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Abstract - An H-bridge hybrid modular converter (HBHMC) is
proposed for HVDC applications. It uses a wave-shaping circuit
(WSC) consisting of series-connected full-bridge submodules
(FBSMs) at the output of the main H-bridge converter (MHBC).
For a three-phase system, three HBHMCs are connected either in
series (series-HBHMC) or in parallel (parallel-HBHMC) across
the dc-link. The operating modes of HBHMC, novel modulation
strategies for voltage balancing of FBSMs, and control of HBHMC
based HVDC system are presented in this paper. A detailed
comparison between HBHMC and other hybrid topologies is
performed on the basis of required number of switches and
capacitors. The HBHMC has the features of dc fault blocking
capability, lower footprint structure and extra degree of freedom
for submodules capacitor voltage balancing. The efficacy of the
HBHMC based HVDC system for three-phase balanced and
unbalanced grid conditions and its fault tolerant capability are
validated using PSCAD simulation studies. Further, the feasibility
of proposed converter under normal, and dc fault conditions, and
of the proposed capacitor voltage control scheme are validated
experimentally by using a three-phase grid connected HBHMC
laboratory prototype. The results demonstrate the effectiveness of
the proposed HBHMC topology, control techniques, and
satisfactory responses of the HBHMC based HVDC system.

Index Terms-- dc fault tolerant, H-bridge hybrid modular
converter (HBHMC), HVDC systems, and modular multilevel
converter.

NOMENCLATURE
MMC Modular multilevel converter
VSC Voltage source converter
HVvDC High voltage direct current
SM Submodule
HBSM Half bridge submodule
FBSM Full bridge submodule
HBHMC H-bridge hybrid modular converter
MHBC Main H-bridge circuit
HMC Hybrid multilevel converter
WSC Wave shaping circuit
DSs Director switches
HCMC Hybrid cascaded multilevel converter
AAMMC Alternate arm modular multilevel converter
CTFB-HMC  Controlled transition full bridge hybrid
multilevel converter
FACTS Flexible ac transmission system
HCI Half cycle isolation
AZCI Across zero crossing isolation
IGBT Insulated-gate bipolar transistor
PDPWM Phase disposition pulse width modulation

I. INTRODUCTION

ODULAR multilevel converter is fast becoming one of
the most preferred topologies for VSC based HVDC
transmission systems [1]-[4]. This is primarily due to its
advantages like modularity, scalability, low conduction losses,
low harmonic filter requirement, and low dv/dt, which allows

the use of transformer with low insulation requirement.
However, MMC has limitations such as, the requirement of a
large number of devices and capacitors, inability to block/limit
fault current in the event of a dc side fault without using a dc
circuit breaker, and the presence of circulating currents in each
phase-leg of the MMC [5]-[10]. The circulating current has a
significant impact on the ratings of the converter components,
capacitors voltage ripples and power losses. A circulating
current control is necessary to reduce such impacts [11]-[13].
Moreover, during a dc side fault, a high fault current flows
through freewheeling diodes connected across each IGBTS in
the MMC [5]-[17]. One of the approaches to tackle this problem
is to use a dc circuit breaker as recently proposed in [14]-[17].
In the second approach, instead of the HBSM, another SM with
the capability to produce the opposite polarity voltage is used
that blocks/limits the fault current magnitude in case of dc side
fault [18]-[22]. In the third approach, the converter
configuration itself is modified and by using the FBSMs, the
fault current limitation is achieved. This family of converters is
called as the HMCs [23]-[34]. HMCs consist of mainly two
parts, a DS and a WSC. DSs are the series connection of
semiconductor switches and WSC is formed by connecting
stacks of FBSMs in series.

Among the HMCs, the HCMC has dc fault tolerant
capability, lower number of SMs in WSC and quarter the
number of SM capacitors to that in MMC, which leads to
smaller footprint and lower losses [23]-[26], [30]. However, it
has higher losses in the DSs because of hard switching and it
requires low order harmonic filters to mitigate low energy
spikes due to mis-synchronization of DSs and WSC [24].
Moreover, for balancing of SMs capacitor voltages either more
number of SMs are required or the DSs are required to switch
at higher frequency, which leads to higher losses [24], [25],
[31]. The AAMMC, proposed in [27]-[29], has features like, dc
fault tolerant capability, half the number of SMs to that in the
MMC and lower losses. However, for the smooth current
commutation between upper and lower arms and for the
capacitor voltage balancing in WSC, a short duration overlap
period is required [31]. It creates a high inrush current in the
arms and a suitably sized arm inductor is required for
suppressing this inrush current. The parallel hybrid MMC is
another promising topology for HVDC applications because of
lower component count and soft switching of DSs [33], [34].
However, its main limitations are that it cannot block/limit dc
fault current and it has lower order harmonics at the dc-link.
Due to these harmonics the dc voltage cannot be regulated to a
constant value, which compromises the power control [34].
Recently, another HMC is proposed which uses the WSC across
the load [35]. The DSs of this topology are operated diagonally
when the output voltage is clamped to dc-link voltage value,
thus allowing the energy exchange between the dc-link and
FBSMs. This time period is small and in case of high active
power requirement the converter is required to take energy from

0885-8993 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2751680, IEEE

Transactions on Power Electronics

dc-link within that small period, which may cause high inrush
current. Hence, it requires a dc side inductor and circulating
device to limit the inrush current. Moreover, this converter does
not have dc fault tolerant capability.

This paper proposes an H-bridge hybrid modular converter
(HBHMC) topology, which addresses some of the issues of the
existing HMC topologies as discussed above. The HBHMC
topology has dc fault tolerant capability, small footprint
structure, high dc-link utilization, an extra degree of freedom
for SM capacitor voltage balancing, and it can be extended to
high voltage-low current or low voltage-high current
applications. In this paper, the single phase and three phase
HBHMC structures, modes of operation of HBHMC, the WSC
capacitor voltage balancing scheme by appropriately selecting
powering and isolation modes, and individual capacitor voltage
balancing scheme of WSC SMs of HBHMC are presented. The
efficacy of the proposed voltage control schemes, modulation
and control of HBHMC and dc fault tolerant capability of the
converter are validated using both simulation and experimental
studies. The detailed simulation studies of an HBHMC based
HVDC system for various different operating conditions are
carried out using PSCAD/EMTDC. The experimental studies
are performed using a three-phase grid connected HBHMC
hardware prototype. Furthermore, a comparative study is
performed between the proposed and the other existing hybrid
converter topologies.

1. H-BRIDGE HYBRID MODULAR CONVERTER
A. Single-phase configuration

The proposed single-phase HBHMC is shown in Fig. 1. Like
other HMCs discussed in the previous section, this converter
also has two main parts, a MHBC and WSC. The MHBC
consists of four switches (DSx-DSxa), which are series
connection of fully controllable semiconductor switches to
withstand high per phase dc-link voltage (Vacx). These switches
are operated at the fundamental frequency. The switches of
MHBC directs the current either to the positive dc terminal,
negative dc terminal, or it freewheels either through DSy and
DSy, or through DSys and DSys. To generate sinusoidal output
voltage across the load, the WSC is used at the output of
MHBC. The WSC is a series connection of FBSMs and these
are switched at a higher frequency. The WSC is responsible for
the multilevel converter output voltage waveform generation
with very low distortion.

The output voltage states of the MHBC can be either +V,
0, or -Vgex as summarized in Table I. For simplicity only two
FBSMs are considered to be connected in series with MHBC as
shown in Fig. 1. If the voltage of each FBSM capacitor is
regulated to Va/2, five output voltage (Vi) levels (+Viex,
+Vae/2, 0, -Viel2, and -Vgex) can be obtained. The different
switching states for generating five voltage levels and the
corresponding states of capacitor voltages are summarized in
Table 1. The symbols T, J, and — indicate charging,
discharging, and no change in capacitor voltage, respectively.

In Table 11, the highlighted states are the additional switching
states obtained compared to that in the HCMC topology
presented in [25], [26]. These states give an extra degree of
freedom for the capacitor voltage balancing of WSC in
HBHMC. This is because, for the same direction of current and
for a given voltage level output, the SM capacitors can be either
charged or discharged in the desired manner. This degree of
freedom is not present in the existing HCMC. Moreover, the

Main H-bridge circuit

Wave shaping circuit

— (WSO)

Fig. 1 Block diagram of single-phase HBHMC

TABLE |
SWITHING STATES OF MHBC IN HBHMC

DSx DSx2 DSx3 DSx4 MHBC output voltage
1 0 0 1 +Viex
0 1 1 0 -Viex
0 0 1 1 0
1 1 0 0
TABLE Il

SWITHING SCHEME OF HBHMC WITH TWO FBSMs IN WSC AND
THE RESULTING CAPACITOR VOLTAGE STATES

Voltages due to ;
L\e/\(laga(g\]/e) di fferer?t_swi f[ching Capacitor voltage change
* combination 1,>0 1,>0
Vdcx C1—> Cz-’ C1—> C2—>
Vi Vea+Ve Ci1Cat CilGo|
Viex +Ver-Veo Ci1Co) C.1lCo?
Viex -Vat+Ve CilCot Ci1Cy)
Viex -Ve Ci C— Cit Co—
Vo2 Viex -Veo Ci— Cyl Ci— Ot
Ver Cit Co— Ci| Co—
Vea Ci— G Ci— G
0 C1—> Cz—> C1—> C2—>
0 Viex -Ver-Veo CilGl CitGot
Va-Ve Ci1Gy CCxt
Vat+Ver CilGCot Ci1Gy)
'Vdcx +Vc1 ClT Cz—> Cll C2—>
Vo2 Vi +Ve2 Ci— Cof Ci— Gyl
-Veu Ci| C— Cit Co—
Ve Ci— Gl Ci—> 1
-V Ci— Co— Ci— Co—
Vi -Va-Ve Cil G| Ci1Cxt
-Viex -VertVer CiCot Ci1Gy)
-Vix +Va-Ve Ci1Cyl CilC?

