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Abstract—The half-bridge modular multilevel converter (MMC)
is a voltage source converter (VSC) with high efficiency, control-
lability, and modularity. The topology is weak to dc side faults
unless bipolar submodules are used, but this results in decreased
efficiency. Power groups (PGs), a thyristor augmented multilevel
structure, have been proposed as a way to reduce the power-loss
increase arising from achieving dc-fault-tolerance. This paper in-
vestigates whether the PG concept can also achieve significant effi-
ciency improvements in VSCs that are not required to be dc fault
tolerant. A single submodule voltage (SSMV) method of control-
ling the turn-on/turn-off of the thyristor assembly within each PG
structure is presented, and the differences with the previously de-
tailed dual submodule voltage (DSMV) technique are described.
Two thyristor-based PG structures for use in non-dc-fault-tolerant
MMC:s are proposed, one using SSMV and the other using DSMV.
A comparison is made considering the required semiconductor de-
vice count, the impact on thyristor snubber design, and the overall
power-losses achieved. A further, simplified, variant using a diode
bypassed PG structure is presented, which results in power-loss re-
ductions during rectifier mode only. Results show that power-loss
reductions of ~20%-25% can be achieved by using the proposed
PG structures to augment a half-bridge MMC.

Index Terms—ac—dc power conversion, converters, HVdc
converters, HVdc transmission, thyristor converters, thyristor
applications.

I. INTRODUCTION

HE Half-Bridge (HB) Modular Multilevel Converter
(MMC) is now the conventional topology used for Voltage
Source Converter (VSC) based HVDC systems and is offered
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by several manufacturers. The topology offers low-losses, high
controllability, high quality current waveforms, and its modu-
lar construction offers simplified expansion to higher voltage
ratings [1]. The HB-MMC offered a generation leap in terms
of efficiency over previous iterations of 2- and 3-level VSCs
for HVDC applications, with an approximate 40% reduction in
overall converter losses [2]. However, the power losses are still a
very significant component of the lifetime cost of the equipment
and there is strong pressure to reduce those power losses. Since
its introduction, work on improving the efficiency the MMC has
mostly addressed those derivatives of the MMC topology which
are designed to be capable of preventing AC side contribution to
DC-side faults [3]-[9]. Preventing this fault current contribution
requires a sufficient number of bipolar sub-modules (SMs) be
included in the design, which necessitates placing more IGBTs
in the conduction path, resulting in lower power efficiencies.

There has been relatively little research directed at improving
the efficiency of the HB-MMC. The work that has been reported
focuses mostly on alternative semiconductor devices, or mod-
ifications to the control strategy. In [7] the authors investigate
several SM topologies, and compare expected losses when using
IGBTs and IGCTs as the switching devices within the converter.
In [10] the authors present an investigation into the potential of
future SiC JFET switching devices to improve the efficiency of
MMC converters. Some works have looked at modifying the
circulating current flowing within the MMC in order to reduce
losses by taking advantage of the superior conduction charac-
teristics of the anti-parallel diodes within each IGBT module
[11], [12]. Other research effort has also been placed into SM
balancing techniques that allow for reduced switching losses
within the converter, whilst also achieving low deviation in ca-
pacitor voltages [13]-[15].

Power-Groups (PGs) [16], [17] are modular structures of se-
ries connected sub-modules, with a low-loss parallel bypass
branch containing a thyristor assembly, comprised of an anti-
parallel connection of series thyristors, and a series inductance
used to limit dI/dt and dV/dt stresses. By series connecting PGs
together a multilevel converter valve could be constructed and
that valve used in any modular multilevel converter topology.
The SMs in each PG can be used to generate a voltage output
when the thyristors are in a blocked state, as well as to actively
control the turn on/off of the thyristors as required. This allows
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Power-Group conducting through
its SM branch and generating a
voltage output

Power-Group conducting through
its bypass branch with zero voltage
output

Power-Group commutating current from
its bypass branch back into the SM branch

4,

Fig. 1. Illustrative example showing three full-bridge SM Power-Groups con-
nected in series, each of which is in a different conductive state.

the bypass branch of each PG to be utilized independent of
the state of the other PGs within the valve. When the SMs in
an individual PG are not required to generate part of the over-
all valve voltage waveform, the thyristors within that PG can
be used conduct current. Because thyristors are available with
significantly higher voltage and current ratings than IGBTS, as
well as having superior conduction characteristics, the conduc-
tion power-loss within the thyristor bypass branch of each PG is
significantly lower than the SM branch. If the thyristor bypass
branches within each PG in the multilevel valve are used for
a significant fraction of the period, then useful efficiency gains
during normal operation can be made. This concept is illustrated
in Fig. 1, with three PGs connected in series (Note that the in-
clusion of the commutation inductors within the PG does not
alleviate the requirement for external inductors within the con-
verter for current control purposes). The original aim of the PG
proposal was to achieve high efficiency VSCs that are also toler-
ant to DC faults. In [17], a PG augmented Hybrid MMC [4] was
found to have power losses in the region of 0.4% of rated power,
and a PG augmented variant of the Extended-Overlap Alternate
Arm Converter [18]-[20] was found to achieve power losses in
the region of 0.3% of rated power. These values should be com-
pared to power losses in the region of 0.45% of rated power for
the HB-MMC and 0.58% of rated power for the Hybrid MMC.

The PG structures examined in [16], [17] focused exclusively
on PG variants that included sufficient negative voltage capabil-
ity from their SMs to facilitate DC fault tolerance. The purpose
of this paper is to establish how effective PG augmentation is in
reducing power losses in non-DC-fault-tolerant MMCs. The ap-
proach is to undertake a converter design and perform detailed
simulations of a case-study converter. The submodules will be
predominantly HB, i.e., a small number of bipolar SMs are em-
ployed to commutate the thyristors but not a sufficient number to
control current flow with no DC bus voltage present. The paper
is structured as follows: Section II examines the design of PG
structures for use in a non-DC-fault-tolerant MMCs. A method
for controlling the turn-on/turn-off of the PG bypass thyristor
branch within each PG using a single SM voltage is described.
The impacts of this method on the sizing of the PG commutating
inductance, the magnitude of the PG thyristor turn-off losses,
and the design of the PG thyristor snubber are investigated. A
comparison between PG augmented MMCs using two different

TABLE I
POWER-GROUP SPECIFICATION

Number of sub-modules per power-group 8
Number of thyristors 6 (arranged in anti-parallel with 3 devices in series)
Nominal sub-module voltage 1800 V

14.4 kv
1500 A
Infineon FZ1500R33HE3 - 3300 V 1500 A
Infineon T2871N - 8000 V 2600 A
550 ps
1000 pus

Nominal power-group voltage

DC current rating

IGBT used

Thyristor used

Thyristor turn-off time (t4)

Hold-off time applied to thyristor valve (tpo1a—of )

turn-off strategies/PG designs is then discussed. Section III then
examines a PG design in which the thyristor assembly within the
bypass branch of each PG is replaced with an upwards-facing
diodes. This simplifies the design and control of the PG, but
limits the use of the bypass branch to rectifying operation only.
A new hybrid turn-on/turn-off method for this diode bypassed
PG is also described. Conclusions are then drawn in Section I'V.

