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Abstract

The paper describes the design methodology of a novel Triple Active Bridge cell used as the building
block for modular DC-DC converters. The intended application is for Medium Voltage Direct Current
grids, such as the DC collector for offshore wind farms. The latest generation of SiC MOSFET
semiconductors is utilized to operate in the medium frequency range while optimizing the efficiency.
The dimensioning of the main cell components, including semiconductors, transformer and DC
capacitors is presented. The cell mechanical integration and cooling are also addressed.

Introduction

A new battle in the War of Currents [1], with Edison's direct current (DC) and Westinghouse's
alternating current (AC) at the origin, has begun. The arrival of new power semiconductors, such as
thyristors and IGBTSs, and the development of electronics and computer science, have been the main
triggers. The transmission of bulk power over very long distances is now reserved to high voltage direct
current (HVDC) [2] with voltages reaching 800 kV. Meanwhile, the USB standard with its 5V DC is
expanding in domestic applications. Thanks to the technological improvements in wide bandgap
semiconductors, such as the Silicon Carbide (SiC) [3], an increasing number of applications may switch
to DC in the coming years. Numerous research projects and some industrial projects target DC-DC
power converters as a key component of the electrical networks. The DC-DC converters are often
proposed for green energy and transportation applications such as photovoltaic [4], electric vehicles [5],
wind power [6] and railway electric traction [7]. The offshore wind DC collector appears to be a cost
effective solution as it allows to reduce the volume and weight on the offshore platforms [8] and could
be one of the first multi-terminal DC (MTDC) grids to be introduced.

The Dual Active Bridge (DAB) converter [9] is one of the most promising DC-DC circuit topologies
for high power applications. The series and/or parallel connection of elementary DABs allows to
increase the voltage and power to build converters well suited for medium voltage DC (MVDC) and
potentially extensible to high voltage DC (HVDC) applications [10], [11]. The main challenge of this
multi-cell topology is the medium frequency transformer (MFT) insulation, especially for HVDC



applications. Even if a high voltage insulated MFT has been reported [12] it seems that for the moment
these multi cell converters are more viable for MVDC applications.

This article focuses on the medium voltage DC-DC converter for an “all DC” offshore windfarm
conversion chain (Fig. 1). Assuming similar insulation constraints as for a 66 kV AC collector [13], an
offshore DC collection grid of +48 kV is envisaged. On the other hand a possible evolution of wind
generators to 10 MW power and 4 kV DC output is used as the reference to finalize the converter
specification. The design methodology of such DC-DC converter to step up the wind generator output
voltage to MVDC levels is presented in the following sections. These results are being used for the
design of a full scale demonstration prototype.
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a. Offshore AC collector concept. b. Offshore DC collector concept.

Fig. 1 — Offshore windfarm conversion chain evolution towards an all DC solution.

The Neutral Point Clamped Triple Active Bridge Cell

The cascaded multi-cell topology from Fig. 2a, an input-parallel output-series (IPOS) configuration, is
selected to implement a 4 kV to 48 kV DC-DC step-up converter. Whilst keeping the good performance
of the conventional DAB cell, the triple active bridge (TAB) [14], displayed in Fig. 2b, helps achieving
the required transformation ratio of 12 with the minimum number of cells and overall number of
components.
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a. Cascaded IPOS structure of one pole of b. TAB cell, based on 3.3kV transistors and diodes
the full converter. connected in NPC configuration.

Fig. 2 — Multi-cell structure and TAB cell detail.

Considering the six cells in IPOS configuration used to build a 4.8 MW converter, the resulting cell
nominal ratings are displayed in Table I. A medium frequency operation at 20 kHz is selected for the
AC link to reduce the size of both inductive and capacitive elements [15]. A £10% variation in either
DC bus voltages is also permitted during normal operation.



Table I — TAB cell nominal ratings.

Low voltage DC port 4 kV £10%
Medium voltage DC port 8 kV +£10%
Rated power 800 kW
AC frequency 20 kHz

Cell modulation strategy

A simple modulation approach is proposed to minimize the RMS current value in the AC link. By
adjusting the square voltage pulse width, defined by angle £ in Fig. 3, the amplitude of the 20 kHz
fundamental components of the voltage in both primary and secondary windings is made equal. Two
regions of operation are then identified based on the primary/secondary voltage ratio k,, defined in (1),
where 0.5 is the transformation ratio of the MFT windings. These are represented in Fig. 3a for the case
k, < 1, and Fig. 3b for k,, > 1. Expressions (2) and (3) define the primary and secondary voltage pulse
widths inside each operation region respectively. The active power flow is controlled with the phase
shift § also represented in Fig. 3. The nominal point of operation is defined for k,, = 1. As presented in
(4), in this case the widths of both voltage pulses ; and 8, are equal with a value of «, or 25 us for
operation at 20kHz.
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Fig. 3 — Detail of proposed TAB cell modulation.
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Fig. 4 presents the resulting AC voltages and currents at the nominal point of operation (Fig. 4b) and
the two extreme points during degraded mode of operation (k,, # 1) caused by the allowed voltage
variation in both DC buses of +10%.
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Fig. 4 — Modulation detail: AC voltages and current for 3 points of operation in the TAB cell.