HBHMC provides full dc bus utilization compared to the
HCMC topology [25], [26], which utilizes only half of the dc-
link voltage.

B. Three-phase configuration

To obtain the three-phase output, three HBHMCs (Fig. 1) can
be connected either in series (series-HBHMC) or in parallel
(parallel-HBHMC). (Figs. 2 (a) and (b)). The three MHBCs of
the three-phase converter operate at the fundamental frequency
with 120° phase displaced outputs with respect to each other.
For series-HBHMC, three separate dc capacitors are required to
equally divide the total dc-link voltage (Vact) such that 3Vex =
Vet (Fig. 2 (a)). For series-sHBHMC, the MHBC outputs are
either +Vyu/3, 0 or —Vye/3, and for the parallel-HBHMC the
outputs are +Vge, 0 or —Vger (Figs. 2(a) and 2(b)). For an N
number of series connected FBSMs per phase in WSC, the
series-HBHMC capacitor voltage of each SM is regulated to
Vie/3N, and in the parallel-HBHMC it is regulated to Vge/N.
These converters are connected to an ac network through three
units of single-phase transformers. These transformers are used
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(@) (b)
Fig. 2 (a) lllustration of a three-phase series H-bridge hybrid modular converter
(series-HBHMC), (b) illustration of a three-phase parallel H-bridge hybrid
modular converter (parallel-HBHMC).

to provide isolation between the three-phase outputs of the
converter and to match the ac and dc voltage levels [34]. As
three separate transformers are used for each phase, it eases the
shipment of transformers and also reduces the spare holding
requirements. These are important considerations for HVDC
applications [34]. As the series-HBHMC uses 1/3 of Vg for
each phase, it is more suitable for the applications like tapping
of existing HVDC lines [36], where the dc-link voltage is high
and current is low. The parallel-HBHMC uses full Vg for each
phase. Hence it is more suitable for applications requiring high
current with low dc-link voltage like back to back HVDC
system [32] and medium voltage dc transmission system [37].

C. Modes of operation

The normal steady-state HBHMC operation can be
categorized into two operating modes depending on the MHBC
switching states as explained below.

1) Powering Mode:

In powering mode, the output of MHBC is a square wave and
the WSC is responsible to obtain the multilevel output voltage
waveform from the output of HBHMC. In this case, the dc-link
is connected to load through WSC and it supplies power to both
WSC and load. This mode is termed as powering mode because
the energy is exchanged between the dc-link and the ac system.
In this mode, for the positive half-cycle of output voltage DSy
is on and DSy, is off, and for the negative half-cycle DSy is off
and DSy, is on. Here, x represents phase-a, b, or ¢. In this mode,
the phase-x converter output voltage (Vx) depends on the per-
phase dc-link voltage (V4cx) and the voltage across WSC (Vuscx).
For series-HBHMC, Vgex = Vae/3 and for parallel-HBHMC, Ve
= Vua. The equivalent circuit schematics for positive and
negative half-cycles of the powering mode are shown in Figs. 3
(@) and (b), respectively. From Figs. 1 and 3, Vx and Vuscx for N
FBSMs in the WSC are expressed as,

Vy =(DSx1-DSx2)V g, ~Viwsex 1)

N

where DSy; and DSy, are the switching states of the MHBC

upper switches of phase-x, Sj: and S, are the switching states of
the j" FBSM in the WSC and Vg is the capacitor voltage of j
FBSM in the WSC of phase-x of HBHMC. The MHBC
switches DSy is complementary to DSxs and DSy is
complementary to DSys. Similarly, Sj; is complementary to S
and Sj is complementary to Sjs in j" FBSM of the WSC. For N
number of FBSMs in the WSC, if the capacitor voltage of each
SM (V) is Vae/N then depending on the switching states, the
FBSM output voltage is either +Vqe/N (positively inserted), —
Vae/N (negatively inserted), or zero (bypassed), similar to as
that in MHBC.

2) Isolation Mode:

In this mode, the dc voltage source is bypassed and the output
current freewheels through MHBC. Henceforth, there is no
power exchange between dc-link and ac system. The equivalent
circuit diagrams for isolation mode are shown in Figs. 3(c) and
(d). These two switching states of MHBC can be alternatively
used to have uniform loss distribution among the MHBC
switches. The output voltage in this mode is the negative of
voltage across the WSC (Figs. 3(c) and (d)) and given by,

Ve =Visex 3
where Vuscx i the voltage across WSC.

It is clear from (1) and (3) that the output voltage can either
be the difference of dc-link voltage and the voltage across WSC
(powering mode) or just be the voltage across WSC (isolation
mode). Thus, for the same number of output voltage levels in
powering and isolation modes, if n number of FBSMs of WSC
are required to be positively inserted in the powering mode then
(N — n) FBSMs of WSC should be negatively inserted in the
isolation mode. This implies that, for the same direction of load
current and for the same output voltage level, if n number of
capacitors of WSC FBSM s are getting charged (discharged) in
powering mode, then the (N —n) capacitors of WSC FBSMs get
discharged (charged) in isolation mode. This gives an extra
degree of freedom for capacitor voltage balancing of WSC
SMs, which is achieved without the need of any additional SMs
or any zero-sequence component injection. In contrast to this,
in HCMC since the isolation mode is not available the SMs
capacitor voltage balancing would require extra efforts in terms
of using more number of SMs or injecting third harmonic
component to the modulation signal [24], [25], [31].

DSu _I
T Vdcx A B
DSX4_|
(@
DSqu _I Dsz_I
T Vdcx B
(©)

Fig. 3 Equivalent circuit diagrams of HBHMC for different modes of operation
(a) positive half cycle of powering mode, (b) negative half cycle of powering
mode, (c) and (d) isolation modes.

I11. CAPACITOR VOLTAGE BALANCING INHBHMC

For satisfactory operation of converter it is necessary to have
the net active power absorption by WSC to be zero. At the same
time the average capacitor voltages of each SMs of WSC should
remain equal and constant.
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A. Voltage balancing of WSC of HBHMC:

It is assumed that the converter output voltage quality is
sufficiently good and the converter switching effects are
ignored. The converter phase-x output voltage (Vx) can be
expressed as,

V, (t) =Vimsin(at +¢) 4
where Vi, is the phase voltage amplitude, w is the angular
frequency, ¢1is 0, —2n/3, and 2n/3 for phases a, b, and c,
respectively. The output current of phase-x of the converter is

assumed to be sinusoidal with the current amplitude of I, and
with an arbitrary phase shift of ¢, and is expressed as

1, (t)=Imsin(at+d -4, ) )
The modulation index mi of the HBHMC can be expressed
as (Fig. 2),

mi= M. (6)
Vdcx
The instantaneous power flowing through the WSC of phase-
X can be expressed as,

Rusex (1) =Viwsex () 1 (t) )

1) Powering Mode:

From (1) and (4), the WSC voltage of phase-x for powering
mode of operation is expressed as

Viwsox (1) = S,V —Vmsin (et +4) (®)
where Sy is 1 when DSy is on and DSy is off and it is —1 when
DSy is off and DSy is on. Substituting the values of Ix and Viscx

from (5) and (8) in (7), the instantaneous power of WSC of
phase-x is calculated as,

Rwscx (1) =(sxvOICX ~Vim sin(cot+¢l)) Imsin(at+d —4,) (9)

Sf)fsin(a)t+¢l—¢2)
= Rusex (1) =Vl m (10)

+%(cos(2wt +2¢, —4,)—C0s 4, )

Integrating (10) over one fundamental cycle vyields the
following expression of the energy exchange between the WSC
and the load (Wiscx).

27—

Wiwsex = [ Rusex (Dt

Vol cos(¢2)[4_”}
) mi

It is clear from (11) that the energy exchanged by the WSC
is zero only when mi = 4/z. For mi other than 4/z the energy
exchanged by WSC is either positive or negative, which will
result in increase or decrease of the WSC capacitor voltage,
respectively. To make the energy exchanged by WSC equal to
zero for mi < 4/x, the isolation mode of operation is introduced.

2) Isolation Mode:

In this mode, the capacitors of WSC are only supplying
power to the ac load and the dc source is bypassed. From (3)
and (4), the voltage across phase-x WSC can be expressed as

Vo (t) =V, sin(at +44) (12)
Substituting (5) and (12) in (7), the instantaneous power of
phase-x of the converter in isolation mode is calculated as

= Wysex = (11)

Ruscx =(-Vmsin(et+¢)) Imsin(at+¢ —¢,)
Ruwscx (1) =V,.1. (;(cos(Za)t +2¢ —¢,)—C0s g, )) . (14)

Hence, the energy exchanged by WSC over one fundamental
cycle is calculated as
27—

(0] 7Z'
Wwsex = 4{ Ruscx (t)dt = =, Vm'm cosg,  (15)

(13)

It is clear from (15) that for the isolation mode the energy
exchanged by WSC is always negative regardless of the mi
value for powering both the positive and negative half-cycles
of output voltage. In the isolation mode the WSC supplies
power to load by releasing the energy stored in its FBSMs. By
controlling the duration for which the MHBC operates in
isolation mode, depending on the current magnitude, the net
energy exchanged by WSC in a fundamental cycle can be
equated to zero and hence the capacitor voltage balancing can
be achieved. Thus, it is evident that the energy exchanged by
WSC can be controlled by appropriately selecting powering and
isolation modes for 0 < mi < 4/x. For selecting one of these two
operating modes without increasing the switching frequency of
MHBC from fundamental, two techniques (HCI and AZCI
methods) for capacitor voltage balancing are proposed. The
detailed description of these two methods is given below.

a) Half cycle isolation method:

