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Abstract

A key component for all-DC wind farms is the DC/DC converter. The converter must have multi-megawatt power capability,
a high step-up ratio, provide galvanic isolation, and operate efficiently while being able to fit in the wind turbine nacelle. The
single active bridge (SAB) and dual active bridge (DAB) converters in standalone or cascaded configuration are promising
topologies that have the potential to meet these requirements. This paper reviews the operation and control of these converters,
and compares their volume, weight, and efficiency for a 15 MW wind turbine with 80 kV DC connection. The results show that
the standalone topologies are significantly smaller and lighter than their cascaded counterparts. However, all topologies fit inside
the wind turbine nacelle. The SAB designs are the most efficient and robust, as they use diodes in the output bridge. The DAB
topologies have the advantage of bidirectional power flow at the cost of additional switches and losses. The standalone DAB
requires series-connected switches in the output bridge, which may difficult to implement. The cascaded topologies offer higher
reliability without significantly increasing losses, making them the most attractive option for future DC wind turbines.

1 Introduction

Traditionally, offshore wind power plants have used medium
voltage AC (MVAC) collection systems with either high volt-
age AC (HVAC) or high voltage DC (HVDC) export sys-
tems. As the offshore wind industry has matured, the size
and distance from shore of offshore wind farms has continu-
ally increased. This, together with the continual development
of power semiconductors, has generated significant interest in
using medium voltage DC (MVDC) in the collection system
instead, resulting in an all-DC wind farm. This has the poten-
tial to provide cost savings when connecting to HVDC or even
directly to shore [1].

One of the main components required for these all-DC wind
farms is a high-power, high-step up DC/DC converter. This
interfaces the low voltage wind turbine generator with the
MVDC collection network, as shown in Fig. 1. Depending on
the wind power plant design, string-level or farm-level DC/DC
converters can also be used to further increase the voltage for
the transmission stage [2, 3]. The focus of this paper will be on
the wind turbine converter.

A multitude of converter topologies has been put forward
for high power DC/DC conversion, which can broadly be cat-
egorised into isolated and non-isolated designs, resonant and
non-resonant designs, modular and non-modular designs [4]. It
is therefore necessary to perform a downselection of DC/DC
converter topologies to determine the appropriate design for
use in DC wind turbines.
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Fig. 1: DC/DC converter location in MVDC-connected wind
turbine

Previous research [5] has shown that cost-effective all-DC
wind farms require a DC/DC converter with high power han-
dling capability of 15 MW to accommodate the rating of future
wind turbines. The converter needs to have a high voltage step-
up ratio. Wind turbine generators are typically rated at a voltage
of 690 V to a few kV [6], whereas a DC collection system will
need to be able to achieve voltages of 80 kV or more [5]. In
all cases, the converter must have acceptable dimensions and
weight to be able to be located inside the nacelle or wind tur-
bine tower. For safety considerations, and to enable high-step
up ratios, galvanic isolation is necessary [7, 8].

Beyond these functional requirements, the ideal converter
topology will have a high reliability, due to the difficulty
accessing and repairing offshore wind turbines. Further perfor-
mance requirements include a high efficiency at wide operating
range and a low component number and cost.

Based on these requirements, non-isolated converters, such
as those presented in [9, 10], are not considered due to safety
issues. Resonant converters, which use a separate resonant tank
consisting of a combination of inductors and capacitors, aim
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to reduce switching losses by switching at zero current and/or
zero voltage [3]. The efficiency benefits over non-resonant
designs are not guaranteed, however [3, 7, 11]. The additional
complexity of resonant designs also makes them unlikely can-
didates for DC wind turbines in the near future. These were
therefore not selected for further investigation.

The remaining converter topologies include isolated, non-
resonant converters which can be modular or non-modular. Of
these, studies have shown that both the single active bridge
(SAB) [12, 13] and dual active bridge (DAB) [14, 15] are
promising topologies for DC wind turbines. However, there is
a lack of research on how these converters compare for this
application. Important questions remain on what impact the
modular vs. non-modular design choice has, and how the topol-
ogy choice affects the transformer size and ability to fit in the
nacelle, as well as the overall converter efficiency.

