that these costs are highly dependent on the later application and the
according load profile. The material costs have been calculated by the masses of
the winding and core and the specific material prices listed in Table 4.6.

A distinct inductor using silicon steel weights 450 kg and increases the total system
weight significantly. Even though the specific costs for silicon steel material are
comparably low, these inductors have the highest investment costs due to their
larger volume.

Due to the lower specific core losses of amorphous and nanocrystalline materials,
the corresponding inductors are more compact and require less material. Although
the nanocrystalline material is 3-4 times more expensive than standard silicon
steel or amorphous material, the compact design results in the lowest inductor
costs finally. Moreover, the inductor made from nanocrystalline material would
offer the highest efficiency and the lowest electricity costs consequently. The
producibility of such large cores from nanocrystalline material, however, needs to
be investigated.

Figure 4.26 compares air inductors with different current densities. Higher current
density allows a more compact design while the losses in the winding increase.
Consequently, the best compromise for a certain application has to be found. For
high current densities the design becomes similarly compact like the nanocrystalline
core. However, the efficiency is worth resulting in higher electricity costs. Therefore,
air inductors are especially interesting in applications that operate often in part
load conditions. Another advantage is that air inductors will not saturate and
offer a constant inductance throughout the operating range. This is especially
interesting regarding overload capability of the converter.

Table 4.6: Material prices used for the costs comparison

Material Price in €/kg*
Copper 5.70

TK 4
10JNEX 15
10JNHF 15
20JNHF 4
H2605 3

NC 12

? Average market prices in Germany in March 2015; prices might
vary with time and purchase quantity.
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5 Medium-Voltage High-Power Demonstrator

The following chapter is dedicated to the construction of a full-scale megawatt
medium-voltage dc-dc converter. Consequently it will give some impressions on
the design and the commissioning of the converter. Parts of this chapter have
been published in [12, 122].

5.1 Control Implementation

The modulation of the DAB3 is quite different from conventional PWM converters.
Moreover, special control methods like the ICC and the balancing control result
from this work. In the following it is demonstrated that the control of a DAB3 can
be implemented on a conventional control hardware designed to operate PWM
inverters usually.

The considered hardware with the model number PC D247 is from the manufacturer
ABB (cf. Fig. 5.1). As depicted in Fig. 5.2, it consists of a performance optimization
with enhanced RISC performance chip (PowerPC) and a field-programmable gate
array (FPGA). The PowerPC is intended for tasks with a cycle time of 100-
1000 ps. The Xilinx Spartan3 FPGA is operated with a 40 MHz clock and has
a time resolution of 25ns consequently. Both devices are interconnected via a
dual-ported random-access memory (DPRAM) for data exchange.

Regarding a DAB3 application, the PowerPC is responsible for the voltage and
current regulation. Receiving the load angle from the PowerPC, the FPGA sets
the actual switching signals for the IGCTs. The FPGA introduces, moreover, the
dead time in the switching signals and implements the ICC.

In the following, the implementation is explained briefly.

119
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HBiP_0 Port HBiS 0 Port

HBiP_U_Port HBiS_U_Port

TRGR_PORT BEGRENZUNG_PORT
EINGNGSFEHLER PORT

Figure 5.1: Conventional control hardware from ABB to control the DAB3

5.1.1 FPGA Implementation

To control the DAB3, six half-bridge switching signals with arbitrary phase shifts
are required. Conventional control units, that are designed to drive three-phase
PWM inverters, might require a modification of its FPGA firmware.

On the FPGA of the PC D247 a customizable applications block together with
a framework is provided by ABB. The framework ensures the communication
between FPGA, PowerPC, sensors and other interfaces. The application block
has to be created by the user according to the particular application.

In this work, a modular control for a DAB3 has been created using Very High
Speed Integrated Circuit Hardware Description Language (VHDL). It can be
implemented on any other control hardware utilizing programmable logic devices.
Moreover, due to its modularity it can be adapted and extended easily.

With the internal clock and the resolution of the counters, certain switching
frequencies can be achieved. In this work, the implemented DAB3 control set
allows switching frequencies in the range 868-27 770 Hz. The range was chosen
regarding high-power applications and can be adapted easily.