In this method, depending upon the average capacitor voltage
of WSC, the HBHMC operates either in powering mode or
isolation mode. The mode selection is carried at every zero
crossing of output voltage and the selected mode remains active
for the next half of the fundamental cycle. Thus the MHBC
operates at fundamental frequency, which keeps the switching
losses of MHBC to minimal. For the HCI mode selection, as
shown in Fig. 4(a), the average capacitor voltage of the WSC
SMs (Vay) is obtained. At every zero crossing of the reference
output voltage (Vxer), this average capacitor voltage is
compared with the reference capacitor voltage (Vrefavg), Which
is set to the Vye/N. If Vayg is less than Vyerayg then the powering
mode is selected by turning on the MHBC switches Dy and Dy,
Dx2 and Dys for positive and negative cycles of output voltage,
respectively. On the other hand, if Vayg is greater than Vieavg then
isolation mode is selected by turning on the MHBC switches
(either Dy1 and Dyz or Dys and Dys). The mode selection is
performed in the manner as shown in Fig. 4(a). The voltage
waveform at the different stages of converter are shown in Fig.
4(b). As the converter operates in powering mode or isolation
mode, at least for half of the fundamental cycle the capacitors
of WSC SMs continue to charge or discharge for half cycle
although the average WSC SMs voltage is changed from its
initial state. Next change of mode is selected only at next zero
crossing of output voltage. This increases the fluctuations of
capacitor voltages and hence capacitor value of WSC SMs [40]-
[43]. Moreover, in this method during the isolation mode, only
WSC is generating output and with N FBSMs the maximum
output voltage obtained from the WSC is Vgex. This restricts
HBHMC to operate in the overmodulation region where the
peak of per phase output voltage should be greater than Vgcx.
Hence in this method additional SMs are required for the
HBHMC to operate in the overmodulation region.

0885-8993 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2751680, IEEE

Transactions on Power Electronics

Isolation mode

Measure Obtain the Yes
- average
Capacitor capagitor
Voltage vo?tp eV No
206 Vas
® Zero crossing
=1\ / — (ZC) detector
Powering Isolation

Vior ?Ode i[""Ode vm# % f ~

MHBC output voltage Voltage across WSC
(b)
Fig. 4 HCI method; (a) Control block diagram for selecting isolation and
powering modes, and (b) Voltage waveforms at different stages of HBHMC.

Output Voltage

b) Across zero crossing isolation method:

In this method, instead of keeping the isolation mode active
for complete half of the fundamental cycle, which increases the
capacitor voltage fluctuation as discussed above, it is activated
only across the zero crossing of output voltage. A control block
diagram illustrating this method is shown in Fig. 5(a). In this
method, to decide the time duration for which the isolation
mode is active the average capacitor voltage of WSC (Vay) is
compared with reference voltage (Vreravg). This error is passed
through a PI controller as shown in Fig. 5(a) and output of PI
controller (e) is compared with output voltage reference (Vyrer)
to obtain the isolation and powering mode signals. The output
voltage waveforms of converter at different stages of converter
are shown in Fig. 5(b). The converter output voltage (V) with
reference to Fig. 1 is given as

Vx = Vasx — Visex (16)
where Vagx is the output voltage of MHBC. Vagx is +Vex for
positive half cycle and —Vux for negative half cycle. If the
voltage across WSC is positive (positively inserted) in positive
half cycle and negative (negatively inserted) in the negative half
cycle then the output voltage will always be less than Ve, i.e.
the dc-link voltage for each phase. However, if the voltage
across WSC is negative in positive half cycle and positive in
negative half cycle then the output voltage can be greater than
Vaex. This is because the WSC voltage gets added to the dc
voltage to obtain the output voltage, as described above by (16).
As the maximum voltage across the WSC is kept at Vgex, the
converter operation can ideally be extended up to the
modulation index of 2. However, to keep the net energy
exchanged by WSC capacitors to be zero and hence maintain
the capacitors voltage constant, as explained earlier in Sec. 11-
A, the maximum modulation index is restricted to 4/z. This
indicates that, by using the AZCI method the HBHMC can be
operated in the overmodulation region without the need of
additional SMs in the WSC.

In both HCI and AZCI methods, during the isolation period
the load current is supplied by WSC and the dc-link capacitor
is bypassed. For three-phase HBHMC, the isolation mode of
operation for each phase depends on the WSC capacitor voltage
of that particular phase and becomes active only if the WSC
capacitor voltage is greater than the reference value. Thus the
isolation periods in all the three phases may or may not be
active simultaneously. When the isolation period of a particular
phase is active the dc-link capacitor of that phase is bypassed
and only WSC supplies power to load. In case of half cycle

Isolation mode|
i

Vrefavg

L,
Isolation or

. 7 :
Measure O:\E:'rg t:e pgwe'rmg |
Capacitor capacigt’or . I mode signals
Voltage voltage Vayg| >
Isolation
Vagx mode

VW&X
Powering — W’ N 7/ >
mode

MHBC output voltage Voltagebacross WSC Output Voltage
Fig. 5 AZCI method; (a) Control bIocIE ziiagram for selecting isolation and
powering modes, and (b) Voltage waveforms at different stages of HBHMC.
isolation (HCI) method, the isolation period is active for half
cycle. During this period the isolation modes of other two
phases may or may not be active. For the series-HBHMC,
during isolation interval of one phase, if the other two phases
are in powering mode (isolation modes are not active), the
current flowing through dc-link capacitor of that phase (the
phase for which isolation mode is active) is the sum of currents
of other two phases. Thus this capacitor is handling two phase
power. So the capacitor size requirement is more as compared
to that in the converter operating without isolation mode [43].
However, for the across zero crossing isolation (AZCI) method,
the isolation period is small and occurs only across the voltage
zero crossing. For a three-phase system, the isolation period
comes after every 60 degrees as shown in the Fig. 6. Fig. 6
shows the three-phase reference signals and corresponding
isolation signals for AZCI method. In Fig. 6, when the isolation
signal of a particular converter phase is high then that phase
operates in the isolation mode. On the other hand, the
corresponding converter phase operates in powering mode
when its isolation signal is zero. For small isolation period in
the AZCI method the capacitor size requirement is less as
compared to the HCI method but more than the capacitance
requirement for system without isolation.

Isolation signal of  Isolation signal of  Isolation signal of

8 s Phase- a ;Phase-b P ase-c
5.2
= n N /
: M (i N N\ %
5E
g 2 I f

©

Phase-a Phase-b Phase-c
reference voltage reference voltage  reference voltage

Fig. 6 Three-phase output voltage references and corresponding isolation
signals for AZCI method.

B. Individual FBSM capacitor voltage balancing in WSC

As explained in the previous subsection, it is possible to keep
the average capacitor voltage of WSC constant by properly
selecting isolation and powering modes of operation for
HBHMC. However, it does not guarantee equal capacitor
voltages for all FBSMs. At every change in the converter output
voltage level when a SM is either required to be inserted or
bypassed, if any arbitrary SM is chosen then some of capacitors
can get overcharged and some discharged as the energy will not
be evenly distributed among all of them. To maintain each
capacitors voltage equal, a sorting and insertion technique for
HBHMC is proposed with the flow chart shown in Fig. 7. In
this technique, all SMs capacitor voltages are first measured
and they are sorted in ascending or descending order as shown
in Fig. 7. Then the converter mode selection is performed in the
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Fig. 7. Flow chart of sorting and obtaining gate signals of FBSM of WSC.

manner as explained in the previous subsection. Depending on
the converter mode of operation the WSC voltage reference
signal (Vwscxrer) is obtained. For powering mode of operation of
the converter, Vuscxret IS Obtained by subtracting the converter
output voltage reference signal (V) from the MHBC output
voltage reference (Vaexer). FOr isolation mode of operation
Vusexret 1S the negative of Vit (Figs. 3 — 5). After obtaining the
reference signal Vuscxrer, it is compared with the phase-disposed
triangular carrier signals (since the phase disposition strategy
provides the lowest line-to-line total harmonic distortion [38],
[39]), to calculate the required number of FBSMs to be inserted
(n) in the WSC. If Viscxrer is positive then n number of FBSMs
are inserted positively to obtain the desired positive voltage
across the WSC. Similarly, n FBSMs are negatively inserted if
Vuscxref 1S Negative to obtain the desired negative voltage across
the WSC. Assuming all the capacitor voltages are sorted from
the low to high value and the corresponding FBSMs are
numbered in ascending order then, depending on the current
direction, the insertion or bypassing of the SMs are performed
in the manner as illustrated in Fig. 7. Thus, this technique
ensures equal charge distribution over all the SM capacitors.

1IVV. HBHMC VALIDATION AND APPLICABILITY TO
HVDC SYSTEM

A. Standalone mode

To validate the effectiveness of the proposed converter and
its associated control schemes, a standalone model of series-
HBHMC with two FBSMs (N = 2) per phase (Fig. 1) is
simulated using PSCAD. The simulation parameters are listed
in Table I11. The capacitance values of FBSMs and dc-link are
selected such that the maximum voltage deviation is 10% of
their respective reference voltage values [40]-[43], [45]. These
capacitor values of SMs result in the capacitance energy storage
of 25 kJ/MVA and 5.2 kJ/MVA for HCI and AZCI methods,
respectively. Moreover, this also results in the dc-link
capacitance energy storages of 15.75 kJ/MVA and 12 kJ/MVA
for HCI and AZCI methods, respectively. Thus, the capacitance
energy storage is higher for HCI method as compared to AZCI
method as discussed earlier in Sec. Il A. It is also clear from
these values that a significant reduction in the net capacitance

TABLE Il
PARAMETERS OF THE SIMULATED SYSTEM
Sr. No. Parameter Value
1. dc-link voltage (V) 450 V
2. Submodule voltage 75V
3. No of submodules/Phase 2
4. Submodule Capacitance
For HCI method 177uF
For AZCI method 36 puF
5. dc-link capacitance/phase
For HCI method 56 pF
For ACZI method 40 uF

energy storage requirement is achieved in the proposed
converter controlled using the AZCI method as compared to
that in the MMC, which requires the capacitance energy
storages of 39 kJ/MVA [43].