This paper fills this gap by first reviewing the SAB and
DAB converters in terms of their components, operation and
control when used in DC wind turbines. The options for con-
necting multiple converters together in a cascaded arrangement
are then discussed. The design methodology and loss calcula-
tion of the medium frequency transformer is presented. Finally,
the standalone and cascaded versions of the SAB and DAB are
compared in terms of their volume, weight and efficiency.

2 Single active bridge converter

2.1 Schematic

The SAB converter schematic is shown in Fig. 2a. The SAB
consists of an active full bridge inverter at the primary side
and a passive full bridge rectifier on the secondary. The bridges
are connected through a medium frequency transformer (MFT)
with a leakage inductance used for the power transfer. The
switches on the primary side include a transistor, typically an
IGBT, an anti-parallel diode and potentially a soft-switching
capacitor connected in parallel, depending on the design. The
voltage is filtered by a capacitor at both the input and output of
the converter.

2.2 Operation

The SAB creates a square wave voltage by switching transistor
pairs S1,S4 and S2,S3. The duty cycle determines the duration
of the ON state for S3 and S4, thereby controlling the width
of the voltage pulse and the power transfer from the input to
output bridge.

The SAB can be operated in either continuous current mode
(CCM) or discontinuous current mode (DCM), depending on
the leakage inductance, duty cycle and voltage. In CCM, the
converter can achieve soft-switching through the use of capac-
itors connected in parallel to the switches, but at lower output
powers the converter loses this soft-switching capability as it
operates in DCM. This is described in more detail in [16]. In
this case, the switch capacitors increase the turn-off losses of
the converter at low power output [13, 17].

For large wind turbine applications, which do not oper-
ate at full power continuously, the SAB is therefore typically
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Fig. 2: The single active bridge converter (SAB), (a) schematic,
(b) waveforms, (c) control

designed to operate exclusively in DCM, without the use
of soft-switching capacitors. This simplifies the design and
reduces the filter inductance requirements [13, 18], at the cost
of higher current stresses [7]. The waveforms for the SAB
operating in DCM are shown in Fig. 2b.

Based on the waveforms, the following equations can be
derived describing the steady-state operation. When switch S1

and S4 are ON, the rise in current in the transformer inductance
is given by

∆iLON
=

V1 − V2/n

fL
D (1)
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where V1 is the DC input voltage, V2 is the DC output voltage,
n is the transformer turns ratio, L is the transformer leak-
age inductance, D is the duty cycle and f is the switching
frequency.

When switch S4 turns off, the diodes D1 and D4 con-
tinue conducting until the current has returned to zero. In this
interval, the fall in current is given by

∆iLOFF
= −V2/n

fL
Df (2)

Where Df is the fall duration of the inductor current. The
rise and fall in current in the transformer leakage inductance
must be equal, resulting in a fall duration of

Df =

(
nV1

V2

− 1

)
D (3)

To maintain discontinuous mode operation, the total rise
and fall time may not exceed one half of the switching cycle,
resulting in a maximum duty cycle, Dmax, of

Dmax =
V2

2nV1

(4)

The average output power is given by

P2 =
V1

fL

(
V1 −

V2

n

)
D2 (5)

The maximum power output is achieved at a duty cycle of
Dmax. The average output and input currents can be calculated
using standard equations

I2 = P2/V2 ; I1 = nI2 (6)

2.3 Control

The basic control structure of the SAB is shown in Fig. 2c.
The controller can be designed to either control the input or the
output voltage. It consists of a proportional-integral controller
which sets the desired current based on the voltage error using
the transfer function

PI(s) = Kp +
Ki

s
(7)

The gains Kp and Ki can be tuned manually or calculated using
techniques such as the symmetrical optimum method [18]. The
resulting current setpoint is converted to a duty cycle for the
converter switches, by rearranging (5) and (6) for the duty cycle
D, resulting in

D =

√
fL

V1 − V2

n

√
I1 (8)
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Fig. 3: The dual active bridge converter (DAB), (a) schematic,
(b) waveforms, (c) control

3 Dual active bridge converter

3.1 Schematic

The DAB converter schematic is shown in Fig. 3a. The DAB
has a similar topology to the SAB, with the main difference
being an active bridge on the secondary. This allows bidirec-
tional power flow. As with the SAB, the DAB transformer’s
leakage inductance can be used for the power transfer, resulting
in a more compact overall design.
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3.2 Operation

The DAB creates a square wave voltage on both bridges which
are shifted by a phase angle, δ. The phase angle determines
the direction of power exchange, with power flowing from the
leading to lagging bridge. Both pairs of switches on each bridge
have a fixed duty cycle of one half of the switching period.
The DAB operates exclusively in CCM, with soft-switching
achieved through the use of capacitors connected in parallel
with each switch [17].