II. POWER-GROUPS FOR NON-FAULT TOLERANT
MODULAR MULTILEVEL CONVERTERS

In PGs, the commutation of the current between the SM
branch and the thyristor bypass branch is controlled using volt-
ages generated by the SM branch. The magnitude of the commu-
tating voltage employed was found to have a strong impact on
both the size of the commutating inductor required within each
PG and the magnitude of the losses incurred within the thyris-
tors during turn-off. A Dual SM Voltage (DSMV) technique was
devised that used the bipolar output voltage of FB-SMs to create
small differential voltages between SM with slightly different
capacitor voltages and apply this as the commutating voltage
for the thyristor [17]. This was found to result in lower turn-off
losses within the thyristor valve, as well as a reduction in the the
required size of commutation inductor. The specification of the
PG design in [17], as well as the devices used within simulations
are given in Table I.

In [17], the requirement to achieve DC-fault-tolerance meant
FB-SM were required to be included within the design. Two
PG structures were considered, one containing solely FB-SMs
and one a 50:50 split of FB and HB-SMs. In both cases, DSMV
could be readily implemented as sufficient FB-SMs were already
present in the PG to create the required differential voltages. For
a PG designed to be used in a non-DC-fault-tolerant converter,
i.e., not capable of generating enough negative voltage to op-
pose the flow of AC fault current during a DC side fault, the
sole purpose of the FB-SM’s negative voltage capability is to
generate the commutation voltages required during turn-on or
turn-off of the thyristors. The required number of FB-SMs (or
similar bipolar SM type) is therefore solely dependent on the
thyristor turn-off strategy that is employed. In this section, a
comparison is made between PG augmented MMC designs that
utilize the DSMV technique proposed in [17], and designs that
use a Single SM Voltage (SSMV) to control the turn-on/turn-off
of the thyristors within each PG. The proposed procedure to
perform this controlled commutation using a single SM is given
in the following subsection. The two PG designs are illustrated
in Fig. 2.
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Fig. 2. Proposed thyristor bypassed power-group structures for non-DC-
fault-tolerant converters. (a) Thyristor bypassed HB-PG with dual FB-SMs for
turn-off control. (b) Thyristor bypassed HB-PG with single FB-SM for turn-off
control.

ov

(d)

Fig. 3. Turn-on/turn-off control of PG thyristors using a single SM voltage
(SSMV) to generate the commutation voltage - Black lines indicate that current
is being conducted, grey indicates that there it is not. Red lines show circulating
currents within the PG, forcing current into/out of the thyristor branch. (a) Turn-
On - Step 1. (b) Turn-On - Step 2. (¢) Turn-On - Step 3. (d) Turn-Off - Step 1.
(e) Turn-Off - Step 2. (f) Turn-Off - Step 3.

A. Single SM Voltage Generation

This subsection describes the proposed method for control-
ling the turn on/off of the thyristors within a PG, using a Single
SM Voltage (SSMV). The proposed method is illustrated in the
sub-figures of Fig. 3. Each sub-figure has, below, an accom-
panying paragraph describing in detail the relevant state of the
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commutation process. The descriptions are given assuming the
upwards-facing thyristors are to be triggered on and then later
commutated off. The same process can mostly (with some dif-
ferences discussed in the below subsections) be applied to the
downwards-facing thyristors, with an inversion in the polarity of
the voltages generated. The commutation inductor size used in
the simulations results presented was selected as 200 pH. This
choice was made to limit the initial dé/dt through the thyristors
at turn-on to 10 A/us, assuming the use of SMs with nominal
voltages in the region of 2000 V.

Prior to the thyristor turn-on, the arm current flows solely
through the SM branch, with the thyristors in a blocking state.
The SMs within the PG are available for the converters current
controller to use.

a) Turn-on-Step 1: The FB-SM (a HB-SM could potentially
be used in the case of firing the downwards facing thyristor) is
set to a blocked state, all other SMs within the stack are set to
generate zero volts. The blocked SM outputs a voltage which
opposes the flow of the arm current. This voltage is such that it
forward biases the thyristors to be fired. The blocked SM’s ca-
pacitor voltage will increase during this time as it is conducting
the arm current. To limit the magnitude of this voltage rise it is
desirable that there would be as little delay as possible from this
step until the thyristor firing pulse is sent.

b) Turn-on - Step 2: A triggering pulse is sent to the up-
wards facing thyristors. The forward voltage placed across it
by the blocked FB-SM collapses and now appears across the
commutating inductance. The current in the thyristors increases
at a rate determined by the magnitude of the voltage imposed
by the blocked FB-SM and the commutating inductance.

c) Turn-on - Step 3: The arm current fully commutates into
the thyristor branch. The blocked FB-SM effectively open-
circuits the current path through the SM branch and outputs
zero volts.

A SPICE simulation of the proposed turn-on procedure is
shown in Fig. 4. The time period 50—100 us corresponds to step
1, where one of the SMs is first blocked, with all other SMs
within the PG set to a bypass state. The blocked FB-SM out-
puts a voltage which opposes the flow of current through the
SM branch, forward biasing the thyristors that are to be trig-
gered. At t = 100 us the thyristors are sent a triggering pulse
(step 2). The voltage across the thyristors collapses, and ap-
pears across the commutating inductance, driving a circulating
current around the PG which forces the arm current into the
thyristor branch. The di/dt at the start of turn-on is limited to
~10 A/us, which increases significantly once the inductor is
driven into saturation. The average di/dt for the process is ~ 30
A/ps, which is an order of magnitude below the specified criti-
cal di/dt limit of the thyristors (300 A/us). Once the current is
fully commutated from the SM branch it may conduct through
the thyristors for a significant portion of a fundamental cycle
(step 3).