The series-HBHMC is operated with mi = 0.95 and with a
passive R-L load of 0.9 power factor at 50 Hz. The converter
modulation is performed using PDPWM technique [38], [39],
with a carrier frequency of 2 kHz. Figs. 8 and 9 show the
simulation results of series-HBHMC system controlled using
the HCI (Fig. 4), and the AZCI methods (Fig. 5), respectively.
It can be observed from these waveforms that the proposed
control schemes are able to effectively balance the capacitor
voltages and hence distinct five-level phase-voltage waveforms
are generated at the converter output. The series-HBHMC
output voltage and output current waveforms using the two
abovementioned proposed control schemes are plotted in Figs.
8(a) and 9(a) respectively. Figs. 8(b) and 9(b) show the
modulation signals used to obtain gate pulses for the FBSMs in
HCI and AZCI methods, respectively (Sec. I11). It can be seen
from Figs. 8(b) and 9(b) that, as discussed in the previous
section (Figs. 4 and 5), the isolation period is active over half
cycle for HCI method and across zero crossing for AZCI
method, respectively. The switching signals of the upper two
switches (DSx1 and DSx2) of MHBC for HCI and AZCI methods
are shown in Figs. 8(c) and 9(c), respectively. The switch DSy3
is complimentary to DSy1 and DSys is complimentary to DS,. It
can be seen from Figs. 8(c) and 9(c) that the MHBC switches
are switched at the fundamental frequency (50Hz in this case),
which helps in keeping the switching losses of the converter to
minimal. Figs. 8(d) and 9(d) show the capacitor voltages of
WSC with and without the proposed voltage control scheme for
HCI and AZCI methods, respectively. With reference to Figs.
8(d) and 9(d), in the initial period of the simulation the HBHMC
is operated without using the proposed capacitor voltage control
methods, and at t; the proposed voltage controllers are
activated. It can be observed that the WSC capacitor voltages
tend to become unbalanced when the control is inactive and
they settle at the reference value (half of the per phase dc-link
voltage, i.e., 75 V) after the control is activated, which validates
the effectiveness of the proposed control techniques.

To validate the overmodulation capability of HBHMC, the
series-HBHMC is simulated for mi = 1.2 and the corresponding
three-phase converter output voltage and current waveforms are
shown in Figs. 10(a) and (b), respectively. Here, the AZCI
method is used for controlling the WSC capacitors voltage. The
modulation signals for phase-a using the AZCl method are
shown in Fig. 10(c). It can be observed from Fig. 10(c) that
around the peak of output voltage reference, the reference
signal of WSC is negative in the positive half cycle and positive
in the negative half cycle of output voltage reference. This is
done to obtain the converter output voltage greater than Ve, as
explained earlier in Sec. 111-A (Fig. 5). It can be seen From Fig.
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10 (a) that the number of output voltage levels have increased
from five (for mi < 1) to seven because of the overmodulation
mode of operation. Moreover, the converter output voltage
magnitude has also increased as can be seen by comparing Fig.
10 (a) with Figs. 8 (a) and 9 (a). It is also to be noted that, like
in the undermodulation region (mi < 1), in the overmodulation
region too (mi > 1), the WSC is modulated at the frequency of

200 4 _

S 100l 2L
52 0 7 0z
> -100F oufput voltage -2 2
43

—, output current] _

200
S
kS
3.
o
s
(D)
18 g 1t _DSx1 — DSx?
[aa
I So05f
= % 0
0.85 0.86 0.87
. (c%
E 10 /&tjj‘vs\v —Va — Ve 75
g0 !
< 1
£ 50p |
>0 .03 06 09 12_ 15
(d) Time [s]

Fig. 8 Waveforms of HBHMC using HCI method (a) Output voltage and
current waveforms, and (b) Modulation signals for HCI method, (c) switching
signals of MHBC, and (d) individual capacitor voltages of WSC.
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the carrier signals, as can be seen from Figs. 8-10. Hence the
converter output voltage waveform quality does not deteriorate
even in the overmodulation region.

The simulation results presented in Figs. 8-10 validate the
efficacy of the proposed control techniques and the operation
of series-HBHMC. The parallel-HBHMC can also be simulated
using the proposed control techniques to obtain similar results.

B. Applicability of series-HBHMC for HVDC system

To test the proposed HBHMC for HVDC application a test
model is built in PSCAD/EMTDC using series-HBHMC with
the schematic shown in Fig. 11(a). The simulation parameters
are listed in Table IV. The dc-link voltage (Vaex, Fig. 2 (a)) for
each phase of converter is 50 kV (Vgc/3). The converter uses 10
FBSMs per phase with the voltage rating of 5 kV (Va/3N). The
control of HBHMC based HVDC system can be sectionalized
in three different layers, i.e., inner, intermediate and outer
control layers, as shown in Fig. 11 (b) [26], [30]. The outer
control layer includes the dc-link voltage (or active power)
controller and the reactive power (or ac voltage) controller.
These controllers provide the reference values to the current
controllers in the intermediate control layer. As it is known that
in a VSC-HVDC system one of the converter stations is
controlled to follow an active power flow reference while the
other station is controlled to regulate the dc-link voltage around
its reference value. Therefore, depending on the converter
station under consideration, the current reference i} is
generated either by an active power controller or the dc-link
voltage controller. Another current reference i; is generated
either by the ac voltage controller or by the reactive power
controller. In the intermediate control layer, the reference
currents output from the external control layer are compared
with their actual values, ig and ig, respectively and the errors are
processed through Pl controllers. The outputs of this control
layer are V4 and Vg, which when converted back to the abc
frame provides the modulation signals for the converter. The
inner control layer is the capacitor voltage control technique
proposed earlier in Sec. I11. Here, the AZCI method is used to
control WSC capacitor voltage because of its advantages over
HCI method, such as, smaller value of submodules capacitance
and overmodulation capability. This control layer balances the
overall capacitor voltage and individual SM capacitor voltages
and generates the gate pulses for WSC SMs and MHBC. The
control scheme shown in Fig. 11 (b) can also be used for
parallel-HBHMC based HVDC system.

1) Series-HBHMC HVDC System Operation:

The series-HBHMC HVDC system of Fig. 11(a), with the
different control layers shown in Fig. 11(b), is simulated for a
balanced three-phase system to test its performance under
active and reactive power control and power reversal modes of
operation in this subsection. At converter station 1 (CS1), the
active and reactive power outputs of the converter are being
controlled, while at converter station 2 (CS2), the dc-link
voltage and the reactive power control actions are being
implemented. Fig. 12 shows the simulation results obtained
when, at t = 0.5 s, the active power flow direction of CS1 is
reversed, i.e. Py is changed from —150 MW to +150 MW. The
change rate of P is 1.2 MW/ms. The resulting active power
waveforms at the output terminals of CS1 and CS2 are shown
in Fig. 12(a). The corresponding three-phase ac output currents
are shown in Fig. 12(b). Figs. 12(c) and 12(d) show the dc-link
capacitor voltages of CS1 and CS2, respectively. These
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TABLE IV

PARAMETERS OF THE STUDY HBHMC-HVDC SYSTEM
Sr. No. Parameter Value

1. dc-link voltage (V) 150 kV

2. Submodule voltage 5kV

3. No of submodules/Phase 10

4. dc-ink capacitance 150uF

5. Submodule Capacitance 0.5 mF

6. Grid voltage for HYDC 220 kV

7 Single phase transformer voltage rating 127kV/35kV

capacitor voltages are equal to one third of the total dc-link
voltage. Moreover, the phase-a WSC capacitor voltage
waveforms of CS1 and CS2 are shown in Figs. 12(e) and 12(f),
respectively. It can be observed from Fig. 12 that the power
reversal is achieved with minimum transients in ac output
currents, dc-link capacitor voltages, and WSC capacitor
voltages of the converter. At t = 1.0 s, the reactive power
reference of CS1 (Q;) is changed from —-100 MVAr to +100
MVAr, with 1.2 MVAr/ms slope. The waveforms of active and
reactive powers at the output terminals of CS1 are shown in Fig.
13(a) and the corresponding dc-link capacitor voltage
waveforms and phase-a WSC capacitor voltage waveforms are
shown in Figs. 13(b) and 13(c), respectively. Similarly, at t =
1.5 s, the reactive power reference of CS2 is changed from
+100MVAr to —100MVAr and resulting waveforms of active
and reactive powers at the converter output terminals, dc-link
capacitor voltage waveforms, and phase-a WSC capacitor
voltages of CS2 are shown in Figs. 14(a), 14(b), and 14(c),
respectively. The results shown in Figs. 12, 13, and 14 verify
the effectiveness of the proposed control schemes and
satisfactory performance of the HBHMC based HVDC system
in response to the active and reactive power reversal
commands. It is also observed that the FBSMs capacitors
voltages are well regulated and balanced at their reference
values in all cases.