The ICC method 2 is implemented in the control set. It is available for load
angles up to 60°. The ICC is not only performed when load angles are changed,
but also when the control turns on or off. Especially during an emergency off,
the ICC ensures that the series inductances in the ac link of the converter are
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Figure 5.2: System structure of the control hardware (Source: [170])

demagnetized as quickly as possible.

Moreover, the balancing control is implemented on the controller. For each phase,
offset angles from —90° to 90° can be set which add to the original load angle.

For testing purpose the features ICC and balancing control can be turned off using

distinct signals.

The interface of the created control block is depicted in Fig. 5.3 (a). Written by
typescript, the figure gives the names of entities, signals or components as in the
original source code. On the left-hand side, signals from the PowerPC, like the
load angles, emergency stop or dead time, are transferred by the DPRAM. On
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the right-hand side, switching signals for the semiconductor devices are sent via
an internal periphery bus and sent to the fiber optics. Figure 5.3 (b) shows the
internal structure of the developed application block. It shall be noted that the
original names as used in the source code are given together with the English
translation. This schematic shall also demonstrate the modular nature of the code.
Each block represents an instance of a VHDL component which can be adapted
or modified according to future needs.

5.1.2 PowerPC Implementation

Next to the FPGA, the PowerPC is responsible for various tasks of higher cycling
times: human-machine interface, current and voltage regulation or protection. The
functionality of the PowerPC is implemented using MATLAB, Simulink resulting
in a block set as shown in Fig. 5.4. Subsequently, the block set is translated to
C++ using the MATLAB toolbox “Real-Time Workshop”. Finally, the code is
transferred to the PC D247 hardware and executed on the PowerPC.

Figure 5.4 shows the implementation of the DAB3 control. Main part of the
program are three interrupt service routines (ISRs) that run with different cycle
times between 250 ps and 5ms. An interrupt control coordinates and synchronizes
the calling of the ISRs.

The fastest ISR is executed with a cycle time of 250 pus. It contains over-current
and over-voltage control. Moreover it reads the external emergency stop.

The second ISR is executed every 1 ms which corresponds to the reciprocal switch-
ing frequency of the converter. This routine for example sets the load angles and
transfers them to the FPGA.

The slowest ISR reads the sensors related to the hydraulics of the water cooling
like water temperature or pressure.

A fourth main task is unsynchronized and is permanently executed when no
interrupt is worked off. This routine contains tasks that are not time critical like
the visualization of sensor data or the input of control parameters.
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5.1 Control Implementation
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5.2 Converter Design

In the scope of this work a dc-dc converter for medium-voltage applications and
power ratings in the mega-watt range is constructed. The target specifications
are primary and secondary voltage of 5kV, while considering a voltage variation
of 10 % and power of 5 MW. The fact that input and output voltage are equal
helps the commissioning in the laboratory since the output is connected to the
input. Therefore, the output power is recuperated and only the power loss (a
small fraction of the transferred power) has to be supplied by the medium-voltage
source to operate the setup. A voltage transformation, however, could be achieved
easily by applying a transformer with an according winding ratio or by connection
of multiple de-dc converter in series and in parallel at the input and output
respectively.

As discussed before, IGCTs are the chosen device technology due to their low
forward-voltage drop off and reduced conduction losses therefore. In this project
the devices “SHY 3545L0001” have been kindly provided by ABB Switzerland.
The free-wheeling diodes are Infineon “D1031SH45TS02”. Both devices are rated
for 2.8 kV according to 100 failure in time (FIT). Hence, two devices per converter
arm have to be connected in series. In the final setup the dynamic voltage
balancing is ensured by the lossless snubber as introduced in chapter 3.2. As
an alternative, conventional three-level neutral-point clamped (NPC) or other
multi-level converters can ensure dynamic voltage balancing while the extra level
might give additional freedom for the operation of the DAB3 [171, 172].

Due to the soft-switching nature of the DAB3, the switching frequency of the
IGCTs is chosen to be 1000 Hz. Regarding the loss dissipation in the semiconductor
devices this is not critical. However, also other auxiliary components like the
gate driver or the below-mentioned clamping circuit (usually operated at lower
frequencies of 400-600 Hz) have to cope with the increasing switching frequency.
Four IGCTs are integrated in a water-cooled stack called power-electronic building
block (PEBB). Each PEBB represents one phase leg. Consequently, six PEBBs
are used for the entire converter. Figure 5.5 shows the demonstrator during an
earlier construction phase. The six PEBBs are visible as well as the water cooling
auxiliary on the right hand side. The water is deionized. Since the water is very
aggressive, special materials need to be used. Consequently, the pipes are made of
stainless steel for example.