In Fig. 5 the resulting RMS currents in the transformer windings are presented for the proposed
modulation strategy (f-mod.) and also for the conventional square modulation (square-mod.) [16].
During nominal operation at k, =1 both modulations generate identical voltage pulses at the
transformer windings and therefore the resulting AC currents are also identical. Contrarily, during
degraded operation (k,=0.82 and k,,=1.22) the proposed modulation achieves a reduction on the RMS
value of the current as observed. The reduction is significant for low power transfers which translates in
areduction of the power losses in semiconductors, transformer and DC capacitors, improving the overall

TAB cell efficiency.
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Fig. 5 — AC current RMS value as a function of the cell transmitted power for both the proposed
modulation and the conventional square modulation.

Medium frequency transformer and DC capacitors

A single phase transformer with two secondary windings is employed in the TAB cell (Fig. 6). The
design uses a medium frequency magnetic core material and solid insulation in order to provide the
required primary-secondary insulation level. The resulting design parameters are displayed in Table 2.
The complete transformer assembly is water cooled.

insulation S0 KV Table II — Transformer ratings.

+ 4 E
4kV i Rated power 1 MVA
- : Rated frequency 20 kHz
| Pri. rated voltage +4 kV
I Sec. rated voltage £2 kV
£,=20 kHz i Insulation pri.-sec. 80 kV
! Leakage inductance pri.-sec. 75 uH

Fig. 6 — MFT structure.

The DC capacitors are dimensioned for a maximum peak-to-peak voltage ripple of 5% under the
degraded mode operation. The RMS current evolution is displayed in Fig. 7a for the primary bridge
capacitors and in Fig. 7b for the secondary bridges.
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Fig. 7 — DC filter capacitors RMS current evolution for nominal and degraded modes of operation.



The instantaneous periodic current waveforms through the primary/secondary bridge capacitors are
displayed in Fig. 8, where the peak current values needed for the capacitor sizing are observed.
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Fig. 8 —DC capacitor instantaneous current at nominal power transmission during degraded modes of
operation.

Metallised polypropylene film technology offers the best performance for operation at medium
frequency with the required voltage and current ratings for this application. Each capacitor C; to Cs (Fig.
2b) is then implemented using four parallel capacitors with the ratings displayed in Table III.

Table III — DC capacitor ratings.

Capacitance 22.5 pF
Max. voltage 3.3kV
RMS current (@20 kHz) 50 A
Equivalent series resistance (ESR) <3 mQ
Equivalent series inductance (ESL) <50 nH

Sizing of semiconductor switches

To achieve the medium frequency operation with a target efficiency of 99% SiC MOSFET switches are
selected. At the time of writing, the latest generation of 3.3 kV MOSFET dies, offering a drain-source
on-state resistance R g(on) 0f 45 mQ, present a better cost/performance ratio than their 6.5 kV or 10 kV
counterparts. The use of a Neutral Point Clamped (NPC) structure (Fig. 2b) is therefore needed to reach
the required blocking voltages in the TAB cell. In addition, the use of full-bridge configuration on the
primary and a half-bridge configuration on the secondary of the cell, together with the 2:1 ratio in the
transformer windings, results in the same current rating for all semiconductor switches in the cell.
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Fig. 9 — Results of the cost benefit analysis to optimize the required number of parallel dies per
MOSFET switch.



The main source of power losses in the TAB cell are the conduction and switching losses in the
MOSFETs. When using SiC devices conduction losses are dominant. By increasing the number of
parallel dies that compose a MOSFET switch, the equivalent drain-source ON state resistance (Rgg_7)
of the resulting switch is reduced. As a result the conduction losses are also reduced, and the TAB cell
efficiency increases. A trade-off exists therefore between the number of parallel dies to be used in the
converter design and the incurred extra cost.