2) Control of series-HBHMC HVDC System under dc fault
condition:

One of the important characteristics of HBHMC is its ability
to block dc fault current. As the HBHMC uses FBSMs, it is
possible to apply an opposite polarity voltage in the event of a
dc side fault, thereby limiting/blocking the fault current
magnitude. The intended ability of the HBHMC to block the dc
fault current is tested for the worst case scenario by creating a
pole-to-pole dc side fault (Fig. 11). As soon as the fault is
detected the IGBTSs are turned off. The resulting equivalent
circuits for positive and negative half-cycles of the grid voltage
are shown in Figs. 15 (a) and (b), respectively. In both these
cases, for the chosen system parameters (Table 1V), since the
net WSC capacitor voltage is greater than the grid voltage, the
antiparallel diodes connected across the IGBTS in the WSC get
reverse biased (Fig. 15) and hence the flow of current is ceased.
Fig. 16 shows the results when the system is subjected to the
pole-to-pole dc fault (Fig. 11(a)). Before the fault occurrence
the system of Fig. 11(a) is in steady state condition and is
controlled to operate with P = 150 MW and Q; = 100 MVAr
at CS1 (Fig. 11 (b)). It can be seen from Fig. 16(a) that the
corresponding CS1 power references are being tracked before
0.5 s in the simulation run. At t =0.5 s, a dc side pole-to-pole
short circuit fault is created, which lasts for 200 ms. Following
the fault occurrence, it can be observed from Fig. 16 (a) that the
active and reactive powers exchange between the converter and
ac grid reduces to zero. This is because of turning off of all of
the converter switches, which consequently activates the
converter inherent dc fault blocking capability as can be
observed from the resulting equivalent circuit shown in Fig. 15.
It can further be seen from Fig. 16 (b), where the converter
three-phase current waveforms are plotted, that the converter
phase currents are reduced to a very small value during the fault
condition. This confirms the effectiveness of the proposed
converter in blocking the dc fault current. Fig. 16 (c) shows the
converter dc side voltage, which expectedly collapses to zero
during the fault period. Fig. 16 (d) shows the capacitor voltages
of FBSMs in phase-a, which have negligible ripple and remain
constant because the current is blocked. After the fault is
cleared at t = 0.7 s, the gating signals of switches of both the
converter stations are de-blocked and the reference power
settings (P, Qs, Fig. 11 (b)) are ramped up gradually from 0 to
the pre-fault values. This allows the converter active and
reactive powers exchange with the grid to be ramped up
gradually from zero to their pre-fault values as can be seen from
Fig. 16 (a). It can be observed from Fig. 16 (b) that the converter
experiences inrush currents for a short period of time when the
converter is de-blocked. These relatively higher value of
current flows because of the charging of dc-link capacitors after
the fault is cleared. It can also be observed from Fig. 16 that the
pre-fault operating conditions are restored using the control
action (Fig. 11 (b)) after the fault is cleared.

It can be concluded from above that even though the test
system is subjected to the most severe type of dc fault, the ac
grid contribution to the dc side fault current is blocked by the
converter control action and the risk of converter failure
because of high current stresses is reduced.

3) Control of series-HBHMC HVDC System under grid voltage
unbalance condition:

In the previous sections, the simulations of HBHMC were
presented by assuming balanced three-phase grid conditions.
With reference to the series-HBHMC circuit (Fig. 2 (a)), the
three dc capacitor voltages (Vdca, Vaeh, Vaec) Of the three
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individual phases, would depend on the respective magnitudes
of power transferred to the grid. For a balanced three-phase
system the power transferred by each phase is same and equal
to one third of the total power transferred. Hence, the dc
capacitors would be having the same average steady state
voltage values. However, in certain conditions, the grid voltage
can be unbalanced. In such cases the control scheme presented

in [46]-[47] can be applied for the HBHMC. In the simulation
study presented here, to control the WSC capacitor voltages the
AZCI method, as explained earlier in Section Ill, is used. In
order to investigate the transient response of the dc-link
capacitor voltages of the series-HBHMC under unbalance grid
voltage, the phase-a grid voltage is reduced to one third of its
nominal value att = 2.0 s and it lasts for 3 s. Figs. 17 and 18
show the transient behavior of the system during the grid
voltage unbalance. Fig. 17 (a) shows the three-phase grid
voltages following the event of occurrence of unbalance at t =
2.0 s. When the HBHMC is subjected to the grid voltage
unbalance and no post-unbalance control is activated (i.e., from
t = 2.0 to 3.0 s), the ac-side currents (Fig. 17(b)) and dc
capacitor voltages (Fig. 18(b)) of the series-HBHMC become
unbalanced before t = 3.0 s. This is due to the presence of non-
zero negative sequence current components. Thus, in the
proposed grid-connected series-HBHBMC, there are two
control objectives to be exercised in order to deal with this
issue. The first objective is to make the converter output current
balanced and the second is to equalize the dc capacitor voltages
of each phase. The converter current can be balanced by
introducing a negative sequence current controller, as described
in [47] for the modular multilevel converter. A similar control
scheme has been implemented in the presented work for the
same objective and it can be seen from Fig. 17(b) that as soon
as the said controller is applied at t = 3.0 s in the simulation run,
the converter currents attain balanced condition. When the post-
unbalance control is active, the negative sequence current
components are reduced to zero and the ac-side currents of Fig.
17(b) are balanced. It can be seen from Figs. 17(b) and 18(b)
that although the ac side currents remain balanced by the virtue
of a negative sequence current controller, the dc-link capacitor
voltages are still unbalanced (i.e., fromt = 3.0 to 4.0 s). Similar
issue of unbalanced dc capacitor voltages for parallel hybrid
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converter was discussed in [46] and a third harmonic injection
based control scheme was used for balancing the dc capacitor
voltages under similar unbalanced grid conditions. Therefore,
in order to equalize these dc capacitor voltages of the proposed
series-HBHMC a control technique similar to the one discussed
in [46] is used. It can be observed from Fig. 18(b) that as soon
as the said controller is activated at t = 4.0 s in the simulation
run, the capacitor voltages are equalized. Fig. 17(c) also
demonstrates that the converter current remain balanced after
the activation of both the additional controllers. Hence both the
control objectives have been fulfilled. Fig. 18(c) shows the
average values of three-phase WSC capacitor voltages, which
validates the effectiveness of the proposed voltage control
technique (AZCl method) even under unbalance grid
conditions. Fig. 18(a) shows the active and reactive power
transferred by the HBHMC to grid. The active and reactive
powers are reduced because the current references are limited
to avoid overcurrent in the converter.

V. EXPERIMENTAL VALIDATION

This section presents the experimental results for the three-
phase grid-connected HBHMC prototype built in the laboratory
with two FBSMs per phase in the WSC. Fig. 19 shows the
HBHMC converter lab prototype. The main experimental
parameters are listed in Table V. The converter is modulated
using PDPWM technique with the carrier frequency of 2.0 kHz
and the grid frequency is 50 Hz. The control and modulation
technique are implemented using TMS320F28335 DSP
microcontroller. The block diagram of the implemented system
hardware configuration is shown in Fig. 20. The intermediate
and inner control layers shown earlier in Fig. 11 (b) are also
used for the experimental studies. The current references (i}
and i) are set by the system operator. The AZCI method (Fig.
5) is used to control the WSC capacitor voltage and the current
control loop (intermediate control layer, Fig. 11 (b)) is used to
regulate the active and reactive current components.

Figs. 21 and 22 show the steady state experimental results of
balanced three-phase grid-connected series-HBHMC and
parallel-HBHMC, respectively, when the converters are
controlled to operate in the overmodulation mode. The
converters are controlled to supply power to the three-phase
grid at a lagging power factor. It can be observed from Figs.
21(a) and 22(a) that the total capacitor voltage of the WSC (in
phase-a) is maintained at 150 V and the individual capacitor

=)

(b)

Fig. 19. Picture of experimental prototype (a) a three-phase HBHMC with two
FBSMs per phase in the WSC, and (b) sensing circuits and DSP controller.
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Fig. 20. Architecture of control system implementation for the HBHMC
TABLE V
EXPERIMENTAL PARAMETERS OF HBHMC
Parameters Values
Power rating 2KVA
dc-link voltage
Series-HBHMC 450V
Parallel-HBHMC 150V
No. of FBSMs per phase 2
FBSM voltage 75V
FBSM capacitance 2.0mF
Single-phase transformer turns ratio 1:1.3

voltages are maintained at 75 V each for both series and parallel
configurations using the proposed control technique.

Figs. 21(a) and 22(a) also show the steady state three-phase
converter output voltage and current waveforms for series-
HBHMC and parallel-HBHMC, respectively. The converter
produces seven level voltage waveforms, which reconfirms its
effectiveness in operating in the overmodulation mode, as also
observed in the simulation studies discussed earlier in Sec. IV
(Fig. 10). It can also be seen from Figs. 21(a) and 22(a) that the
FBSMs capacitor voltages are nearly equal and maintained
constant at 75 V, which validates the proposed voltage control
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and sorting techniques presented earlier in Sec. Ill. The
waveforms of MHBC output voltage, voltage across WSC,
converter output current, and the grid voltage of phase-a for
series and parallel HBHMC using the AZCI method are shown
in Figs. 21(b) and 22(b), respectively. It can be observed from
the waveform of voltage across WSC that the isolation mode is
active only across the zero crossing of output voltage, as
expected for the AZCI method.

Fig. 23 shows the dynamic performance of the series-
HBHMC for output current change. Fig. 23(a) shows the results
of output current, grid voltage, capacitor voltages of WSC for
step change in current magnitude at unity power factor.
Similarly, Figs. 23(b), (c), and (d) show the results for step
current change from unity to lagging power factor, unity to
leading power factor, and lagging to leading power factor,
respectively. It is clear from these results that the converter

operates satisfactorily and without any significant transient for
a wide range of operating conditions. The references are tracked
pretty smoothly even when a change in reference
magnitude/phase is applied.