To turn-off the PG thyristors using a single FB-SM, the fol-
lowing procedure is proposed:

d) Turn-off - Step 1: One SM is actively switched so that a
reverse voltage is applied across the thyristors and commutat-
ing inductance. If the arm current is flowing in a downwards
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Fig. 4. Overall PG turn-on process when using a full SM voltage to generate

the commutating voltage. Commutating inductor is a 200 ¢ H saturable inductor
with a 500 A saturation characteristic.

direction, this action must be performed by the FB-SM within
the PG. If the current is flowing in an upwards directions, any of
the SMs within the PG could be used. In both cases the polarity
of the arm current and voltage to be generated results in the
capacitor of the SM used to carry out this step being discharged.
A circulating current is driven around the PG which commu-
tates the current from the thyristors. The other SMs are kept in
a bypass state. The thyristor current crosses zero as the stored
charge within the thyristor is recovered.

e) Turn-Off - Step 2: The thyristor junction recovers its re-
verse voltage blocking capability and the commutating voltage
provided by the SM is now imposed across the thyristors, re-
sulting in reverse-recovery losses.

f) Turn-off - Step 3: The reverse recovery current from the
thyristors decays to zero as the stored charge is recovered. The
arm current is then solely conducting in the SMs. If the arm
current is flowing in an upwards direction the duty of which
SM within the stack is used to hold the thyristors reverse biased
could be rotated so as to limit the deviation of SM voltages from
each other. If the arm current is flowing in a downwards direction
however, only the FB-SM may be used, as holding the thyristors
that had been conducting reverse-biased in this case requires a
negative voltage to be applied. The maximum change in the FB-
SM capacitor voltage (AV.) in this case, during this step, can be
approximated using (1), where C is the SM capacitor size and
thold-off 18 the hold-off time applied to the PG thyristors. For the
considered converter designs given in Table III, and assuming
the FB-SM capacitor size is the same HB-SMs, this results
in a AV, of approximately 150 V, or ~8% the nominal SM
capacitor voltage. It should be noted that this process always
results in a decrease in the FB-SM capacitor voltage, which
eliminates the potential for the turn-off procedure to result in
an SM over-voltage event. The FB-SM capacitor size could
potentially be increased to limit the magnitude of this discharge,
however simulation results (shown in Fig. 7) indicate that SM
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Fig. 5. Thyristor turn-off procedure using SSMV. The 200 pH inductor in

series with the thyristors is modeled with a 500 A saturation characteristic.
Turn-off losses for each case are given in the last sub-plot.

balancing algorithms, which can act when the PG is not utilising
its bypass thyristors, are sufficient to prevent the FB-SM from
running away in terms of voltage from the other SMs within
the PG.

Iarmthold—off
AV, = c ey

After the turn-off procedure (which could take up to 1 ms
due to the ¢, value of the thyristor) has completed the thyristors
have regained their forward voltage blocking ability, and the PG
becomes free to use its SMs to generate a voltage output.

A SPICE simulation of the SSMV turn-off procedure, with
varying arm current magnitudes, is shown in Fig. 5. A saturable
inductor was used instead of a linear inductor since this would
achieve a considerable volume saving while still adequately con-
trolling commutation. Initially, the current is conducted by the
thyristor branch. At t = 100 us (step 1) a reverse voltage is ap-
plied across the commutating inductor and thyristors by switch-
ing one of the SMs (SM 1) within the PG. The current in the
thyristor branch is forced through zero and goes negative as the
thyristors stored charge is recovered. Between t = 160-195 us
(step 2), depending on the arm current magnitude, the thyristors
regain their reverse voltage blocking capability. A t = 350 us
the thyristor fully recovers (step 3). At t =400 ps the SM used
to keep the thyristors reverse biased is changed to another SM
(SM 2) and SM 1 is switched to bypass at this point. As noted in
the previous section, this rotation in duty can only occur if the
current was flowing through the upwards facing thyristors. The
thyristors are held reverse-biased in this manner for the remain-
der of the hold-off time (1 ms in the given design), which must
be sufficiently greater than the turn-off time of the thyristors
(550 ps for the chosen devices). The overall power-loss in-
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curred in the PG thyristors, including losses within the snubber
network, varies from 13.25 J at 300 A to 22.66 J at 1500 A arm
current magnitude.

B. Impact on Snubber Design

As discussed in [17], PGs require a snubber network to be
placed across the thyristor assembly to limit the dV/dt stress
imposed across the thyristors by the switching actions of the
SMs in the parallel branch. As discussed in the previous sub-
section, thyristors are normally forward biased by a voltage
created by a SM prior to triggering to ensure reliable turn-on.
This results in the snubber capacitors being discharged into the
thyristor through the snubber resistor at turn-on. The snubber
resistor must therefore also be sized to limit the peak discharge
current into the device [21]. For a given target peak discharge
current magnitude the minimum resistor size that can be used
is therefore dependent on the voltage that is placed across the
thyristor prior to firing, which in turn is determined by the turn-
on/turn-off method employed. If DSMYV is used, this results in
voltages in the region of ~66 V (200 V overall split between
3 thyristors in series) being placed across each thyristor, while
SSMV results in voltages in the region of 600 V (2000 V over-
all split between 3 thyristors in series) being placed across each
thyristor. To limit the peak discharge current to a value in the
region of 100 A results in minimum resistor values of ~0.6 2
and 6 §2 respectively.

A comparison of snubber designs for PG designs using
DSMV (using L =30 H as discussed in [17]) and SSMV
(using L = 200 uH as discussed at the start of this section),
showing variation in the critical design considerations (settling
time, peak current draw, peak dV/dt stress and energy loss per
SM switching event) is given in Fig. 6. A dV/dt design limit
of 600 LS across the thyristor assembly is considered as this
an order of magnitude below the critical dV/d¢t limit of the de-
vices considered. For PG designs with a 30 4 H inductor, this
requirement limits the practical R and C choices, and results in
the most optimal snubber designs having losses in the region
of 0.1 J per SM switching event. For the 200 pH inductor the
target dV//dt limit is easily achievable across a wider range of R
and C values, allowing snubber losses to be reduced by an order
of magnitude to ~0.01 J per SM switching event.

III. CONVERTER COMPARISON WITH PG DESIGNS
USING DSMV AND SSMV

This section compares the designs of a PG augmented MMC
using both considered turn-off/turn-on strategies. A comparison
of the consequences of the two turn-off methods on the over-
all PG design is shown in Table II. If the SSMV technique is
used then only one bipolar SM is required within each PG. If
the DSMYV technique proposed in [17] is to be used then two
bipolar SMs are required within each PG with resulting in-
crease in conduction losses. On the other hand, SSMV imposes
a larger commutating voltage and therefore a larger commuta-
tion inductance is required to limit both the di/dt during turn-on
of the thyristors, and to limit the reverse recovery current and
power-loss within the thyristors at turn-off [17]. The commuta-
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Fig. 6. Snubber design comparison considering cases of a 30 and 200 pH
commutating inductance within the PG. From Top: Snubber settling time. Peak
current draw. Peak dV//dt stress imposed across thyristors (dV/d¢ design limit
shown in bold). Energy loss in snubber network per SM switching event.