The voltage and current waveforms of the DAB are shown
in Fig. 3b. The inductor current is symmetrical over half the
period. During the first interval, when switches S1 and S4 are
ON but S5 and S8 are still OFF, the rise in inductor current is
given by

∆iL1
=

V1 + V2/n

fL
δ (9)

During the second interval, switches S5 and S8 are turned
ON and the current increases by

∆iL2
=

V1 − V2/n

fL

(1
2
− δ

)
(10)

For soft-switching to occur, the current iL must be negative
at the start of the period and positive at the start of the second
half of the period. The minimum angle to attain soft-switching
is dependent on the voltage conversion ratio [17], calculated
using

δmin =
1

4

(
1− V2

nV1

)
(11)

Hence, when the voltage conversion ratio is unity, soft-
switching can be achieved over the full operating range.

The average power output of the DAB can be calculated
using the equation

P2 =
V1V2

fLn
δ(1− 2δ) (12)

The maximum power output is achieved at a phase shift
of 0.25. The corresponding input and output currents can be
calculated using the standard equations (6).

3.3 Control

The basic control structure of the DAB is shown in Fig. 3c.
Similar to the SAB, the controller can be designed to either
control the input or the output voltage and uses a PI controller
to set the desired output current. This is converted to a phase
angle shift by rearranging (12) for the phase shift δ, resulting
in

δ =
1

4

(
1−

√
1− 8fLI2n

V1

)
(13)

More sophisticated control schemes have been proposed and
implemented for the DAB to reduce its large circulating reac-
tive current [19], which occurs when the voltage conversion
ratio is not equal to one. However, since the input and output
voltage of the converter do not vary significantly in DC wind
turbines applications, simple phase shift control can be used.
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Fig. 4: Schematic of an input-parallel, output-series cascaded
DC/DC converter

4 Cascaded converters

Due to the high power and high voltage requirements for
the converter, several papers have proposed cascaded SAB
(CSAB) or cascaded DAB (CDAB) converters, where indi-
vidual converters are connected together [20, 21]. Despite the
wide application of multilevel modular converters (MMCs) in
HVDC applications, for high power DC/DC conversion, a cas-
caded connection of the converters is typically more efficient
and cost-effective [15].

There are four standard cascaded connection topolo-
gies, including input-series output-series (ISOS), input-series
output-parallel (ISOP), input-parallel output-parallel (IPOP),
and input-parallel output-series (IPOS) [6]. The series con-
nection allows the voltage to be increased, whereas a parallel
connection allows for current sharing between the convert-
ers. This means that for the high-power, high voltage step-up
requirements of a DC wind turbine, the IPOS connection is
most suitable. This topology is illustrated in Fig. 4.

The number of converter modules will depend on the design
goals of the converter. One approach is to have a 1:1 turns ratio
for the MFT transformer [22]. This has the benefit of simplify-
ing the transformer design and, for the DAB, allows the voltage
conversion ratio to stay close to unity, reducing circulating cur-
rents. However, if the voltage of the secondary is much higher
than the primary, a large number of modules will be required.

An alternative approach is to select the number of modules
based on the blocking voltage and current rating of the selected
semiconductors [23]. This means the series-connection of
switches, which may be difficult to implement, is avoided.
Additional redundant modules can also be added to increase
the reliability and fault-tolerance of the converter [20].