Each dc-link consists of two 2.27mF capacitors that are connected in series.
Compared to a hard-switched inverter with similar voltage and power rating, the
dc-link capacitors in the DAB3 are very small as also demonstrated by Fig. 5.5.
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This results from the three-phase nature of the converter and the comparatively
high switching frequency.

5.2.1 Clamping Circuit

The converter is commissioned without applying the ARCP. Consequently, soft-
switching operation can not be ensured and a clamping circuit is required as also
mentioned in section 3.2.6.

The clamping circuit is needed to limit the di/a: for three reasons mainly:

e to limit the peak reverse-recovery current of the diode during turn-off,

e to ensure homogeneous firing of the IGCT during turn-on and

e to limit the diode’s forward recovery voltage as well as an induced voltage
across the parasitic inductance of the diode, which would appear as reverse
voltage across the IGCT and might lead to a reverse avalanche.

Each clamping circuit consists of a water-cooled air inductor with L, = 5pH.
It shall be noted that these inductors sit in the main path of the dc-current.
Moreover several clamping capacitors of C. = 5nF are used. Each being located
directly at one PEBB to ensure low-inductive connection to the IGCTs. Finally,
a damping resistor R. is required to dump the energy stored in the air inductor
when the according IGCT turn-off. Especially at elevated frequency a lot of energy
has to be dissipated by these resistors. Therefore they are water-cooled as well.

To design the clamping circuit, a spice simulation as shown in Fig. 5.6 is used.

Figure 5.5: DC-DC converter during an early construction phase
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The values for the parasitic inductances are partly from data sheets and partly
estimations from practical experience. Regarding the mentioned values for the
clamping inductors and capacitors, the optimal damping-resistor value R. is 1 Q.
Due to availability reasons, however, a lower resistance value is used. As evident
from Fig. 5.6 (b) this leads to an oscillation which can also be observed in the
later commissioning. It is, however, not harmful to the devices since the voltage
stays below the maximum repetitive peak voltage of 4.5kV.

.ic V(C1) = 2500 .MODEL IGCT SW(Roff=1e4 Ron=10e-4 Voff=0.0V Von=1.0V)
R_VP L vp L_IGCT
2e-3 100e-6 0.3e-6
R Cp PWL(0 1 2e-6 1 7e-6 0 30e-6 0) IGCT
bV 2e-3 g
_Vp
SW2
L cp V2
.5e-6
cp L1 ¢ I(L1) = 1000

10e-3

.tran 0 150e-6 0 0.1e-6
(a) Spice model
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g
= 3000
>
I
3
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2000 . : .
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(b) Simulation result
Figure 5.6: Spice circuit simulation of the IGCT turn-off process at 1 kA to derive
the optimal clamping circuit values
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5.2.2 DC Link

As stated above, the primary and secondary-side dc link consists of two 2.27 mF
capacitors each. Connecting them in series and applying two high-ohmic resistors
for static voltage balancing, the mid-point between the capacitors can be used to
connect the ARCP or the mid-point of a three-level converter. Due to the clamping
circuit and the including of the clamping inductance, the dc-link has not been
constructed with the aim for low inductance design as usually in voltage-source
converters. The used film capacitors are DKTFM 3K302277 from MUECAP rated
for 3.3 kV nominal voltage. During the commissioning using the single-phase setup,
as described below, the maximal RMS current of 255 A has to be considered.

5.2.3 Auxiliary Power Supply

The IGCTs require a galvanically isolated dc voltage or ac voltage in the range
of Ugpu = 28 — 40V as supply voltage. The ac voltage shall be a square-wave
voltage with 15-100 kHz. The power required by the gate driver to turn off the
current I at the temperature T is

P =Ucpu-Qa(l,T) - fs, (5.1)

where Q¢ is the gate charge required to turn off the IGCT. Therefore, the power
consumption rises linearly with the frequency. Turning off 1kA at a repetition
rate of 1kHz, the gate drive unit of each IGCT requires approximately 130 W [122,
173].

