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Abstract
In order to fully exploit the benefits of modular converters, dedicated hard- and software
integration technologies have been developed to complement modular multi-level circuit
topologies. The technologies investigated include a wireless auxiliary power supply, a two-
phase cooling, solid insulation, wireless optical communication, redundant EtherCAT
networking and advanced IGBT junction temperature diagnostics. Emphasis was set on three
key aspects of modularity: scalability, configurability and pluggability. To validate the
technologies and to demonstrate their benefits, a medium voltage concept converter was built
and operated. The combination of these technologies finally also enabled a ‘hot swap’
functionality, where power modules can be replaced during converter operation. Hot swap has
successfully been tested for a DC-link voltage of 3.3 kV and output power of 550 kW.

1. Introduction
Modular converters are typically motivated by electrical properties, such as paralleling and
series connection for power and voltage scaling and series connection for converter voltages
higher than the semiconductors’ blocking voltages. Furthermore, modular multi-level
topologies are used to increase power quality and efficiency. Complementary to these aspects,
this paper focuses on the modularity of specific integration technologies, including auxiliary
power supply, cooling, electrical insulation, and software and hardware components
associated with the control communication and IGBT junction temperature diagnostic.
In order to define the requirements for the investigated technologies, three different aspects of
modularity must be evaluated: scalability, configurability and pluggability (see [1], [2] and [3]
for further information on modularity). Which one of the three aspects is more relevant is
motivated by the specific business case underlying a converter development, which can
include: converter variants deployment for a broad product range, higher production volumes
of fewer parts to take advantage of economy of scale factors, assembly and commissioning,
testing, servicing, reliability and lifetime (availability). Finally, it is expected that the combination
of modular topologies with modular integration brings additional benefits, one of which is ‘hot
swap’, the capability of replacing power modules during full operation.
In this work, a modular multi-level topology based (MMC) [4] concept converter is used, around
which the integration technologies have been developed. The MMC topology by itself and its
control algorithm are not scope of this paper. In Section 2, the individual technologies are
described and brought into context with each other. Section 3 presents the full scale, medium
voltage concept converter that was built to demonstrate the developed technologies.
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2. Technologies
The power electronic building blocks (PEBBs, see Figure 1b) address the challenges of
configurability and scalability as the internal unipolar cells can be connected as series, parallel
or full-bridge configuration for various applications and power requirements. The PEBBs can
then be series connected to reach the required converter voltages. In the present demonstrator
converter (Figure 1a), the cells are rated for a maximum of 1 kV and 600 A.
An additional requirement is that of voltage insulation capable of handling the increasing
system-level voltage, the independent PEBB cooling, the system communication with variable
number of cells and the reliability which is reduced with the increasing part count.
Finally, the PEEBs need to be pluggable to allow fast assembly, commissioning and servicing
of the converter. This pluggability must be provided by the converter cabinets as well as by all
power and auxiliary interfaces.

(a) (b)

Figure 1: Photographs of the concept converter (a) and of the PEBB containing two unipolar cells (b).

2.1. Wireless Auxiliary Power Supply

In MMC topologies, the individual power modules (power cells) can be self-powered from the
cell’s capacitor voltage. This, however, requires the application of main power to charge the
cell capacitors above a certain threshold before the cell logic turns on. This dependency brings
several disadvantages with regard to commissioning, maintenance and hot swap. For this
reason, a wireless, inductive power transfer (IPT) based solution was developed [5]. The IPT
system consists of a resonant DC-AC-DC converter with a pair of coupled coils L1 and L2 acting
as resonant tank with series connected compensating capacitors C1	and C2 [6] (Figure 2a). The
coupled coils also provide the pluggability and the galvanic insulation. The IPT system was
designed for a power supply of 30 W with an input voltage of 48 VDC, an output voltage to the
cells of 27 VDC ±4 V and aimed at robustness and low cost rather than efficiency.
Two important boundary conditions had to be taken into account. First, the coupled coils have
to work in an electrically conductive environment (PEBB enclosures, cabinet walls, bus bars,
etc.), thus requiring a compact design which is insensitive to stray couplings of the magnetic
field. Second, the coils are mounted inside the cooling air duct, and must not block the air flow.
The chosen coil design therefore consist of an outer primary coil and an inner, concentric
secondary coil, wound on a magnetic core to concentrate the magnetic flux (Figure 2b). In
order to keep the system cost low, active regulation or per-part tuning are not permitted. The
IPT system is therefore not operating at resonant frequency, since there the voltage gain is
strongly load dependent and would need a regulator. Instead, a specific operation frequency
is chosen, where the system can be designed for minimal load dependency [7]. Figure 3 shows
the achieved efficiency of about 90 % (incl. inverter and rectifier) and the resulting load
dependencies.
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(a) (b)

Figure 2: Resonant converter circuit (a), and photo of actual inverter PCB and coupled coils (b).