TABLE II
DESIGN COMPARISON FOR A PG DESIGN WITH 8 SMS

Turn-off method SSMV DSMV
Required Number of bipolar SMs 1 2
Required Number of half-bridge SMs 7 6
Number of IGBTs within the conduction path 9 10
Required commutation inductor size ~200 uH  ~30 uH
Loss per turn-off event (at 1500 A) ~2017J ~2]
Snubber loss per SM switching event ~0.017 ~0.17

TABLE III
CONVERTER SIMULATION MODEL SPECIFICATIONS

DSMV A-MMC ~ SSMV A-MMC  SSMV DB A-MMC  HSMV DB A-MMC
Rated Power 900 MW 900 MW 900 MW 900 MW
DC Voltage 4300 kV +300 kV 4300 kV +300 kV
AC Voltage (Line to Line RMS) 367 kV 367 kV 367 kV. 367 kV
SM Capacitor 9.6 mF 9.6 mF 9.6 mF 9.6 mF
N. of PGs 42 42 42 42
Total N. of SMs per PG 8 8 8 8
N. of FB-SMs per PG 2 1 1 1
N. of HB-SMs per PG 6 7 7 7
Total N. of SMs per PG 8 8 8 8
N. of SMs 336 336 336 336
Total N. of IGBTs 840 756 756 756
Total N. of Thyristors 252 252 0 0
Total N. of Bypass Diodes 0 0 168 168
PG C ing Inductor Size 30 pH 200 pH 200 pH 30 pH

tion inductor in the PG using SSMV is sized to limit the di/d¢
through the thyristor valve at turn-on to a value of 10 A/us. For
the DSMV-PG the commutation inductor is sized to allow for
effective dV//dt snubbering of the thyristors [17].

The level of power-loss reduction that can be achieved by
using the PG concept is strongly linked to the fraction of time for
which the low-impedance bypass branch within each PG can be
used. This has been found to be influenced not only by the wave-
shape of the converter arm voltage but also by the thyristor turn-
off method employed. Compared to SSMV, DSMV causes lower
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Fig.7. Power-group voltage and currents of an augmented modular multilevel
converter operating at rated power as an inverter. The upper plot (in each sub-
plot) shows the voltage generated by overall valve of series connected PGs in the
upper arm of phase A, and the instantaneous available voltage within the valve
(indicating how many PGs are utilizing their bypass branch). Lower plots show
currents and voltages from one (of 42) PG within that valve. FB-SM capacitor
voltages are shown in solid lines, HB-SM capacitor voltages are shown in dashed
lines. (a) A-MMC with SSMV-PG. (b) A-MMC with DSMV-PG.

turn-off losses within the thyristor assembly as well as requiring
a smaller commutation inductor. The notable disadvantage of
DSMV is that the differential voltage between two SMs must
be controlled by actively discharging one of the SMs within the
PG by inserting it into the current path prior to the firing of the
PG thyristor assembly. This introduces a delay in how fast the
thyristor is fired once the logical firing signal for the thyristor

is received from the controller. As the PG structure that utilizes
SSMYV does not require this step, the thyristor can be fired once
the decision to utilize that PGs thyristor is made. This leads to
slightly improved utilization of the thyristor branch.

Simulation results from an Augmented MMC (A-MMC) that
has been augmented with both the SSMV and DSMV PGs are
shown in Fig. 7. The converter control scheme used for the sim-
ulation results is similar to the ones presented in [22], [23], with
an energy controller that regulates the sum energy within each
converter arm by generating balancing current references. Cur-
rent control is achieved by using an LQR derived state feedback
controller. The addition of the PGs requires little modification
to overall MMC control scheme, with changes exclusively re-
quired in the low-level control i.e., where the voltage references
from the current controller are converted into gating signals for
IGBTs. Decisions on when to turn-on/turn-off are made using
PS-PWM [24], with a forward looking estimate of each PGs
carrier signal and the overall stack voltage demand used to ac-
count for the delay introduced by the PG turn-off procedure. SM
voltage balancing and modulation is achieved using a sorting
mechanism which takes into account which SMs are available
to it (i.e., not bypassed or being used as part of a PG turn-on or
turn-off process).

In both cases the PG bypass thyristors can be seen to tend to
be used when the stack voltage is low, corresponding to the point
where most PGs within the overall valve are not required for
voltage generation. For SSMYV, the thyristor is sent a firing pulse
once the Fire Logic from the controller is received. For DSMV,
adelay is introduced because of the need to establish the correct
differential voltage prior to firing the PG thyristor assembly.
These delays reduce the utilisation of the bypass thyristors, in
comparison to the SSMV case, where no such delay is present.
The length of this delay is dependent on the voltages of the SMs
within the PG when the firing logic signal is received. In most
cases, the required delay is relatively short (average measured
as ~1 ms) but in some cases a longer delay is introduced, such
as att = 61 ms in Fig. 7(b). Such longer delays occur when the
arm current is at a low magnitude, reducing the rate at which
the chosen FB-SM can be actively discharged, and when the
FB-SMs are close to each other in terms of capacitor voltage,
increasing the amount by which the chosen FB-SM must be dis-
charged before the correct differential voltage can be generated.
These delays could potentially be reduced by applying a more
advanced SM balancing mechanism, which attempts to keep the
difference between the FB-SMs close to the target differential
voltage, this is not considered in this paper however.

Estimated power-losses of Augmented MMCs (A-MMC)
with both considered PG structures are given in Table IVb.
The specifications of both variants are given in Table III. The
semiconductor devices considered are given in Table I. The
thyristor utilization index (¢y) gives an indication of the extent
to which the bypass branch of the PGs are utilized [17]. It is
calculated as the ratio of the average current flowing through
all PG thyristors to the overall average arm current (¢gy = Ly y,
The value of ¢yy can be seen to be slightly higher for the PG
structure that employs SSMYV, due to the removal of the ac-
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TABLE IV
POWER LOSS ESTIMATES FOR A HALF-BRIDGE MMC, AND A PG AUGMENTED MMC CONSIDERING FOUR TYPES OF PG STRUCTURES