5.3 Medium-Frequency Transformers

As mentioned before, the series inductance in the ac link is very important since
it affects many other parameters of the converter. Therefore it can be optimized
for several different optimization goals. One optimization goal might be the
minimization of the ac-link RMS current for a given operating range as proposed
by Lenke [2]. For this purpose, Lenke uses an iterative process to simulate several
operation points at different input and output voltages. This results in very
illustrative maps as given in Fig. 5.7 (a) exemplarily. These maps nicely show the
influence of the series inductance on the RMS current. However, the generation
process takes a lot of time since many operating points need to be simulated.
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Figure 5.7: Series-inductance optimization regarding minimal RMS currents

Lenke already shows that the significant operating points are the two or three
corner points of the operating range. Therefore, it is proposed in this work to limit
the investigation on these three points. Instead the series inductance is varied
within the simulation as shown in Fig. 5.7 (b). Subsequently, the crossing point
indicates the optimal stray inductance regarding minimal RMS current, which is
185 pH for the given target specifications leading to an RMS current of 855 A.

Moreover, this method is advantageous if a certain tolerance in the series inductance
has to be taken into account. Figure 5.7 (b) illustrates the current overrating which
has to be implemented when the series inductance exemplarily has a manufacturing
tolerance of +10 %.

Finally, instead of simulating all series inductance values, a simple Newton-Raphson
method can be used to solve this optimization problem using a small number of
iterations.

Although the minimization of the RMS currents is an obvious optimization
criterion, the series inductance in the ac link has many other influencing factors
on the dc-dc converter. Figure 5.8 tries to name and cluster most of these
factors. According to Fig. 5.8, the previous optimization method considers the
“sensitivity on d (the dynamic voltage ratio) regarding ... RMS current in the
ac link” which are traded for the “reactive power” in the transformer. However,
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Figure 5.8: Influences of the series inductance on the converter design

it shall be demonstrated that the series inductance has many other important
influencing factors, like the turn-off current of each semiconductor or the ripple
in the dc currents affecting the capacitor size and losses. Moreover, the di/da
of the currents during the zero crossing is determined by the series inductance.
Consequently, the semiconductor losses are influenced and at high di/das ratings
the IGCT might require a dedicated triggering pulse to ensure homogeneous firing
of the semiconductor [173].

Regarding the medium-voltage demonstrator, a 1 kHz medium-frequency trans-

former prototype has been developed together with the German company Sangl [174].
The 5 MW DABS3 requires an apparent power of 6.6 MVA assuming a voltage vari-

ation of +10%. However, the transformer design comes with many challenges as

also discussed in chapter 4. Since the design and conception of the transformer

come with some uncertainties, three single-phase transformers, each rated for

2.2 MVA, have been setup in the scope of this work. The consecutively design,

manufacturing and testing of these single-phase transformers have allowed revision

and adjustment when necessary.

Especially challenging have become the medium- and high-frequency currents at
the given power rating requiring HF litz wires with a significant copper cross-
section area. Hence, two of the largest available litz wires have been connected in
parallel. Moreover, the winding has been casted in resin to achieve an insulation,
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Figure 5.9: Single-Phase 2.2 MVA 1kHz transformer

which is free from PD until 12kV (PD measurement performed at 50 Hz). This
was the aim since the effect of high-frequent PD on the aging of the transformer
insulation is not understood yet as discussed in chapter 4.1. Casting the windings,

the litz wire needs a special enveloping layer which allows a perfect cast without
air bubbles.

The transformer core is made of silicon steel. Manufacture and handling of this
material is very well known. Therefore it is cheaper than the nanocrystalline
materials. Moreover magnetostriction is much lower than for the amorphous irons.
Compared to a conventional silicon steel, the 180 pm thickness of each sheet is
chosen to suppress eddy currents in the core sufficiently.

Figure 5.9 shows one of the three 2.2 MVA transformers. The given dimensions
and the weight of 607 kg make the transformer very compact. It illustrates nicely
the advantages of dc systems and the voltage conversion at higher frequencies. A
50 Hz transformer of equivalent power and voltage ratings would be approximately
10 times larger and heavier than the 1kHz prototype (cf. Fig. 5.9). Since these
transformers consist of steel and copper, valuable materials can be saved [34,
175].