In this case, the design of the semiconductor switches has been optimized for the offshore DC collector
application. The wind speed probability distribution function of a particular location (displayed in red
in Fig. 9a) is combined according to expression (5) with the WTG power output characteristic (in blue
in Fig. 9a), previously modified with the efficiency curve of the TAB cell (Fig. 11b) for a particular
number of parallel dies per switch.

Veut-out
Pout—avg = f Pyt (v) - p(v) dv ®)]

Veut—in

In this way, the power losses in the DC-DC converter are already factored in the resulting averaged
power. The averaged power is then used to calculate the total energy generation by the wind turbine
over the period of one year and the result is capitalized according to the current offshore wind feed-in
tariffs in France (13 c€/kWh for the 1% 10 years, 3 c€/kWh after). The process is then repeated by
increasing the number of parallel dies and the extra income obtained by the increased efficiency of the
DC-DC converter is computed. The results of this cost-benefit analysis are displayed in Fig. 9b for
designs using between 3 and 10 dies per switch. To assess the economic interest of a particular design,
the savings for a particular time frame of up to 30 years are presented. The extra cost of adding 1
additional SiC MOSFET die per switch in all converter switches is also represented (red line). The value
considers the forecasted cost reduction ($3.6/Amp) for 3.3kV SiC MOSFET dies in volume production
[17]. For the particular case of the TAB cell presented here, a design employing 6 parallel dies per
MOSFET switch was chosen, which as observed in Fig. 9b, allows to recover the incurred extra cost
considering volume production prices in less than 10 years.

Cell efficiency and cooling

The resulting power losses in the TAB cell using 6 dies per MOSFET switch are then computed and
presented in Fig. 10 for the nominal and degraded modes of operation. The figures include the losses in
the MFT (yellow) and DC capacitors (purple) as well as the switching (red) and conduction (blue) losses
in the cell semiconductors. The steps observed in the curves correspond to the crossing of the soft-
switching region for the degraded modes of operation. As observed, the resulting total cell losses (green)
at nominal power transfer (800 kW) are in the region of 7 kW for the nominal operation which increase
to 13 kW for degraded mode operation at k,=1.22.

12000 || — Potal 12000 [ |—Potai 12000 Rotal
— Pcond I Pcond — pcond
E 10000 |___ Pew g 10000 | Pew g 10000 |__ Psw
= Ptrafo = Pirafo P"alo
» 8000 __p o 80001 |_p @ 8000 |_p 1
8 capas 8 capas & capas J/
- 6000 = 6000 - 6000 = i
o [0} [0}
3 g 2 yoool—T""1
x 4000 a 4000 = o 4000 1
2000 j 2000 400 _‘4’//
0 0 0

O 02 04 06 08 1 0 02 04 06 08 1 0O 02 04 06 08 1
F>transm (pu] F)transm (pu] Plransm (pu)
a. k, = 0.82. b. k, = 1, nominal operation. c. k,=122.

Fig. 10 — Detail of cell losses during nominal and degraded modes of operation.

A liquid cooling system is designed to evacuate the losses in the TAB cell, which include the losses in
the semiconductor switches and the MFT. Fig. 12a shows the thermal simulation for a liquid cold plate



with the three power modules that implement a complete NPC arm. The cold plate internal channels,
pressure drop and coolant flow rate are adjusted to minimize the MOSFET junction temperature under
nominal operation while keeping the junction temperature below 175°C under the worst case operation
during degraded modes. The final design presents an equivalent thermal resistance junction to coolant
fluid of Ryp_jr=0.64 K/W. The resulting TAB cell efficiency curves considering transformer and
capacitor losses for nominal and degraded modes are displayed in Fig. 11b. This verifies that the target
efficiency of 99% for nominal operation is achieved.
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Fig. 11 — Power module thermal simulations and total cell efficiency.

The individual junction temperatures of the cell semiconductors are displayed in Fig. 12. The results
validate the correct design of the cooling system. In the graphs a distinction is made between the primary
and secondary bridge switches (pri/sec), as well as for the inner and outer MOSFET switches in the NPC
arm (Sin/Sow), due to the uneven losses distribution among them when employing the proposed
modulation. The temperature in the clamping diodes (D.) is also displayed.
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Fig. 12 — Detail of cell losses during nominal and degraded modes of operation.

Mechanical Integration of the TAB Cell

The converter described here combines several features which are usually not seen together: high power
(800 kW), high switching frequency (20 kHz) and the NPC topology. This requires to split the active
devices over several modules due to the high power. At the same time due to the high frequency of
operation, the parasitic inductances need to be reduced as much as possible. The design of the power
modules and the busbars is therefore studied as a whole in order to find the best compromise that
minimizes the transient over-voltages during commutation.