Turn-on/turn-off control applied: | SSMV DSMV
P (pu) -1 -1 -1 1 1 1 -1 -1 -1 1 1 1
Q (pu) 0.3 0 -0.5 0.3 0 -0.5 0.3 0 -0.5 0.3 0 -0.5
Dthy/diode ‘ 05502 0.5591 0.5726  0.5586  0.5191  0.5566 ‘ 0.4745 04966  0.5035  0.4928 14348 0.4773
IGBT Conduction Loss 0.1676  0.1631  0.1496  0.1677  0.1887  0.1616 | 0.2206 0.2144  0.1978 02185 0.2483  0.2152
IGBT Switching Loss 0.0807  0.0709 0.0683 0.0723  0.0831  0.0734 | 0.0952 0.0860 0.0842 0.0890 0.1026  0.0907
Thyristor Conduction Loss 0.0514  0.0533  0.0516 0.0522 0.0490 0.0499 | 0.0451 0.0476 0.0459 0.0468 0.0423  0.0438
Thyristor Turn-On Loss 0.0092  0.0066 0.0077 0.0089 0.0124  0.0106 | 0.0101 0.0113 0.0105 0.0100 0.0097 0.0098
Thyristor Turn-Off Loss 0.0470  0.0490  0.0470  0.0469  0.0497  0.0488 | 0.0030 0.0032 0.0031  0.0031 0.0031 0.0031
Snubber Loss 0.0005  0.0005  0.0005 0.0006 0.0006 0.0006 | 0.0053 0.0049 0.0047 0.0058 0.0066 0.0063
Overall Loss (% Rated Power) ‘ 03565 03433 03245 0.3486  0.3835  0.3449 ‘ 03793 03674 0.3463 03731 04125  0.3690
Power Loss Reduction Achieved (%) ‘ 18.497 20970 21241 25428 17375 21.891 ‘ 13281 15436 15973  20.184 11.130  16.429
P (pu) ‘ -1 -1 -1 1 1 1 (b)
Q (pu) 0.3 0 -0.5 0.3 0 -0.5
08 Swmmopion” | 001 Ooiea oous oo oo borm Tum-onftum-off coneol pplied | SSMV HSMY
Overall Loss (% Rated Power) | 04374 04344 04121 04675 04642 04415 S((;':)) ‘ 6]3 (')' :(']_5 :’_3 (') }0_5 ‘ 0‘3 ;’] :[])5 (1)_3 (I] 10_5
(a) Binydiode | 0.6033 06056 06214 00016 00080  0.0026 | 0.5304 05256 05440 00005 0.0011  0.0008
IGBT Conduction Loss 0.1443  0.1437  0.1294  0.4599 0.4621 0.4396 0.1737  0.1814  0.1608  0.4600 0.4637 0.4400
IGBT Switching Loss 0.0839  0.0765 0.0727  0.0571 0.0528 0.0459 0.1000  0.0889  0.0864  0.0572 0.0529 0.0460
Bypass Diode Conduction Loss 0.0674  0.0689  0.0669  0.0001 0.0006 0.0002 0.0601  0.0599  0.0591  0.0000 0.0001 0.0001
Bypass Diode Turn-Off Loss 0.0320  0.0330  0.0330  0.0060 0.0014 0.0080 0.0014  0.0010  0.0013  0.0000 0.0000 0.0000
Snubber Loss 0.0048  0.0048  0.0046  0.0036 0.0036 0.0035 0.0048  0.0047  0.0046  0.0036 0.0034 0.0034
Overall Loss (% Rated Power) | 03324 03268 03067 05267 0.5205 04971 | 03400 03359 03123 0.5209 0.5201 0.4894
Power Loss Reduction Achieved (%) | 23.993 24770 25577 -12.657 -12.124  -12.601 | 22272 22678 24219 -11423  -12.047 -10.842
(©)
Power Loss reduction given in comparison to the Half-Bridge MMC case.
tive discharge portion of the turn-on procedure. This, combined
with the lower number of IGBTs within the conduction path,
result in lower IGBT conduction losses for the SSMV PG com-
pared to the DSMV PG. The turn-off losses incurred within J
the SSMV-PGs are an order of magnitude greater than those of ]
DSMV-PGs due to the reduction in magnitude of the commu-
tating voltage applied at turn-off. In both cases the reduction ]
in IGBT conduction losses dominates the additional losses in-
curred in the thyristors and additional switching losses caused by J
the turn-on/turn-off procedure. For the MMC augmented with 2
SSMV-PGs, the power-loss reduction, compared to a standard J'L
half-bridge MMC, varies from ~18-25%, depending on the «(N-1
. . . sMP x N
operating-point. For the MMC augmented with DSMV-PGs the e o
reduction is in the region of ~11-20%. This indicates if the size 3
. . . . .. <>
of the commutating inductor is not a limiting factor then SSMV s
is the best PG design option to choose. This is because the addi- J
tional IGBT conduction (due to higher thyristor utilisation) and [
snubber loss reductions which it allows exceed the additional

(in comparison to DSMV) thyristor turn-off losses incurred.

IV. RECTIFYING DIODE POWER-GROUP

The PG structures examined in the previous section are ca-
pable of using the low-impedance thyristor bypass branch irre-
spective of the arm current polarity. This section will examine
a PG structure, shown in Fig. 8, where the bi-directional thyris-
tor valve is replaced by a series connection of diodes. As will
be explained later in this section, a FB-SM has been found to
still be required in the design to aid in the commutation of
the arm current into the diode bypass branch within the PG,
even though negative voltage capability is not required to force
the current from the thyristor branch back into the SM branch.
The replacement of the bi-directional thyristor assembly with
uni-directional series-connected diodes means that the bypass
branch cannot be used when the current is flowing in a down-
wards direction and therefore the PG structure can only reduce
power-losses significantly in rectifying mode. This PG struc-

l

Fig. 8. Diode bypassed half-bridge power-group structure.

ture may be useful however in applications where the converter
operates in rectifying mode for a high proportion of its service,
for example in off-shore wind-farms or converter stations that
are in close proximity to a generating station. In addition to
the efficiency improvements that this diode bypass branch may
bring, it may also have other advantages, in particular improved
DC fault ride through tolerance due to the high surge current
rating of the diodes within the bypass branch. This however is
not the prime purpose of the proposed diode bypass branch, and
is not the focus of this paper.

The replacement of the thyristors with diodes leads to sev-
eral simplifications to the design. Diodes have higher tolerance
to dV/dt and di/dt stresses, and so the main factor that de-
termines the commutation inductor becomes the limitation of
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(d

Fig. 9. Turn-on/turn-off control of diode bypass branch using a hybrid SM
voltage (HSMV) commutation voltage generation—Black lines indicate that
current is being conducted, grey lines indicates that there it is not. Red lines
show circulating currents within the PG, forcing current into/out of the diode
branch. (a) Turn-On - Step 1. (b) Turn-On - Step 2. (¢) Turn-On - Step 3.
(d) Turn-Off - Step 1. (e) Turn-Off - Step 2.

turn-off losses in the diode assembly and the limitation of the
peak reverse recovery current. In addition diodes do not exhibit
the characteristic turn-off time of thyristors, meaning that their
reverse blocking capability is regained once the stored charge
within the junction is evacuated at turn-off. This results in a
simplification of the turn-off procedure, with a removal of the
need to hold the diode assembly reverse-biased once the current
has been commutated back into the SM branch which in turn
leads to higher utilization of the bypass branch.