5.4 Commissioning

The demonstrator is commissioned in several stages. First the converter is operated
in a single-phase configuration to check the basic functionality and to verify the
transformer design. Subsequently, the transformer is redesigned and evaluated
again. Finally, the converter is operated in a three-phase configuration using three
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single-phase transformers. The different steps are introduced in the following.

5.4.1 Single-Phase

Figure 5.10 shows the converter arrangement for the single-phase commissioning.
Due to the transformer turns ratio of 1:1, the dc output can be connected to the
input. Consequently, the main power stream is circulating in a loop. The dc power
supply only needs to compensate the losses in order to keep the dc-link voltage
constant. Hence, the power rating of the supply is fairly low and a separate dc
load is not required.

Ci@zj@‘ LBy li‘léjiwj
o= L Up1¢ ‘ ¢usl i
QCPT T}@ 5@ 5@ 5@ TQC:_

Figure 5.10: Arrangement for the single-phase commissioning

Two different measurements at different dc-link voltages are presented in Fig. 5.11
and Fig. 5.12. In general, the IGCTs do not show noticeable problems in this
soft-switched converter. The measurement shows a ringing in the voltage resulting
from the clamping circuit. Changing the water-cooled damping resistors, as
discussed in 5.2.1, could damp the oscillation stronger. However, it is not harmful
to any devices. The amplitude of the overshot, which is independent from the
dc-link voltage, is within the normal range and appears larger at lower dc-link
voltages. The zero-current turn-on of the IGCTs is allowed by the transformer’s
stray inductance which limits the current slope during turn-on.

The transformers stray inductance, however, is lower compared to the target.
According to the measurement the effective series inductance is around 45 pnH.
The main issues of the stray inductance has been the limited space in the winding
window while achieving a proper cast of the winding. Moreover it has turned out
that the cast affects the effective inductance since the stray inductance decreases
significantly after the casting process. Due to a lack of measurements during
manufacturing, reasons can only be assumed. The obvious reason might be that
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the winding is not fixed perfectly and due to the casting the windings are displaced
slightly. Another explanation might be that due to the cast the inter-winding
capacitance is increased which, in turn, lowers the effective stray inductance.
It demonstrates, however, that due to the tight tolerances of dc-dc converters
and the higher power density more research is necessary to integrate a stable
stray inductance into high-power transformers. The alternative, using separate
inductors instead, is discussed in chapter 4.3.4.
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5.4.2 Influence HF Litz

After the first experience in a converter application, the transformer is redesigned.
While the first prototype was built with non-isolated litz wire, isolated litz wire,
intended for high-frequency applications, is used in the second transformer design.
Is it therefore referred to as HF litz in the following. To cope with the power
rating of the transformer, two of the largest available HF litz wires are arranged
in parallel and then casted jointly.

The stray inductances of both transformers are compared using a Hameg “HM8118”
LCR meter. As shown in Fig. 5.13, the stray inductance of the transformer using
HF litz tends to be higher. Although, regarding the frequency range below 10 kHz,
the difference of less than 2.5 % is not significant. For higher frequencies above
20 kHz, however, the effect becomes more pronounced.

Since the stray inductance of the transformer has not varied significantly, the
operation of the dc-dc converter is not affected by the HF litz as shown in Fig. 5.14
for an exemplary operating point.

The transformer losses for standard and HF litz wire are shown in Fig. 5.15 (a) and
(b) respectively. The HF litz increases the efficiency of the transformer. Hence, a
larger operating range can be covered for the same power consumption.

Figure 5.15 (c) shows the ratio between the losses with HF and standard litz
wire. Consequently, the transformer losses are reduced by 27 % for the measured
operating range by the use of HF litz. The losses reduce steadily with increasing
current, while it is not affected significantly by the voltage. Since the voltage
mainly affect the core losses and not the winding losses, this is reasonable.