(a) (b)

Figure 3: Measured efficiency (a) and output voltages (b) as function of output power.

2.2. Two-Phase Cooling

Air cooled converters based on finned heat sinks typically have lower power densities than
water cooled converters. However, the piping required to water-cool the converter modules
brings several disadvantages with regard to the pluggability of a modular system (i.e. need for
pluggable dry connectors, electrically insulated pipes etc.). The solution chosen is therefore to
use a local two-phase cooler for each power module and an air cooling system at cabinet level.
The advantage of the two-phase approach is that it provides high cooling performance at small
size and with low pressure losses [8]. In order to make best use of the available volume and
air flow cross section, a dedicated L-shaped thermosyphon cooler has been developed (see
Figure 4a). A horizontal evaporator variant and a vertical evaporator variant were implemented
and benchmarked [9, 10 and 11]. For the final demonstrator, the vertical evaporator solution
was chosen due to its higher cooling performance (Figure 4b). This cooling concept requires
that the air flow through the cell and especially at the cell outlet after the condenser is not
blocked by other components (i.e. auxiliary power supply coils).
The achieved performance is shown in Figure 5. For a volumetric air flow of 400 m3/h, air inlet
temperature of 42 °C, maximum outlet temperature of 60 °C and maximum junction
temperature of 125 °C, the achieved maximum cooling power is 1400 W. The pressure drop
through the condenser at the same operating point is as low as 100 Pa which is up to an order
of magnitude less than a comparable standard heat sink.
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(a) (b)

Figure 4: Cell cooling concept with air flow through capacitors, gate driver PCBs and thermosyphon
condenser (a). Photo of actual cooler with mounted power semiconductor modules (b).

(a) (b)

Figure 5: Measured IGBT junction temperature (a) and pressure drop (b).

2.3. Solid Insulation of Power Modules

One of the main advantages of the MMC topology is its capability to go to medium and high
voltages, but to do so, the converter design must provide the necessary electrical insulation.
Air insulation is, for many reasons, still the most widely used solution and it does not require
any additional material. The drawback is that clearance and creepage distances rapidly
increase with voltage and that the mechanical fixtures (e.g. inclusion of support insulators etc.)
can become complex at higher voltages. In this work, a solid insulation based module
enclosure was developed with the following motivation: volume reduction, explosion protection
and easier mechanical handling. The known challenges are the attainment of partial discharge
free dielectric material quality out of one piece (no bond lines) and to manufacture rounded
part shapes for nearly homogenous E-fields [12].
The enclosure concept is such that the dielectric insulation is provided to the lateral and vertical
directions, and air insulation is used in the front and rear of the module for the cooling air inlet
and outlet. The manufacturing method consists of casting polyurethane (PU) material directly
into pre-treated metal shells that are then kept as the inner and outer metallizations. This way,
the dielectric material and the dielectric-to-metal interfaces provide the required quality. Figure
6 shows the manufacturing process and the resulting enclosure after machining. For
technology demonstration purposes, the implemented enclosures were designed for 24 kV
system voltage and 75 kV impulse voltage (overvoltage category II). The dielectric material
showed excellent insulation properties with an E-field strength of 16 kV/mm at partial discharge
extinction and no dielectric breakdown at 75 kV [13]. Electric breakdown was initialized in the
air at the metallization edges. This can be further improved by more refined field grading.
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The result is a PEBB enclosure with an outer metallization at ground potential, which brings
many advantages such as: 1) direct galvanic mounting to fixtures and rail systems within the
grounded cabinet racks, 2) full flexibility in positioning of the PEBBs where adjacent PEBBs
can touch each other for maximum space saving, and 3) easy PEBB handling during hot swap.

(a) (b) (c)

Figure 6: PU casting process (a) and actual enclosure (b) with detail
of machined and copper coated E-field forming groove(c).

2.4. Two-Tier EtherCAT Based Communication Network

The two-tier communication network developed consists of a Xilinx Zynq based central
controller connected to an EtherCAT (EC) network with free space optical infrared (IR) links
(Figure 7). The first tier includes the time synchronized and redundant EC ring that distributes
the control information to the EC slaves. From there, the second tier distributes the signals in
star configuration via the free space optical (FSO) IR links to each MMC cell. The number of
slaves per EC ring and the number of FSO links per EC slave can be freely configured,
depending on the number of modules and required communication cycle time and
synchronization jitter. The EC master was designed to be modular; support ring redundancy
and clock synchronization [14], introduce minimal stack processing latency and run on different
hardware platforms. Earlier implementations used a P2020 based main controller [15]. At
present a Xilinx Zynq system-on-chip is used. A minimal bus cycle time of 11 µs is achieved,
now believed to be the fastest known in industry. Such low cycle times allow the
accommodation of more EC slaves within 100 µs control application cycle time.
The FSO links consist of two paralleled transmitting IR diodes with a total power of 2 x 100 mW
peak and radiating in a ±10 degrees wide beam, and one receiving photodiode, which works
down to IR light levels of about 100 µW/cm2 (Figure 8a). Each link provides a raw data rate of
25 Mbit/s and a usable rate of 20 Mbit/s.