A. Turn-on and Turn-off Control

The SSMV method discussed in Section II-A, for thyristor
bypassed PGs, can be applied to the proposed DB-PG, but with
a reduction in the time that the diode is held reverse biased
after turn-off, as diodes do not have the characteristic hold-off
requirement of thyristors.

Taking the removal of di/d¢ limitation requirements at turn-
on into account, it has been found possible to apply a hybrid
SM voltage (HSMV) turn-on/turn-off control to the DB-PG,
which combines elements of both SSMV and DSMYV, while
also only requiring one FB-SM to be included within each PG.
This proposed HSMV method uses a full SM voltage to force
the current into the diode branch, and a differential voltage to
commutate current back into the SM branch when required.

The proposed HSMV technique is illustrated in Fig. 9. In the
first step the FB-SM is actively discharged to a voltage below
one of the HB-SMs in the PG, so that it can later be used as

part of a differential pair during the turn-off procedure. Once
this is achieved the FB-SM is blocked, causing a voltage to
be imposed across the commutating inductance which drives a
circulating current around the PG, commutating the arm current
into the diode bypass branch. To turn-off the diode the FB-
SM is left in a blocked state. The half-bridge SM which the
FB-SM was initially discharged below is then switched so that
it generates a positive voltage. This results in the difference
in voltage between the FB-SM and the HB-SM being imposed
across the commutating inductance, driving a circulating current
which commutates the arm current from the diode bypass branch
back into the SM branch. Once this is achieved the PG can then
immediately generate a positive voltage output again. This is in
contrast to the thyristor bypassed PG structures, where a hold-off
period must be applied.

B. Commutating Inductor Sizing

A SPICE simulation of the turn-off of the diode bypass
branch, with varying commutation inductor sizes, is shown in
Fig. 10. The diode used is a 6.8 kV 2.8 kA D3001N60T rectifier
diode from Infineon Technologies [25], which was chosen for
its low conduction losses. Each diode assembly within each PG
is considered to be formed of four series diodes.

In the case of SSMV being applied, the lowest inductor size
considered (150 pH) results in a peak reverse recovery cur-
rent is ~500 A, reducing to ~250 A for the largest inductor
(300 pH). The losses decrease in inverse relation to the in-
ductor size from 27.2 J to 18.57 J. These losses are similar to
those found in the SSMV-PG with thyristor bypass. Note that
while there is significant overshoot in the voltage across the
diode assembly (to ~4000 V), this is not considered an issue as
the assembly will be rated to block the combined voltage of 8
SMs (~16 kV).

In the case of HSMYV being used, the commutating voltage is
significantly lower, resulting in a reduction in the required size of
the commutating inductor. Reverse recovery current magnitudes
are also reduced. The magnitude of the turn-off losses incurred
in the diodes is also reduced significantly below the SSMV case,
varying from 1.56 J (15 pH) to 1.03 J (30 uH).

For the case of the DB-PG using SSMYV, a design using only
HB-SMs was initially considered. For turn-off of the diodes the
HB-SMs are capable of generating the positive voltage required
to force the current from the diode branch into the SM branch.
However, for commutation of the current from the SM branch
to the diode branch, the driving voltage across the commuta-
tion inductor is only the small difference in forward voltage
drop between the diodes of the SM IGBT modules and the for-
ward voltage drop of the diode assembly in the bypass branch.
A simulation of this unforced commutation, with variation in
the saturation current of the commutation inductor, is given in
Fig. 11. The time for the arm current to commutate from the
SM branch to the diode branch is large in all cases and this
would significantly decrease the utilization ratio of the bypass
diodes. For this reason it is considered necessary to include one
bipolar SM in order to force commutation of current into the
diodes. The added FB-SM will only be required to generate a
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Fig. 10.  Turn-off of the diode bypass branch using with varying commutation

inductance sizes. (a) Using a single 2 kV SSMV voltage. (b) Using 150 V
generated with HSMV.

negative voltage when it is blocked and so a sparse FB could
potentially be used in which the upper right IGBT within the
bridge is replaced by a diode [8].

The difference in conduction voltages of SM and diode paths
means that when the SMs are commanded to produce zero volt-
age, and the current is flowing upwards, the current will begin
to commutate to the bypass branch, even when not intended.
The amount of recovered charge in high voltage diodes does
not vary to a large degree with the forward current through
the diode [26], and so such events would result in additional
losses within the converter due to unnecessary diode turn-off
events occurring. In DB-PGs which utilise HSMV for turn-off

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 34, NO. 1, FEBRUARY 2019

Current in SM Branch

1500
< 1000
po
<
g
3 500
0
Current in Diode Branch
1500
< 1000
P
f=4
g
3 500
0 1 L L 1 L L I}
0 1 2 3 4 5 6 7
Time (ms)
Fig. 11. Power-group voltage and currents of an augmented modular multi-

level converter operating at rated rectifying power. Equivalent VI characteristic
of diodes with SMs modelled with an intercept of 10 V and an on-state resis-
tance of 0.01 €. Equivalent VI characteristic of diode bypass branch modelled
with an intercept of 2.8 V and an on-state resistance of 0.0019 .

control this poses a particular risk of very large reverse-recovery
currents occurring if the diode branch were to accidentally con-
duct, and then be commutated off by an SM voltage which is
an order of magnitude higher than it’s commutating inductance
is sized for. To prevent this the diodes must be actively held
off (unlike the thyristor which are simply not triggered). This is
achieved by modifying the modulation so that all PGs which are
not commanded to be bypassed are assigned a voltage reference
of at least 1 SM voltage, ensuring the current does no begin to
commutate to the bypass branch.

Simulation results for an DB-PG augmented MMC using both
SSMV and HSMV are given in Fig. 12. For the HSMV case the
FB-SM must still be discharged prior to the commutation of
the arm current into the diode branch. Similar to the thyristor
bypassed DSMYV case, this reduces the utilization of the bypass
branch. In both cases the converter controller ensures that the
diode bypass branch only conducts when it is commanded to
by ensuring at least 1 SM in the PG keeps the diodes reverse-
biased. This can be seen at ¢ = 11.25 ms for the SSMV case,
and t = 7.5 ms for the HSMV case.