5 Medium-Voltage High-Power Demonstrator

137

48

stray inductance in nH

—— hf litz I\
—>— non-isolated litz |

47
=
=
g
g 46
g
o]
8
o
=
i 4
&
~
5
44
43
0

transformer voltage in V

2 4 6 8 10
frequency in kHz

50

30

—>— non-isolated litz

20 40 60 80 100
frequency in kHz

(a) 1-10kHz (b) 2-100 kHz
Figure 5.13: Comparison of the stray inductance with and without the use of litz
wire
1500 ' , ' S ' {600
“ Us]
1000 -1400
<
B
500 -1200 E
2
=
o
0 10 =
[}
=
S
—500 1—200 g
£
—1000 2 pdr —400
’ r
—1500 : : —600
0 0.5 1 1.5

time in ms

Figure 5.14: Single-phase measurement after transformer redesign using HF litz

wires (Up = 1000V)



138 5.4 Commissioning

transformer loss in W transformer loss in W
400 — T T 400 — T T
| | | | | |
| | | | | |
30 +----t----1t - - - - 3B50F T - - -1 m T
I I I I [ .
I I I I [ *
300F T--=--T1-=-=--1 - =~ ~1 300 71— - *=71 % 5T ~ 1
| | | Ce ., Yo, 000 QQ
| | | o | L
250 e -~ - - -7 - - - -1 - - -~ 250*7;3{)07"7* T -
<t ), ‘. e | | < | Q | 4000 50.00
=) k27 o I o . ol | .
: 200 .T STl R : 200 T,\%)&Q*r T :\3)005 FTT oo
[=% (B . 39 .7'\ e & | o o | of
< 2 0O 2 L) < e Ne | . | A7)
Qa@ 77777777 - 150'777-7\Y\T'7775‘7 %
[ . « TR
. @q; 2 L.
100F - -ee 2 - - o -
| J o ‘\ ‘ |
50 F - ,,\,,,.\.,;,,-,',f
| ool ® | o \e
0 1 1
800 1000 400 600 800 1000
us1 in V ug1 in V
(a) Standard litz (b) HF litz
300 T T T T - r
250 f i : R - ceaee 1
200 - ‘- k@ﬂ% - : : 1
; ? :
2150 - Oy ﬂ o 1
&~
100 |- - W oss |
% 0.9%
FO L . 0'9 . = . - = 4
2 1 1
\/———1.1/_’——/_{’*
g T S S S
400 500 600 700 800 900 1000
ug1 in V

(c) Ratio between losses with HF and standard litz wire
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5.4.3 Three-Phase Configuration

Finally, the converter is commissioned in a three-phase configuration as depicted
in Fig. 5.16. For this purpose, three single-phase transformers are used each of
them having an apparent power rating of 2.2 MVA. In the setup one transformer
is used with a standard wire and two transformers with HF litz wire are used.
Consequently, the influence of the litz wire can be compared directly in the same
setup. Moreover, the balancing control might be tested later.

The measurement is made at a dc-link voltage of U, = 1000V and with a load
angle of 9° first. Figure 5.17 shows the voltage and current waveforms. There
is no evidence for abnormal behavior. Also the voltages and currents in the of3
plane, shown in Fig. 5.19, are as expected.

The next measurement is performed with a load angle of 15°. According to
Fig. 5.18 (a) there is an asymmetry in the voltages. In the &3 plane, the voltages
build a symmetric hexagon as expected (cf. Fig. 5.20 (a)). Therefore, the
asymmetry results from a irregular displacement of the transformers’ star points
as also measured in Fig. 5.18 (b). One reason for the star-point displacement
lies in the fact that the transformers are different. While two are made of HF
litz for example, one transformer uses non-isolated litz wire. Moreover, it is
assumed that due to a slight dc offset in the transformer voltages, introduced by
the power electronics, the operating points of transformer cores are shifted. This
would lead to a different main inductances and would explain the irregular voltage
distribution.

In contrast, the currents in the ac link shown in Fig. 5.18 (¢) do not show any
abnormality. A small asymmetry is observable resulting from the asymmetric
transformers as well as from the asymmetric voltages. Figure 5.20 (b) shows the
currents in the «f3 plane that are as expected as well.
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6 Conclusion and Outlook

In this thesis, high-power dc-dc conversion in the mega-watt range has been
demonstrated. Due to its advantages in high-power applications, the three-phase
dual-active bridge (DAB3) is chosen as most suitable converter topology. It offers
galvanical isolation and achieves high efficiency through soft-switching operation.
Particularly important for high-power applications is the reduced dc-link capacitor,
the smaller transformer and the reduced turn-off currents compared to the single
phase dual-active bridge.