Different cell arm configurations

The semiconductors switched are packed as a half-bridge structure. Fig. 5 presents three possible
configurations of power modules studied for the NPC arm.
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Fig. 13 —Three possible configurations for grouping the semiconductors in two or three power
modules to form a NPC half-bridge.

It is possible to minimize parasitic inductances, shorten the busbar length, obtain better flexibility or
reduce the inverter cost by choosing the optimal mechanical arrangement of the arm. In order to find the
best compromise, simplified simulations have been performed using Ansys® Simplorer [18]. In these
simulations, parasitic inductances have been estimated according to the mechanical layout for each
option. For example, when the electrical connection between two switches is achieved internally in the
power module, the parasitic inductance between these two switches is lower than it would have been
achieved externally, by using a busbar. Fig. 14 presents the simulation results of the resulting voltage
overshoot across the switches for the three configurations of Fig. 13 during a switching event.
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Fig. 14 —Voltage overshoot during turn-off of switches Sia and Sig (Va1 =4 kV and L1 =300 A).

In terms of parasitic inductances the best choice is option C. However, this is not compatible with
existing modules in terms of internal layouts (most high power modules can host one or two sets of
semiconductors, not three) and voltage ratings (the module in configuration C experiences the full DC
voltage of the half bridge). On the contrary, options A and B can be implemented using standard
industrial power modules. For this project the industry standard XHP™ outline introduced by Infineon
is used. A good compromise for the TAB cell is found with option B (Fig. 13b). In the NPC arm, the
currents flowing through S and Syg shift to D¢ and De; at turn off. To reduce the parasitic inductances
due to the long current loop, Sia/Dci and S>s/Dc» are packed together. A third power module contains
S18/Saa.

Sensitivity to gate resistance value

Once the system is designed, electro-magnetic simulations have been carried out in order to validate the
mechanical design. As presented before, parasitic inductances are a key parameter with high speed
switching devices such as SiC MOSFETs. Consequently, the simulation models integrate the reduced
RLC models of the busbars and the electrical connections allowing the consideration of the parasitic
elements. To obtain the RLC model, finite element simulations were performed with the Ansys® Q3D
environment [18]. In the temporal simulation software environment, behavioural models of the SiC
MOSFET have been developed thanks to the datasheets and measurements performed on the power
modules [19].
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(VDCl = 4 kV —I= 300 A)

Fig. 15 presents voltage and current waveforms across switch Sig during turn-off for several values of
gate resistance (R). As observed, the slowing down in the commutation speed when increasing R, helps
reducing the voltage overshoot. A small voltage unbalance is also observed at the end of the
commutation (the voltage after the commutation is 2090 V whereas it should be 2000 V). This unbalance
is caused by the difference on the commutation loop inductance of switches Sia and Si. Considering
the nominal value of the voltage across the switch, the unbalance is negligible. However, if required,
the gate resistance value may be adapted in order to reduce it. The simulation results give a total
commutation loop inductance value of 120 nH for the selected pack configuration and busbar design
(Fig. 16a). This value takes into account the loop formed by the DC filter capacitors, the busbar and the
power modules. The real implementation of the full-bridge primary inverter is displayed in Fig. 16b.

a. 3D model of the primary inverter. b. Primary inverter on the test bench.

Fig. 16 — CAD model and real implementation of the primary inverter of the TAB cell.

Conclusions

The paper presents the design methodology of a triple active bridge (TAB) cell. The cell is used as the
building block for the implementation of modular DC-DC converters in MVDC applications. The
required ratings of the different elements integrating the cell are identified. An optimal design of the
semiconductor power modules relies on a cost-benefit analysis of the offshore wind DC collector
application. The optimal number of SiC MOSFET dies to be used per switch is found to be six. With
the power module design fixed, the power losses in the different cell elements are estimated in order to
obtain the total cell efficiency curves. The power losses are also an input parameter for the dimensioning
of the required cooling system, to minimize the semiconductor junction temperature during nominal
operation while ensuring that the maximum junction temperature is not exceeded under degraded



operation. Finally, the process of designing the mechanical assembly of the cell NPC bridges is
described. The best compromise is obtained with a design that uses three power modules to pack the
four MOSFETSs and two clamping diodes of the NPC arm. With this information, the custom busbar is
designed. In this way the commutation loop inductance is minimized which in turn minimizes the
voltage overshoot across the arm switches during commutation. This is a critical design constraint when
using fast SiC semiconductors switching at high frequency.
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