Power-loss estimates for the Diode Bypassed A-MMCs (DB
A-MMCO) specified in Table III, are given in Table IV. For both
cases, rectifying operation the converter has higher diode util-
isation (Qgioge) than the thyristor utilisation in the equivalent
thyristor bypassed A-MMC topologies resulting in a power-loss
reduction approaching 26% (c.f. HB-MMC). This is due to the
removal of the hold-off time required in the thyristor bypassed
cases, allowing the bypass to be used for a longer period be-
fore it is required to be commutated off. For inverting operation
the bypass branch is barely used which means the additional
losses incurred in the snubber network and FB-SM within each
PG are not compensated for. This results in an approximate
12% increase in losses at these set-points. Using SSMV results
in higher utilisation of the bypass diodes, resulting in lower
overall conduction losses. This is canceled out, however, by
the reduced diode turn-off losses in the HSMYV case, which re-
sults in the efficiencies of both variants being approximately
equal.
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Fig. 12. Diode bypassed PG voltage and currents in an A-MMC operating
at rated rectifying power. Arm current shown in dashed line. FB-SM capacitor
voltages are shown in solid lines, HB-SM capacitor voltages are shown in dashed
lines. (a) Using SSMV. (b) Using HSMV.

V. CONCLUSION

The potential of using Power-Groups (PG), which are struc-
tures of sub-modules containing a parallel bypass branch formed
of series thyristors or diodes, to achieved efficiency gains in
non-DC-fault-tolerant Modular Multilevel Converters (MMC)
has been assessed. Results have shown that the PG concept
can still be utilized to achieve significant power-loss reductions
of ~20-25%. The absolute losses achieved using the PG aug-
mented topologies examined in this work are comparable to the
most efficient PG augmented DC-fault tolerant topology (the
Augmented Trapezoidal Alternate Arm Converter) presented in
[17], though with significantly lower number of required IGBTSs
(~55%) and SMs (~87.5%).

A method for controlling the turn-on/turn-off of the thyris-
tor/diode bypass branch using a Single Sub-Module Voltage

(SSMV), as opposed to the Dual Sub-Module Voltage (DSMV),
has been presented and the design implications investigated. The
SSMYV technique results in the requirement to have a larger com-
mutation inductance (~200 pH vs ~30 pH for DSMV) within
each PG, and also results in larger turn-off losses being induced
within the thyristor assembly of each PG, but reduced losses
within the dV//dt limiting snubber across each thyristor. When
comparing MMC designs that use PGs designed for operation
with SSMV and DSMYV, greater power-loss reductions have been
found to be possible when using SSMV. This is due to a reduc-
tion in IGBT conduction losses due to a need to include only
one bipolar Full-Bridge (FB) SM within each PG, an increase
in the utilisation of the bypass thyristors due to the removal of
the active SM discharge procedure required by DSMV, and a
reduction in losses within the dV/d¢ limiting snubber achievable
due to the larger commutating inductor. These factors combine
to exceed the thyristor turn-off power-loss reductions achieved
with DSMV. A diode bypassed (DB) PG structure is also intro-
duced, which shows promising power-loss reductions, although
only when the converter is operating in rectifier mode. A Hy-
brid Sub-Module Voltage (HSMV) technique, which combines
elements of both SSMV and DSMYV, for controlling the diode
turn-on and turn-off while also only requiring one FB-SM in
each PG, has been described and compared against SSMV for
the DB-PG case. The inclusion of the required FB-SM within
each PG, and the additional power-losses associated with the
snubber network, result in some power-loss increases (~ 12%)
during inverting operation. Results indicate that the expected
power-loss reductions in a PG augmented MMC, in compari-
son to the base-case of a standard half-bridge MMC, are in the
region of 21% for the thyristor bypassed PG using SSMV, and
in the region of 25% for the diode bypassed PG, using either
SSMYV or HSMYV, during rectifying operation.

REFERENCES

[1] A. Lesnicar and R. Marquardt, “An innovative modular multilevel con-
verter topology suitable for a wide power range,” in Proc. IEEE Bologna
Power Tech Conf., vol. 3, 2003, pp. 6-11.

[2] B.Jacobson, P. Karlsson, G. Asplund, L. Harnefors, and T. Jonsson, “VSC-
HVDC Transmission with Cascaded Two-Level Converters,” in Proc. CI-
GRE, 2010.

[3] G.P. Adam, K. H. Ahmed, and B. W. Williams, “Mixed cells modular mul-
tilevel converter,” in Proc. IEEE 23rd Int. Symp. Ind. Electron., Jun. 2014,
pp. 1390-1395.

[4] R. Zeng, L. Xu, L. Yao, and B. W. Williams, “Design and operation of
a hybrid modular multilevel converter,” IEEE Trans. Power Electron.,
vol. 30, no. 3, pp. 1137-1146, Mar. 2015.

[5] K. Ilves, L. Bessegato, L. Harnefors, S. Norrga, and H. P. Nee, “Semi-
full-bridge submodule for modular multilevel converters,” in Proc. 9th Int.
Conf. Power Electron. ECCE Asia, Jun. 2015, pp. 1067-1074.

[6] M. M. C. Merlin et al., “The alternate arm converter: A new hybrid

multilevel converter with de-fault blocking capability,” IEEE Trans. Power

Del., vol. 29, no. 1, pp. 310-317, Feb. 2014.

T. Modeer, H. P. Nee, and S. Norrga, “Loss comparison of different sub-

module implementations for modular multilevel converters in HVDC ap-

plications,” in Proc. 14th Eur. Conf. Power Electron. Appl., Aug. 2011,

pp- 32-38.

J. Qin, M. Saeedifard, A. Rockhill, and R. Zhou, “Hybrid design of modu-

lar multilevel converters for HVDC systems based on various submodule

circuits,” IEEE Trans. Power Del., vol. 30, no. 1, pp. 385-394, Feb. 2015.

[9]1 P. Zhao, C. Wang, J. Xu, B. Zong, and C. Zhao, “A submodule
topology of MMC with dc fault ride-through capability,” Power Syst.
Technol., vol. 38, no. 12, pp. 3441-3446, 2014. [Online]. Available:
http://www.dwjs.com.cn/EN/abstract/article_25769.shtml

[7

—

[8

—



94

[10] D. Peftitsis et al., “High-power modular multilevel converters with SiC
JFETS,” IEEE Trans. Power Electron., vol. 27, no. 1, pp. 28-36, Jan. 2012.
M. Marchesoni and L. Vaccaro, “Study of the MMc circulating current for
optimal operation mode in HVDC applications,” in Proc. 17th Eur. Conf.
Power Electron. Appl., Sep. 2015, pp. 1-10.

L. Yang, Y. Li, Z. Li, and P. Wang, “Efficiency optimization of MMC
adopting harmonic circulating current injection,” in Proc. IEEE 42nd
Annu. Conf. Ind. Electron. Soc., Oct. 2016, pp. 2557-2562.

K. Ilves, L. Harnefors, S. Norrga, and H. P. Nee, “Predictive sorting
algorithm for modular multilevel converters minimizing the spread in the
submodule capacitor voltages,” IEEE Trans. Power Electron., vol. 30,
no. 1, pp. 440—449, Jan. 2015.