Further benefits of a cascaded configuration include the abil-
ity to use an outer control loop to balance the power between
non-identical modules and the use of interleaved switching,
where the switching instants of the modules are phase-shifted
to reduce the overall ripple without increasing losses [18].
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Table 1 Material properties for the MFT [23, 25]

Symbol Property Unit Value

Bsat Core magnetic saturation T 1.17
ρc Core density kg/m3 7330
kc Core fill factor 0.75
k First Steinmetz constant W/m3 0.036
α Second Steinmetz constant 1.64
β Third Steinmetz constant 2.10

Emax Max. insulation strength kV/mm 29
ρins Insulation density kg/m3 500

5 Medium Frequency Transformer

5.1 Design

The MFT is an essential component of the isolated DC/DC
converter. Research has found a frequency of 1 kHz results in
a large size and weight reduction of the transformer without
excessive additional losses compared to a 50 Hz transformer
[24]. Due to the high power requirements, non-standard fre-
quency and the importance of the leakage inductance, an
off-the-shelf transformer cannot be used in the wind tur-
bine DC/DC converter. Instead, the MFT must be specifically
designed for this application.

The transformer design procedure is based on that set out in
[25] and [26]. The transformer is a shell type with the low and
high voltage windings concentrically wound around the central
limb. The procedure starts with the specification of fixed design
parameters, such as nominal power, input and output voltages
and frequency. In addition, the core and insulation materials
are selected. These are shown in Table 1. The transformer core
is assumed to use copper foil in the primary winding and litz
wires in the secondary winding.

Once the fixed parameters are set, there are a series of free
parameters which can be varied to obtain an optimal design.
These include the number of parallel layers in the primary and
secondary windings, the number of turns per layer in the pri-
mary, the number of core stacks, and the current density of the
primary and secondary windings. This results in a wide range
of possible transformer designs, which are each evaluated in
terms of volume, weight and losses.

5.2 Losses

The transformer losses considered include the copper winding
losses and the iron core losses. The DC winding resistance for
each winding is calculated using

Rdc =
ρCuNMLT

ACu

(14)

To calculate the ratio of AC to DC resistance at a given
frequency, the following equations are used [26]

Kac =
1

2
yMy + (2m− 1)2Dy (15)

Table 2 Fixed parameters for the DC/DC converter comparison

Parameter SAB DAB CSAB CDAB

Number of modules N 1 1 12 18
Module power Pn (MW) 15 15 1.25 0.83
Output voltage V2 (kV) 80 80 80 80
Turns ratio n 78 67 6.67 3.75
Inductance L (µH) 2.55 4.99 30.6 94.8

where

y =
w

δ
; δ =

0.071√
fh

(16)

My =
sinh(y) + sin(y)

cosh(y)− cos(y)
(17)

Dy =
sinh(y)− sin(y)

cosh(y) + cos(y)
(18)

The copper winding losses can then be calculated by decom-
posing the transformer current in its harmonic components and
summing the resulting loss

PCu =
∑
h

I2
hKac,hRdc (19)

Where Ih is the magnitidue of the current with harmonic order
h, and Kac,h is the ratio of AC to DC resistance at the frequency
of harmonic order h.

To calculate the iron core losses per unit volume, the
Improved Generalised Steinmetz Equation (IGSE) is used. This
is defined as [27]

Pcore =
1

T

∫T

0

ki

∣∣∣∣dBdt
∣∣∣∣α (∆B)β−αdt (20)

where B is the instantaneous magnetic flux density, ∆B is the
peak-to-peak magnetic flux density, and ki is calculated using

ki =
k

(2π)α−1
∫2π

0
|cos θ|α 2β−αdθ

(21)

where k, α, and β are the Steinmetz parameters of the iron core
material. For a square wave excitation voltage with duty cycle
D, the core power loss becomes [28]

Pcore =
2D

Dα
kif

αBβ
m2βVcore (22)

where Bm is the maximum magnetic flux density, given by

Bm =
V1D

2fN1Acorekc

(23)

6 Comparison

Four converter configurations were compared, including the
standalone and cascaded versions of the SAB and DAB. The
converter parameters are based on [5] and set out in Table 2.
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Fig. 5: Transformer comparison results, (a) volume, (b) weight
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Fig. 6: Converter losses over the operating range, (a) Single active bridge, (b) Dual active bridge, (c) Cascaded single active
bridge, (d) Cascaded dual active bridge
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State of the art IGBT module ratings are 1.7 kV, 3.6 kA for
the input bridge [29], and 6.5 kV, 250 A for the output bridge
[30] in the DAB converter. For the output bridge of the SAB
converter, diodes can achieve ratings of 9.0 kV, 550 A [31].