Figure 7: Two-tier EtherCAT based communication network.
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The network as installed in the demonstrator consists of 1 EC slave for the time reference –
this is integrated into the Zynq – and 4 EC slaves for the power racks, each of which is
connected to 12 FSO links for a total of 48 cells (Figure 7). The achieved control cycle time is
100 µs, including 20µs of preprocessing and 58 µs of main control algorithm processing time
and a maximum steady state jitter of 100 ns. Figure 8b) shows the minimal cabinet-to-cabinet
wiring, consisting of two EC and one auxiliary power supply cables only. Figure 8c) shows, the
RJ45 cables distributing the signal to the IR links. All wiring is at ground potential and no optical
fiber is used.

(a) (b) (c)

Figure 8: Photos of actual FSO boards (a), cabinet-to-cabinet wiring (b) and RJ45
cabling for signal distribution from EC slaves to each PEBBs FSO links (c).

2.5. Sensorless Tjunction Measurement System

With regard to the total FIT (failure in time) rates, modular systems will theoretically always
have a lower reliability than integrated solutions due to the higher part count. This can partly
be compensated by introducing redundancy, which is possible with MMC type topologies.
Advanced diagnostics methods applied to each module will further help to make best use of
this redundancy. For that purpose, a sensorless IGBT junction temperature (Tj) measurement
method has been developed. The method uses the gate voltage VGE and the collector current
IC values available on the gate unit to extract the actual Tj at each switching operation and is
based on the temperature dependency of the Miller-plateau length at turn-off [16] (Figure 9a).
This length is, however, also dependent on the actual collector current IC, which is taken into
account using the current dependent voltage drop across the auxiliary and main emitter
terminals [17] (Figure 9b). The achieved accuracy, within the nominal measurement range
around Tj = 125 °C, is ±5 °C.

(a) (b)

Figure 9: Tj measurement principle based on VGE Miller plateau length (a) and IC measurement
based on voltage drop across auxiliary and main emitter terminals (b).
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3. Demonstrator Converter
In order to prove that the developed technologies also work under real conditions, a full scale
medium voltage (VDC_max = 11 kV) converter was built (Figure 1a). As earlier mentioned, an
MMC topology was chosen with a total of 12 cells per branch. The test setup consists of two
single phases in back-to-back configuration, thus resulting in a total of 48 cells. Currently, a
natural balancing, carrier based PWM control scheme is applied [19].
The modular technologies developed proved to be of great advantage already during
commissioning of the demonstrator: The rail system in the rack and the pluggability of all PEBB
interfaces allowed easy population of the converter cabinets with the 24 PEBBs (Figure 10).
Thanks to the auxiliary power supply, the full converter control and communication was
functional without connecting to the main power and all software configuration could be done
offline under safe low voltage conditions.
The demonstrator was successfully tested including hot swap at a DC-link voltage of 3.3 kV
and output power of 550 kW (single phase). The hot swap sequence consists of following
steps: switch to reduced number of levels, closing the rack-mounted bypass switch, pulling-
out the PEBB, re-entering a PEBB, opening the bypass switch and going back to the full
number of levels (Figure 11).

(a) (b)
Figure 10: Two PEBBs (a) and cabinets slots for two PEBBs with connecting elements (b).

(a) (b) (c)
Figure 11: Close-up of a pulled-out module (a) and scope curves showing the 13 levels in normal

operation (b) and the 11 levels when one module (consisting of two cells) is removed (c).

4. Conclusion
Integration technologies for modular medium voltage converters were developed and a full
scale MV modular multi-level concept converter was built to demonstrate the benefits of these
technologies. They were developed with regard to three key aspects of modularity: scalability,
configurability and pluggability and through this already proved advantageous during the
commissioning of the converter. Main benefits are the possibility of communicating with the
modules in offline mode (disconnected from main power) to easily configure software, the
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pluggability of the power modules without screwing and cable connection, and the scaling and
configuring of the converter control hard- and software to match different converter setups.
Finally, the combination of all technologies enabled the hot swap functionality, where power
modules can be replaced during converter operation.
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