F. Sasongko and H. Akagi, “Low-switching-frequency operation of a mod-
ular multilevel dscc converter with phase-shifted rotating-carrier pwm,”
IEEE Trans. Power Electron., vol. 32, no. 7, pp. 5058-5069, Jul. 2017.
A.Dekka, B. Wu, and N. R. Zargari, “A novel modulation scheme and volt-
age balancing algorithm for modular multilevel converter,” IEEE Trans.
Ind. Appl., vol. 52, no. 1, pp. 432-443, Jan. 2016.

P. D. Judge, M. M. C. Merlin, T. C. Green, D. Trainer, and K. Vershinin,
“The augmented trapezoidal alternate arm converter: A power-group aug-
mented dc fault tolerant voltage source converter,” in Proc. 2nd Int. Conf.
High Voltage Direct Current, 2016.

P. D. Judge, M. M. C. Merlin, T. C. Green, D. R. Trainer, and K.
Vershinin, “Thyristor-bypassed sub-module power-groups for achieving
high-efficiency, dc fault tolerant multilevel vscs,” IEEE Trans. Power Del.,
vol. 33, no. 1, pp. 349-359, 2018.

D. R. Trainer, T. C. Green, M. M. C. Merlin, and D. Soto-Sanchez, Con-
verter. 2014, May 7. eP Patent App. EP20,110,728,832. [Online]. Avail-
able: https://www.google.com.ar/patents/EP2727234A12cl=en

P. D. Judge, G. Chaffey, P. Clemow, M. M. C. Merlin, and T. C. Green,
“Hardware testing of the alternate arm converter operating in its extended
overlap mode,” in Proc. Int. High Voltage Direct Current Conf, 2015.

M. M. C. Merlin et al., “The extended overlap-alternate arm converter:
A voltage source converter with dc fault ride-through capability and a
compact design,” IEEE Trans. Power Electron., vol. 33, no. 5, pp. 3898—
3910, May 2018.

ABB Semiconductors, Design of RC snubbers for phase control applica-
tions, Application note: SSYA 2020-02, 2013.

P. Miinch, D. Gorges, M. Izdk, and S. Liu, “Integrated current control,
energy control and energy balancing of modular multilevel converters,” in
Proc. IEEE 36th Annu. Conf. Ind. Electron. Soc., Nov. 2010, pp. 150-155.
E. Prieto-Araujo, A. Junyent-Ferr, G. Clariana-Colet, and O. Gomis-
Bellmunt, “Control of modular multilevel converters under singular un-
balanced voltage conditions with equal positive and negative sequence
components,” IEEE Trans. Power Syst., vol. 32, no. 3, pp. 2131-2141,
May 2017.

K. Ilves, L. Harnefors, S. Norrga, and H. P. Nee, “Analysis and operation
of modular multilevel converters with phase-shifted carrier pwm,” IEEE
Trans. Power Electron., vol. 30, no. 1, pp. 268-283, Jan. 2015.

Infineon Technologies, Neubiberg, Germany. Technical Information
D3001N60T.

N. Shammas, D. Chamund, and P. Taylor, “Forward and reverse recovery
behaviour of diodes in power converter applications,” in Proc. 24th Int.
Conf. Microelectronics, vol. 1, May 2004, pp. 150-155.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Paul D. Judge (M’13) received the B.Eng. (Hons)
degree in electrical engineering from University
College Dublin, Dublin, Ireland, in 2012 and the
Ph.D. degree from the Department of Electrical &
Electronic Engineering, Imperial College London,
London, UK., in 2016.

He is currently a Research Associate with Impe-
rial College London. His research interests include
power converter design and control, as well as power
system integration aspects of HVdc technology.

Dr. Judge is a recipient of the Eryl Cadwaladr
Davies Prize for best doctoral thesis and a Best Paper Award for his submission
to the IEEE TRANSACTIONS ON POWER DELIVERY special issue on “Frontiers of
DC Technology” in 2018.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 34, NO. 1, FEBRUARY 2019

Michael M. C. Merlin (M’12) received the bache-
lor’s degree in electrical engineering from the Na-
tional School of Electronics and its Applications,
Cergy, France, in 2008, the M.Sc. degree in control
systems and the Ph.D. degree in electrical engineer-
ing from Imperial College London, London, U.K., in
2008 and 2013, respectively.

He is currently a Lecturer with the School of En-
gineering, the University of Edinburgh, Edinburgh,
U.K. His research interests include design, con-
trol, and operation of modular power converters for
medium- and high-voltage applications.

Tim C. Green (SM’02) received the B.Sc. (Eng) (first
class honours) degree from Imperial College London,
U.K., in 1986 and the Ph.D. degree from Heriot-Watt
University, Edinburgh, U.K., in 1990.

He is a Professor with the Departmrnt of Elec-
trical Power Engineering, Imperial College London,
and Director of the Energy Futures Lab, London,
U.K., with a role fostering interdisciplinary energy
research. He also leads the HubNet consortium of
\\'g U.K. universities. His research interest includes using

the flexibility of power electronics to accommodate
new generation patterns and new forms of load, such as EV charging, as part
of the emerging smart grid. In HVdc, he has contributed converter designs that
reduce losses while also providing control functions to assist ac system integra-
tion. In distribution systems, he has pioneered the use of soft open points and

the study of the stability of grid-connected inverters.
of electric actuation systems for civil and defence

i ii =
aerospace. In 2004, he was with Rolls-Royce to sup-

port more electric engine development in the strategic research centre. In 2008,
he was with Alstom to work on the development of high power voltage source
converters for HVDC power transmission, leading the development of new con-
verter technologies.

David R. Trainer received the B.Sc. (Hons) and
Ph.D. degrees from Staffordshire Polytechnic, Stoke-
on-Trent, U.K., in 1985 and 1991, respectively.
Between 1985 and 1998, he worked with GEC
on the development of advanced thyristor valves for
HVdc power transmission and later pioneered the use
of GTO-based modular multilevel converter (M2C)
technology for reactive power compensation. In 1998,
he was with Goodrich, working on the development

’

|

Konstantin Vershinin (M’ 13) graduated with degree
in applied physics and mathematics from Moscow
Institute of Physics and Technology, Moscow, Rus-
sia, in 1998. He received the Ph.D. degree in power
semiconductor devices from Emerging Technology
Research Centre, Leicester, U.K., in 2006.

He has more than 10 years of experience in de-
veloping new semiconductor devices and associated
processes. He has been involved in development of
clustered IGBT for a range of voltages and oxide
flanked MOSFET device for 100 V applications. In
2014, he joined Alstom to work on the next generation of HVdc VSC and LCC
valves and new HVdc converter topologies. He is currently with the leading
Disruptive System Technologies team, GE’s Grid Solutions, Stafford, U.K. He
has published more than 50 papers and contributed to 10 patents.

ré




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