Two different modeling approaches are investigated: a state-space averaging (SSA)
method and a method based on first-harmonic approximation (FHA). It is found
that the SSA method is able to describe the dynamic behavior of the converter
accurately. This gives valuable information for the design of current and voltage
controllers. The FHA underestimates the power transferred by the converter.
Both voltage and currents in the DAB3 have higher harmonics which contribute to
the power transfer. However, these harmonics are neglected by the FHA. Taking
these harmonics into consideration might lead to a modeling approach which
might be especially interesting for real-time simulation. This model might be more
effective for these simulators (usually used to calculate alternating current (ac)
systems) than models based on switching functions. From the modeling approach,
the instantaneous current control (ICC) and the improved instantaneous current
control (I*CC) have been developed and tested on a small-scaled laboratory
demonstrator. The ICC is an open-loop control which allows transition to a new
operating point within one third switching period. The I?CC has been developed
for transformers with a large winding resistance and low leakage inductance. Both
ICCs are enabled by setting the load angles for each phase individually. Applying
this in steady-state operation, asymmetries in the transformer or between the
phases in general can be compensated. This results in a balancing control which
has been developed and demonstrated in this work as well.

The DAB3 is a converter which offers soft-switching in a large operating range.
Particularly in light-load conditions and when the dc-link voltages vary from
their nominal value, the converter might enter hard-switching operation. Lenke
already proposed to use an auxiliary resonant-commutated pole (ARCP) to enable
soft-switching operation in the entire operating range. This approach has been
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investigated further in this work. The focus has been on the technical feasibility
of the ARCP for a medium-voltage high-power dc-dc converter especially. Since
the ARCP is operated at the same switching frequency like the converter, suitable
thyristors had to be identified that are fast enough. Subsequently, an economical
study has been performed. The additional components of the ARCP have been
related to the efficiency increase of the converter for a wind application. As a
result, the ARCP has a payback period of 8 to 9 month in the given example.

The transformer in the DAB3 links the two power-electronic bridges. According
to the power rating of the converter, the transformer is rated for elevated voltage
and current values. Furthermore, to be very compact, the transformer is operated
by the power electronics with a fairly high frequency. The combination of voltage,
current and frequency ratings is the major challenge in the transformer design.
Moreover, the stray inductance of the transformer shall be used as an integrated
filter element for the dec-dc converter. Firstly, it is investigated how the voltage
waveforms of the DAB3 influence the core losses in the transformer. Consequently,
the square-shaped voltage waveforms lead actually to a higher utilization of the
core material, compared to a sinusoidal excitation of the material. Therefore, the
core losses are slightly lower at the same peak flux density. Subsequently, different
winding and core arrangements have been investigated so that the stray inductance
of the transformer can serve the converter as a filter element. This study is based
on 2D and 3D finite-element methods (FEMs) using conventional simulation tools.
Depending on the required value for the stray inductance, different core and
winding configurations are identified as basis for the more detailed transformer
design. Since the stray-inductance considerations lead to additional effort in the
design and also increase the losses in the transformer, separate inductances are
investigated as an alternative. Both cored and air-coil inductors are investigated
for this purpose. For the regarded dc-dc converter, each inductor has about the
same size like the transformer itself. Saving additional costs and volume motivates
to further improve the design tools of medium-frequency transformers for the use
in de-dc converters.

The final chapter is dedicated to the construction of the high-power demonstra-
tor. Firstly, the ICC and the balancing control have been implemented on a
conventional industrial control hardware. Integrated gate-commutated thyristors
(IGCTs) are used as power-electronic switches. They offer lowest conduction
losses, while the switching losses are reduced by the soft-switched nature of the
DAB3. The IGCTs are operated with a switching frequency of 1 kHz. Due to the
complexity of a three-phase medium-frequency transformer, three single-phase
2.2 MVA transformers have been designed instead. They are rated for a 5kV
5MW dec-dc converter. As core material, silicon steel with a very thin lamination
thickness of 180 um is used. The material is very cost effective and large core
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geometries can be realized, required for medium-voltage high-power applications.
Using high frequency (HF) litz wire, the winding losses can be reduced significantly
at higher current ratings. The commissioning revealed as well the asymmetric
displacement of the transformer’s star points. Resulting from the asymmetric
transformers. Moreover, it is assumed that the power electronics influence the
operating point of each transformer core introducing different main inductances.
This effect needs closer investigation in the future.
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A Glossary

ac alternating current.