Fig. 24 shows the waveforms of three-phase converter output
voltages, output current, grid voltage of phase-a, and WSC
capacitor voltages (phase-a) when both the magnitude and
phase of the reference current are changed at the same time.
This change in current references resulted in a reduced value of
mi, which henceforth changed the converter operation from
overmodulation to undermodulation mode. It can be seen from
Fig. 24 that the number of output voltage levels have decreased
from seven (for mi > 1) to five because of the undermodulation
(for mi < 1) mode of operation. Similarly, Fig. 25 shows the
waveforms of converter output voltages, output current, grid
voltage and dc-link capacitor voltage for load current change.
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Fig. 21. Experimental steady state output waveforms of series-HBHMC with AZCI method, (a) three-phase output voltages, output currents, and two FBSM
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Fig. 22. Experimental steady state output waveforms of parallel-HBHMC with AZCI method, (a) three-phase output voltages, output currents and two FBSM

capacitor voltages of phase-a, (b) Output voltage of MHBC, corresponding voltage across WSC, phase-a current, and grid voltage.
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Fig. 23 Experimental waveforms of output current, grid voltage, and capacitor voltages of FBSM of WSC of series-HBHMC for (a) step change in current
magnitude at unity power factor, (b) step change of current from unity to lagging power factor, (c) step change of current from unity to leading power factor, and

(d) step change of current from lagging to leading power factor
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Fig. 24 Experimental results of three-phase output voltage, WSC capacitor
voltages, output current and grid voltage for change of load current.
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Fig. 25 Experlmental results of three-phase output voltage, dc-link capacitor
voltages, output current and grid voltage for change of load current.

It can be observed from Figs. 24 and 25 that the WSC and dc-
link capacitors voltages remain well controlled irrespective of
the mode and number of output voltage levels change. This
further confirms satisfactory operation and effectiveness of the
capacitor voltage control scheme for both overmodulation as
well as undermodulation mode of HBHMC operation.

Fig. 26 demonstrates the converter performance when a dc
pole-to-pole fault is created in the series-HBHMC prototype
(Fig. 20). Before the fault occurrence the series-HBHMC is
operated in inverting mode, supplying power to ac grid (S1 is
closed and S2 is open (Fig. 20)). The dc fault is emulated by
closing switch S2 and opening switch S1 and by inserting a
resistance R in the fault current path to keep the fault current
within safe limits. The gate pulses to the converter switches are
blocked as soon as the fault is created. This causes the FBSMs
capacitors to come in the path of the resulting current in the
manner described above with reference to Fig. 15. Hence the ac
currents quickly reduce to almost zero value. It can also be
observed from Fig. 26 that since the fault current magnitude is
negligibly small, the FBSMs capacitor voltages also do not
experience any disturbance and effectively remain at their pre-
fault values. The results in Fig. 26 reconfirm the effectiveness
of the proposed converter in blocking dc side faults.

VI. LosSs EVALUATION

In this section, the loss evaluation studies of the HBHMC are
carried out. For simplicity, the forward voltage drops of the
insulated gate bipolar transistor (IGBT) and of the freewheeling
diode are assumed to be identical and independent of the value
of current flowing through them. This simplification
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Fig. 26. Experlmental results of HBHMC against the pole-to-pole short circuit:
three-phase output voltage and current, and WSC capacitor voltages of phase-
a
significantly reduces the calculation complexity [48]. Here the
conduction loss is calculated as [48],
1 (2 .
Pt == [ NV,g[if[d (at) -
T

cond —
2

(17)

where Pcong is the conduction loss of one phase-leg, N is the
number of switches in the conduction path, V4 is the forward
voltage drop of the semiconductor switch, and i is the current
flowing through the converter phase-leg. From (17), the total
conduction losses for the HBHMC (Pcngrmc) can be expressed
as

P

cHBHMC

=P

cMHBC

+ Pcwsc =

1 J«zn NcMHBCVfd|Ix(t)|
270

d 18
+NcWSCVfd |Ix (t)J (a)t) ( )

where Pemnec and Pewsc are the conduction losses in the MHBC
and WSC of HBHMC, respectively, and Nemrsc and Newsc are
the number of switches of MHBC and WSC in the conduction
path, respectively.

The switching losses of each device are the sum of energy
dissipation at each switching event, which are proportional to
the current level. For convenience, the average current value is
considered at each switching instant of each device. With this
current the energy dissipation at the instant of turn-on and turn-
off of each device is measured from the datasheet of the device.
Moreover, for the antiparallel diode, the turn-on and turn-off
energy dissipation is considered to be the same as that of IGBT
switch. The number of switching events in one cycle multiplied
with the energy dissipation at each such event vyields the
switching loss of each device [49]-[50], which is given by,

Pswi = fsw(Eon + Eoff ) Nsw (19)
where Pgi is the switching loss of the converter, fsy is the
switching frequency, Eon and Eq are the energy dissipations at
turn-on and turn-off of the device, respectively, and Nsy are the
number of switching devices. Eqn and Eoff are obtained from the
datasheet depending on the average value of current. As in (18),
the total switching loss (Psusrmc) of the HBHMC is the sum of
switching losses in MHBC and WSC and given as

fsMHBC (Eon + Eoff ) NsMHBC

+ 1:sWSC (Eon + Eoff ) NsWSC

where Psvnsc and Pswsc are the switching losses in the MHBC
and WSC of HBHMC, respectively, fsunsc and fswsc are the
switching frequencies of the switches in MHBC and WSC of
the HBHMC, respectively, and Nsuwnsc and Nswsc are the
number of switching devices of MHBC and WSC, respectively.

. (20)

PSHBHMC = PSMHBC + Pswsc =
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Finally, the total loss of HBHMC can be estimated by sum
of the conduction and switching losses and given as

Poss = Pagrvc  Porrve - (21)

With the aforementioned assumptions the loss of HBHMC is
calculated and compared with the MMC with HBSMs [1]-[4],
[48] and MMC with FBSMs [20]. To have a fair and accurate
loss comparison of the proposed HBHMC with the other
converters, it is necessary to evaluate their losses for the same
circuit parameters and devices. Hence, the same system is used
for loss calculation of proposed HBHMC and other converter
systems. As a loss calculation example, the system with 150
MVA at 0.8 power factor is considered. The other system
specifications considered for the loss calculations are: dc-link
voltage Vae: = 300 kV, submodule capacitor voltage V. = 2.5 kV.
The Infineon (FZ1200R33KL2C) IGBT device characteristics
is considered for the loss calculation [51]. Moreover, the
following two different cases are considered for loss
calculations:

1) The converters with equal ac side currents
2) The converters with equal ac power

At unity modulation index, the peak of output phase voltage
of conventional MMC is Vga/2. However, the peak of output
phase voltages of series-HBHMC and parallel-HBHMC are
Vuct/3 and Ve, respectively. As a result, in first case, the power
delivered will be different for the topologies under
consideration. In this case, the ac current magnitude of all the
converters under consideration is considered same as that in the
conventional MMC regardless of ac voltage magnitude. In
second case, as the equal ac power is transferred from ac side
to dc side, the series-HBHMC has to carry higher current (1.5
times) and parallel-HBHMC has to carry lower current (0.5
times) than the conventional MMC phase current. Nevertheless,
for the same dc-link voltage, the required number of
semiconductor devices are lesser for series-HBHMC and higher
for parallel-HBHMC than the conventional MMC. The
conduction losses, switching losses and total losses of the
different converters are shown in Fig. 27.

It can be observed from Fig. 27 that the losses of the proposed
series-HBHMC topology, in case of the same ac power, are
greater than those of the MMC with HBSMs but less than those
of the MMC with FBSMs. However, as compared to MMC with
HBSMs, the series-HBHMC has some additional features like
dc fault tolerant capability, small footprint structure, high dc-
link utilization, and an extra degree of freedom for SM
capacitor voltage balancing. On the other hand, the parallel-
HBHMC has lower losses as compared to MMC with HBSMs.
This is because only half of the ac current is required to transfer
same ac power as compared to MMC with HBSMs. However,
the number of SMs are higher in case of parallel-HBHMC.

Loss Comparison
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Fig. 27. Conduction, switching and total losses of MMC with HBSM [1]-[4],
[48], MMC with FBSM [20], and proposed HBHMC.

Moreover, the series-HBHMC losses are lower and parallel-
HBHMC losses are higher than the losses of MMC with
HBSMs and MMC with FBSMs in case of the same ac current.
The detailed comparison of the proposed HBHMC topology
with the other major VSC HVDC converter topologies in terms
of the required number of semiconductor devices is given in the
next section.

VIl. CoMPARISON OF HBHMC WITH EXISTING
TOPOLOGIES

A comparison of the proposed HBHMC topology with the
other major VSC HVDC converter topologies is carried out in
terms of the required number of semiconductor devices and
capacitors for the same dc-link voltage. The MMC topology
with HBSM s is considered as the benchmark topology for this
comparison study. For comparison N = Vyu/Vsy is defined,
where Vs, is the rated voltage of one SM, Vi is the total dc-
link voltage and N represents the total SM count required in
each arm of MMC. Moreover, for comparing the possible
number of converter output voltage levels, the non-interleaved
modulation technique is considered for MMC [44]. The number
of possible output voltage levels for all topologies is determined
for the modulation index of one.

Table VI summarizes the comparison of the proposed series-
HBHMC and parallel-HBHMC topologies with the other major
HVDC converter topologies, such as, MMC with HBSMs [1]-
[4], MMC with all FBSMs [20], Hybrid MMC (50%HBSMs
and 50%FBSMs) [22], HCMC [23]-[26], AAMMC [27]-[29],
parallel hybrid MMC [33], [34], and CTFB-HMC [35]. It is
clear from Table VI that numbers of switches and capacitors
required for the series-HBHMC are very less as compared to
those in the other topologies. Moreover, the number of switches
in the conduction path for the series-HBHMC is lesser than all
the other converter topologies. Also, since the MHBC of the
proposed configuration operates at the fundamental frequency,
the series-HBHMC is expected to have lower losses. However,
for the same dc-link voltage in all topologies, the maximum ac
output voltage obtained from the series-HBHMC is lower,
which increases the current rating requirement of converter
switches for the same power. The parallel-HBHMC although
requires more number of devices for the same dc-link voltage,
but it offers high utilization of the dc bus. Hence the series-
HBHMC topology can be more suitable for the applications
with very high dc-link voltage and lower current requirements,
while the parallel-HBHMC can be more suitable for the
applications with lower dc-link voltage and higher current
requirements.