The standalone SAB and DAB require 8 IGBTs to be con-
nected in parallel in the input bridge to be able to carry the
current at maximum output power. The SAB and DAB require
12 and 18 series connected diodes and IGBTs, respectively, to
withstand the output voltage. The series connection of IGBTs
in particular may be practically difficult to implement due to
issues with perfectly synchronising gate drives and sharing
voltage equally [32].

The cascaded versions of the converters, on the other hand,
are designed to not need any parallel or series connected semi-
conductors within each module. The CSAB and CDAB require
12 and 18 modules in IPOS configuration, respectively.

6.1 Volume and Weight

A large number of designs are possible for the MFT. There-
fore, to enable a comparison, the selected designs for each
converter were set to be those with the highest power density
for a minimum full-load efficiency of 99.5%.

The transformer comparison results are shown in Fig. 5. The
results show that for the same efficiency, the SAB transformer
has a 26% smaller volume and 4% lower weight at 3.3 m3 and
8.7 tonnes, compared to the DAB transformer’s 4.5 m3 and
9.1 tonnes.

The transformers in each module of the cascaded topologies
are 14% to 20% of the volume and weight of the standalone
versions. However, due to the multiple modules required, the
overall volume and weight of the CSAB is more than twice
that of the standalone version. For the CDAB, the volume is
three times and the weight is 2.5 times that of the standalone
version. Despite this, all of these converter transformers are sig-
nificantly smaller and lighter than standard 50 Hz transformers
and they are able to fit inside the nacelle of a 15 MW turbine.

6.2 Efficiency

The losses of the converters consist of the transformer losses,
as well as the switching and conduction losses of the semi-
conductors. The transformer losses were calculated using the
equations set out in Section 5.2. The switching and conduction
losses were calculated by performing PLECS simulations using
the semiconductor datasheets [29–31].

The efficiency results are shown in Fig. 6. The standalone
SAB has the highest efficiency of the four studied topologies,
with losses ranging from 0.5% to 1.1%, see Fig. 6a. This is due
to the low losses of the diodes used in the rectifier. The stan-
dalone DAB losses, shown in Fig. 6b, range from 1.2% to 1.8%.
Most of the additional losses are due to the IGBT switching
losses in the rectifier. The core losses are also relatively high
for lower power outputs, since the DAB operates with a con-
stant duty cycle, and therefore constant core losses, over the
entire operating range.

The losses of the CSAB and CDAB are shown in Fig. 6c
and Fig. 6d, respectively. The cascaded converters have very
similar losses to their standalone counterparts. Despite having a
larger total number of switches in the input bridge, the primary
currents are lower, resulting in only marginally higher losses
at lower power outputs. The transformer core losses are also
slightly higher due to the larger total transformer core volume.

Overall, all four DC/DC converter topologies manage to
attain similar levels of efficiency as current direct drive wind
turbine converters.

7 Conclusion

This paper has reviewed the components, operation and control
of the SAB and DAB, and discussed how they can be arranged
in a standalone or cascaded configuration. A comparison of the
transformer volume and weight, as well as the overall converter
losses was performed for a 15 MW wind turbine converter
connected to a 80 kV collection system.

The analysis has shown the volume and weight of the
standalone converters are lower than that of the cascaded con-
verters. However, the relative benefits of this are limited since
all topologies use transformers that fit inside the wind turbine
nacelle and represent space and weight savings compared to
existing low frequency transformers. In terms of efficiency,
the SAB designs can achieve close to 99% efficiency over the
operating range, whereas the DAB designs have an average
efficiency closer to 98.5%.

Overall, for wind turbines which only require unidirectional
power flow, both the SAB and CSAB are suitable. The CSAB
is more attractive due to its higher reliability without suffer-
ing from a significant increase in losses. If the wind turbine
requires bidirectional power flow, the CDAB is recommended.
Despite its lower volume, weight and losses, the standalone
DAB requires series-connected IGBTs in the output bridge
which limits the practical application of this topology.
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