ARCP auxiliary resonant-commutated pole.
Co cobalt.

DAB dual-active bridge.

DABI1 single-phase dual-active bridge.

DAB3 three-phase dual-active bridge.

dc direct current.

DPRAM dual-ported random-access memory.
DSP digital signal processor.

EMI electro-magnetic interference.

FACTS flexible ac transmission system.

Fe iron.

FEM finite-element method.

FEMM Finite Element Method Magnetics.
FHA first-harmonic approximation.

FIT failure in time.

FPGA field-programmable gate array.

HF high frequency.

HV high voltage.

HVAC high-voltage alternating current.
HVDC high-voltage direct current.

I’CC improved instantaneous current control.
ICC instantaneous current control.

IEEE Institute of Electrical and Electronics Engineers.
IGBT insulated-gate bipolar transistor.

IGCT integrated gate-commutated thyristor.
iGSE improved generalized Steinmetz equation.
ISR interrupt service routine.
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MATLAB
MMC
MOSFET
MV
MVAC
MVDC

NPC

OSE

PCB

PD
PEBB

PI
PLECS
PowerPC

1%
PWM

RMS

Si

SiC

SMC

SSA

SSSC

SST
STATCOM
SVA

VAR
VHDL

ZC
v

Matrix Laboratory.

modular multilevel converter.
metal-oxide-semicondutor field-effect transistor.
medium voltage.

medium-voltage alternating current.
medium-voltage direct current.

neutral-point clamped.
original Steinmetz equation.

printed-circuit board.

partial discharge.

power-electronic building block.
proportional-integral.

Piecewise Linear Electrical Circuit Simulation.
performance optimization with enhanced RISC
performance chip.

photovoltaic.

pulse-width modulation.

root- mean-square.

silicon.

silicon carbide.

soft-magnetic composite.

state-space averaging.

static synchronous series compensator.
solid-state transformers.

static synchronous compensator.
state-variable averaging.

volt-ampere reactive.
Very High Speed Integrated Circuit Hardware
Description Language.

zero current.
zero voltage.
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system matrices of the even-numbered states.
system matrices of the odd-numbered states.
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the winding window of a transformer.

peak flux density.

peak flux density at no-load condition.
saturation flux density.

Clamping circuit capacitor.

secondary dc-link capacitor.

snubber capacitor.

distance between core and inner winding of a
transformer.

duration of state M.

distance between the primary and secondary wind-
ing.

distance between two turns of a winding.
switching frequency.

coercive magnetic-field strength.

current flowing into the secondary dc capacitor.
current flowing into the load.
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nominal current.
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primary-side transformer currents.
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primary transformer current of phase = in state
M.
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load angle.

Clamping circuit inductor.
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In direct-current (dc) networks, dc-dc converters are used to step up or step down dc voltages and
are therefore considered as the equivalent of the transformer in the classical alternating-current
(ac) system. This dissertation is dedicated to the implementation of a medium-voltage high-power
dc-dc converter.

After modelling the converter, a fast current controller is demonstrated that sets a reference current
within one third of a switching period. Moreover, a balancing control scheme is developed which
increases the utilization of the converter.

To increase the converter efficiency, an auxiliary circuit has been designed for a medium-voltage
high-power application. The prototype demonstrates a compact design and an amortization in less
than one year for a wind application.

The medium-frequency transformer is a key component in the dc-dc converter. The high power
density and the requirements on the stray inductance make its design challenging. Therefore,
especially the core losses under the influence of power electronics and the design of the stray
inductance are analyzed. Moreover, a 2.2 MVA transformer operated at 1 kHz is constructed and
demonstrates a ten-fold power density in comparison to a 50 Hz transformer.

Finally, the dissertation presents the construction and the setup of the high-power medium-voltage
demonstrator of the converter. The demonstrator is rated for 5 kV dc-link voltage and a power of 5
MW. From the commissioning, valuable experience on an industrial construction of the converter
are concluded, as well as future research topics.
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