It is also to be noted that in contrast to the MMC, the
modularity is limited in HBHMC as far as the MHBC part of
the converter is concerned. Nonetheless, the WSC part of the
converter does offer modularity. It also has a lot of additional
advantages over MMC, like; dc fault tolerant capability, small
footprint structure, high dc-link utilization, an extra degree of
freedom for SM capacitor voltage balancing and as explained
earlier in Sec. I, this topology can also be extended to high
voltage-low current (series-HBHMC) or low voltage-high
current (parallel-HBHMC) applications. However, in contrast
to MMC where an interfacing transformer for grid connection
may be avoided [2], the proposed HBHMC topology would
require an interfacing transformer for all three-phase
applications. Moreover, in contrast to the HCMC topology, the
proposed HBHMC uses symmetrical modulation technique and
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TABLE VI
COMPARISON OF THE HBHMC WITH EXISTING TOPOLOGIESs
MMC MMC MMC (50% Hybrid Paral!el CTFB-
with with HBSMsand | Modular | AAMMC Hybrid HMC Series- Parallel-
HBSMs | FBSMs | 50% FBSMs) | converter | [27]-[29] MMC [35] HBHMC | HBHMC
[1]-[4] [20] [22] [23]-[26] [33] [34]
dc voltage Vit Vet Vot Vet Vot Vet Vot Vot Vet
Max ac voltage Vel 2 V2 Vo2 V2 Vil 2 Vel 2 Vet Viet/3 7
Output voltage levels N+1 N+1 N+1 N+1 N+1 N+1 2N+1 | (2N/3)+1 2N+1
No. of switches (3 phase) 12N 24N 18N 12N 15N 9N 24N 8N 24N
No. of switches in 6N 12N 9N 6N 45N 45N 6N 4N 12N
conduction path
No. of capacitors (3 phase) 6N 6N 6N 1.5N 3N 1.5N 3N N 3N
Voltage stress of switches Vaa/N Vaa/N Vaa/N Vaa/N Vaa/N Vaa/N V!N Vio/N V!N
Soft switching of DSs NA NA NA No Yes Yes No No No
dc Fault tolerant No Yes Yes Yes Yes No No Yes Yes
Overmodulation No Yes Yes Yes Yes No No Yes Yes

the switches of MHBC operate at the fundamental frequency
[24], [25]. Also, for the voltage control of WSC in HBHMC no
third harmonic injection is required. The HBHMC utilizes full
dc-link voltage for output voltage generation as opposed to
HCMC, which uses only half of the dc-link voltage [24], [25],
[31]. Itis also to be noted that the parallel-hybrid topology does
not have a dc fault tolerant capability and it would require third-
harmonic injection and additional submodules for operating in
the overmodulation region [33].

Hence, it is clear from above that the HBHMC topology is a
promising candidate for the HVDC applications.

VIIl. CONCLUSION

This paper proposes an H-bridge hybrid multilevel converter
topology, HBHMC, for HVDC applications. The proposed
converter is a dc fault tolerant hybrid topology, which uses
cascaded FBSMs (i.e. WSC) connected to the output of the
MHBC. The WSC helps in generating the multilevel voltage
waveform at the HBHMC output. For a three-phase circuit,
three such HBHMCs can be connected in series on the dc side
to handle a high dc-link voltage. Similarly, they can instead be
connected in parallel across the dc-link for high dc current. In
this paper, the basic operation of HBHMC and new modulation
techniques to balance the capacitor voltages of HBHMC by
appropriately selecting an operating mode (isolation mode: HCI
and AZCIl methods) are presented. The suggested voltage
control methods are simple and easy to implement. Moreover,
both the HCI and the AZCI methods are designed in a way that
the MHBC always operates at the fundamental frequency to
reduce the switching losses of converter. Further, the AZCI
method offers more advantages than the HCI method, such as,
smaller value of submodules capacitance and ability to operate
in the overmodulation mode. Some of the other prominent
advantages of the proposed converter are: (i) extra degree of
freedom for capacitor voltage balancing, (i) fewer
semiconductor devices and capacitors in series-HBHMC, (iii)
higher dc-link utilization in parallel-HBHMC, and (iv) inherent
dc fault current blocking capability. Simulation and
experimental studies are performed to validate the proposed
converter topology and capacitor voltage control methods.

The effectiveness of proposed HBHMC and its control
strategies for HBHMC-based HVDC system are investigated
using PSCAD/EMTDC simulations under various operating
conditions. The simulation studies show that the HBHMC has
good performance under normal, dc fault, and grid voltage
unbalance conditions. Moreover, the effectiveness of proposed

converter is verified experimentally by using a three-phase grid
connected HBHMC porotype. The obtained experimental
results demonstrated that the proposed control method is
effective in controlling WSC capacitor voltages under different
operating conditions. It is also demonstrated that the HBHMC
provides the desired dc fault tolerant capability.

The simulation and experimental results highlight excellent
performance of the proposed converter topology and control
schemes. Hence, the HBHMC can be a good alternative for
HVDC applications where dc fault blocking capability is
required.

I’X. REFERENCES

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

S. Allebrod, R. Hamerski, and R. Marquardt, “New transformerless,
scalable modular multilevel converters for hvdc-transmission,” in Proc.
IEEE Power Electron. Specialists Conf., 2008, pp. 174-179.

J. Dorn, H. Huang, and D. Retzmann, “Novel voltage sourced converters
for hvdc and facts applications,” in Proc. CIGRE, Osaka, Japan, 2007.
R. Marquardt, “Modular multilevel converter: an universal concept for
hvdc-networks and extended dc-bus-applications,” in Proc. Int. Power
Electron. Conf., 2010, pp. 502-507.

L. X. Tang and B. T. Ooi, “Locating and isolating dc faults in
multiterminal dc systems,” IEEE Trans. Power Del., vol. 22, no. 3, pp.
1877-1884, Jul. 2007.

R. Marquardt, “Modular multilevel converter topologies with dc-short
circuit current limitation,” in Proc. IEEE Power Electron. And ECCE
Asia, 2011, pp. 1425-1431.

J. Yang, J. E. Fletcher and J. O. Reilly, “Short-circuit and ground fault
analyses and location in VVSC-based dc network cables,” IEEE Trans. Ind.
Electron., vol. 59, no. 10, pp. 3827-3837, Oct. 2012.

K. Friedrich, “Modern HVDC PLUS application of VSC in modular
multilevel converter topology,” in Proc. IEEE Int. Symp. Ind. Electron.,
2010, pp. 3807-3810.

C. M. Franck, “HVDC circuit breakers: a review identifying future
research needs,” |IEEE Trans. Power Delivery, vol. 26, no. 2, pp. 998-
1007, April 2011.

X. Q. Li, Q. Song, W. H. Liu, H. Rao, S. K. Xu and L. C. Li, “Protection
of nonpermanent faults on dc overhead lines in MMC-based HVDC
systems,” |IEEE Trans. Power Delivery, vol. 28, no. 1, pp. 483-490, Jan.
2013

Q. Tu, Z. Xu and L. Xu, “Reduced switching-frequency modulation and
circulating current suppression for modular multilevel converters”, IEEE
Trans. Power Del., vol. 23, no. 3, pp.2009 -2017 2011.

R. Picas, J. Pou, S. Ceballos, V. G. Agelidis, and M. Saeedifard,
“Minimization of the capacitor voltage fluctuations of a modular
multilevel converter by circulating current control,” in Proc. IEEE
Industrial Elect. Conf. (IECON), Montreal, June 2012, pp. 25-28.

P. Josep, S. Ceballos, G. Konstantinou, V. G. Agelidis, R. Picas, and J.
Zaragoza, “Circulating current injection methods based on instantaneous
information for the modular multilevel converter,” IEEE Trans. on Indust.
Elect., vol. 2, pp.777-788, 2015.

[2

31
(4]

(5]

(6]

[71

(8]

[

[10]

[11]

[12]

[13]

0885-8993 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2751680, IEEE

[14]

[15]
[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

0885-8993 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Transactions on Power Electronics

Y. Wang and R. Marquardt, “Future HVDC-grids employing modular
multilevel converters and hybrid dc-breakers,” in Proc. 15th European
Conf. on Power Electron. and Appl. (EPE), Sep. 2013, pp. 1-8.

A. Shukla and G. D. Demetriades, “A survey on hybrid circuit-breaker
topologies,” IEEE Trans. Power Del., Vol. 30, no. 2, pp. 627-641, 2015.
P. van Gelder and J. Ferreira, “Zero volt switching hybrid dc circuit
breakers,” in Proc. IEEE Ind. App. Conf., 2000, pp. 2923-2927.

J. H"afner and B. Jacobson, “Proactive hybrid HVDC breakers-a key
innovation for reliable HVDC grids,” Cigr'e Symposium, Sep. 2011.

S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, and P. Barbosa,
“Operation, control, and applications of the modular multilevel converter:
areview,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 37-53, 2015.
R. Zeng, L. Xu, L. Yao, & B. W. Williams, “Design and operation of a
hybrid modular multilevel converter,” IEEE Trans. Power Electron., vol.
30, no. 3, pp. 1137-1146, March 2015.

G. P. Adam, & 1. E. Davidson, “Robust and generic control of full-bridge
modular multilevel converter high-voltage dc transmission systems,”
IEEE Trans. Power Delivery, vol. 30, no. 6, pp. 2468-2476, Dec. 2015.
R. Zeng, L. Xu, & L. Yao, “An improved modular multilevel converter
with dc fault blocking capability,” in Proc. PES General Meeting Conf.
& Exp., 2014 IEEE, National Harbor, MD, 2014, pp. 1-5.

J. Qin, M. Saeedifard, A. Rockhill and R. Z.,, “Hybrid design of modular
multilevel converters for HVDC systems based on various submodule
circuits,” IEEE Trans. Power Del., vol. 30 no. 1, pp. 385-394, 2015.

L. Yun-Feng, Z. Zheng-Ming, Q. Chang, Z. Xigen, “A novel three-phase
multilevel voltage source converter,” in proc. The Third Int. Power
Electron. and Motion Control Conf., 2000, vol. 3, pp. 1172-1175.

Y. Zhang, G. Adam, S. Finney, and B. Williams, “Improved pulsewidth
modulation and capacitor voltage-balancing strategy for a scalable hybrid
cascaded multilevel converter,” IET Power Electron., vol. 6, no. 4, pp.
783-797, 2013

Y. Xue, Z. Xu, and Q. Tu, “Modulation and control for a new hybrid
cascaded multilevel converter with dc blocking capability,” IEEE Trans.
Power Delivery, vol. 27, no. 4, pp. 2227-2237, 2012.

G. Adam, K. Ahmed, S. Finney, K. Bell, and B. Williams, “New breed of
network fault-tolerant voltage-source-converter HVDC transmission
system,” IEEE Trans. Power Systems, vol. 28, no. 1, pp. 335- 346, 2013.
M. M. C. Merlin, T. C. Green, P. D. Mitcheson, D. Trainer, W. Critchley,
R. Crookes, and F. Hassan, “The alternate arm converter: a new hybrid
multilevel converter with dc-fault blocking capability,” IEEE Trans.
Power Del., vol. 29, no. 1, pp. 310-317, 2014.

V. Najmi, R. Burgos, & D. Boroyevich, “Design and control of modular
multilevel alternate arm converter (AAC) with zero current switching of
director switches,” in proc. Energy Conversion Congress and Exposition
(ECCE), 2015 IEEE, Montreal, QC, 2015, pp. 6790-6797.

E. C. Mathew, A. Shukla, “Modulation, control and capacitor voltage
balancing of alternate arm modular multilevel converter with dc fault
blocking capability,” in proc. Applied Power Electron. Conf. and Exp.
(APEC), 2014 , pp. 3329 — 3336

G. P. Adam, S. J. Finney, and B. W. Williams, “Hybrid converter with ac
side cascaded H-bridge cells against H-bridge alternative arm modular
multilevel converter: Steady-state and dynamic performance,” IET
Generat., Transmiss. Distrib., vol. 7, no. 3, pp. 318-328, Mar. 2013.

E. Mathew, M. Ghat, and A. Shukla, “A generalized cross-connected
submodule structure for hybrid multilevel converters,” IEEE Trans. Ind.
Appl., vol. 52, no. 4, pp. 3159-3170, July-Aug. 2016.

G. P. Adam, I. A. Abdelsalam, K. H. Ahmed, B. W. Willians, “Hybrid
multilevel converter with cascaded H-bridge cells for HVDC
applications: operating principle and scalability,” IEEE Trans. Power
Electron., Vol. 30, no. 1, pp. 65-77, Jan. 2015.

R. Feldman, M. Tomasini, J. C. Clare, P. Wheeler, D. R. Trainer, and R.
S. Whitehouse, “A hybrid voltage source converter arrangement for
HVDC power transmission and reactive power compensation,” in proc.
Power Elect., Machines and Drives (PEMD 2010), 5th IET International
Conf., 2010, pp. 1-6.

J. Qin, M. Saeedifard, “A zero-sequence voltage injection based control
strategy for a parallel hybrid modular multilevel HVDC converter
system,” IEEE Trans. Power Del., vol. 30, no. 2, pp. 728-736, April 2015.
P. Li, G. P. Adam, D. Holliday and B. Williams, “Controlled transition
full-bridge hybrid multilevel converter with chain-links of full-bridge
cells,” IEEE Tran. Power Elect., vol. 32, no. 1, pp. 23-38, 2017.

Jovcic, Dragan, and Boon Teck Ooi. “Tapping on hvdc lines using dc
transformers,” in proc. Elec. Power Systems Research, 2011, pp. 561-569.
V. Yaramasu, B. Wu, P. C. Sen, S. Kouro and M. Narimani, "High-power
wind energy conversion systems: state-of-the-art and emerging
technologies," in Proc. of the IEEE, vol.103, no.5, pp.740-788, May 2015.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

B. P. McGrath, & D. G. Holmes, “Multicarrier PWM strategies for
multilevel inverters,” IEEE Trans. Ind. Electron., vol. 49, no. 4, pp. 858-
867, Aug 2002.

G. Carrara, S. Gardella, M. Marchesoni, R. Salutari, & G. Sciutto, “A new
multilevel PWM method: A theoretical analysis,” in proc. Power
Electron. Specialists Conf., 1990, pp. 363-371.

M. Zygmanowski, B. Grzesik and R. Nalepa, “Capacitance and
inductance selection of the modular multilevel converter,” in proc.Power
Elect. and Appl. (EPE), Lille, 2013, pp. 1-10.

J. Peralta, H. Saad, S. Dennetiere, J. Mahseredjian, and S. Nguefeu,
“Detailed and averaged models for a 401-level MMC-HVDC system,”
IEEE Trans.on Power Del., vol. 27, no. 3, pp. 1501-1508, Jul. 2012.

K. Tlves, S. Norrga, L. Harnefors, and H. P. Nee, “On energy storage
requirements in modular multilevel converters,” IEEE Trans.on Power
Elect., vol. 29, no. 1, pp. 77-88, Jan. 2014.

M. M. C. Merlin and T. C. Green, “Cell capacitor sizing in multilevel
converters: cases of the modular multilevel converter and alternate arm
converter,” IET Power Electron., vol. 8, no. 2, pp. 350-360, Mar. 2015.
W. Merwe, “Natural balancing of the 2-cell modular multilevel
converter,” IEEE Trans. Ind. Appl., vol. 50, no. 6, pp. 4028-4035, 2014.
Y. M. Chen, C. H. Chang and H. C. Wu, “DC-link capacitor selections
for the single-phase grid-connected PV system,” 2009 International Conf.
on Power Electr. and Drive Systems (PEDS), Taipei, 2009, pp. 72-77.

E. K. Amankwah, A. J. Watson and J. C. Clare, “Operation of a hybrid
modular multilevel converter during grid voltage unbalance,” 1ET
Generat., Transmiss. Distrib, vol. 10, no. 12, pp. 3102-3110, Feb-2016.
M. Saeedifard and R. Iravani, “Dynamic Performance of a Modular
Multilevel Back-to-Back HVDC System,” in IEEE Transactions on
Power Delivery, vol. 25, no. 4, pp. 2903-2912, Oct. 2010.

R. Li, J. E. Fletcher and B. W. Williams, “Influence of third harmonic
injection on modular multilevel converter -based high-voltage direct
current transmission systems,” |ET Generation, Transmission &
Distribution, vol. 10, no. 11, pp. 2764-2770, 2016.

S. Poyiadjis, “A New Cell Bypass Arrangement and Control for Modular
Multilevel Converters based on Thyristor Forced Commutation Circuit,”
2017.

S. Sau and B. G. Fernandes, “Cascaded U-Cell multilevel converter for
STATCOM applications,”2015 17th European Conference on Power
Electronics and Applications (EPE'15 ECCE-Europe), Geneva, 2015, pp.
1-9.

Infineon FZ1200R33KL2C IGBT-Module, [Online]. Awvailable:
https://www.infineon.com/dgdl/Infineon-FZ1200R33KL2C-DS-v02_03-
en_de.pdf?fileld=db3a304412b407950112b4319ab354c0.

Mahendra B. Ghat (S’15) received the B.E. degree in
electrical engineering from the Walchand college of
Engineering, Sangli, Shivaji University, India, in 2008,
and M.Tech degree in Power Electronics and Drives from
National Institute of technology, Warangal, India in 2010.
Currently he is pursuing his Ph.D. in Electrical
Engineering at Indian Institute of Technology, Bombay,

Mumbai, India.

He worked as an assistant professor in Rajarambapu Institute of Technology,
Sakharale, India from 2011 to 2013. His research interests include power
electronic converters, HVDC and electric drives.

Anshuman Shukla (S’04-M’08-SM’16) received the
M.Tech. and Ph.D. degrees in electrical engineering from
the Indian Institute of Technology Kanpur, Kanpur, India,
in 2003 and 2008, respectively. From 2008 to 2011, he was
a Scientist with ABB Corporate Research Center, Vasteras,
. Sweden. In 2008, he was a Research Associate in the
Department of Electrical Engineering, University of South

Carolina, Columbia, SC, USA. In 2011, he joined the Indian Institute of
Technology Bombay, Mumbai, India, where he is currently an Associate
Professor in the Department of Electrical Engineering. His research interests
include power electronic converters for HYDC and FACTS applications, grid
integration of renewable energy sources, solid state transformers, hybrid and
solid-state circuit breakers and electric drives.

Dr. Shukla is a recipient of the Young Engineer Award (2011) conferred by
the Institution of Engineers, India.


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Saeedifard,%20M..QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6784523
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6784523
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Qin,%20J..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Saeedifard,%20M..QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6883224&queryText%3Da+zero+sequence+voltage+injection+based+control+strategy+for+a+parallel
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6883224&queryText%3Da+zero+sequence+voltage+injection+based+control+strategy+for+a+parallel
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6883224&queryText%3Da+zero+sequence+voltage+injection+based+control+strategy+for+a+parallel
https://www.infineon.com/dgdl/Infineon-FZ1200R33KL2C-DS-v02_03-en_de.pdf?fileId=db3a304412b407950112b4319ab354c0
https://www.infineon.com/dgdl/Infineon-FZ1200R33KL2C-DS-v02_03-en_de.pdf?fileId=db3a304412b407950112b4319ab354c0

