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A New H-Bridge Hybrid Modular Converter
(HBHMC) for HVDC Application: Operating Modes,
Control, and Voltage Balancing

Mahendra B. Ghat, Student Member, IEEE and Anshuman Shukla

Abstract—An H-bridge hybrid modular converter (HBHMC)
is proposed for high-voltage direct current (HVDC) applications.
It uses a wave-shaping circuit consisting of series-connected full-
bridge submodules (FBSMs) at the output of the main H-bridge
converter. For a three-phase system, three HBHMCs are connected
either in series (seriess-HBHMC) or in parallel (parallel-HBHMC)
across the dc-link. The operating modes of HBHMC, novel mod-
ulation strategies for voltage balancing of FBSMs, and control of
HBHMC-based HVDC system are presented in this paper. A de-
tailed 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 ca-
pability, 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 un-
balanced grid conditions and its fault-tolerant capability are
validated using PSCAD simulation studies. Furthermore, the fea-
sibility of the proposed converter under normal and dc fault con-
ditions and of the proposed capacitor voltage control scheme is
validated experimentally by using a three-phase grid-connected
HBHMC laboratory prototype. The results demonstrate the effec-
tiveness 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 con-
verter (HBHMC), high-voltage direct current (HVDC) systems,
modular multilevel converter (MMC).

NOMENCLATURE
MMC Modular multilevel converter.
VSC Voltage source converter.
HVDC 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.
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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 multi-
level 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.

1. INTRODUCTION

MC is fast becoming one of the most preferred
M topologies for VSC-based HVDC transmission systems
[1]-[4]. This is primarily due to its advantages such as mod-
ularity, scalability, low conduction losses, low harmonic filter
requirement, and low dv/dt, which allows the use of a trans-
former 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 IGBT 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, in-
stead 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 capa-
bility, lower number of SMs in WSC, and quarter the num-
ber of SM capacitors to that in MMC, which leads to smaller
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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 re-
quired or the DSs are required to switch at a higher frequency,
which leads to higher losses [24], [25], [31]. The AAMMC,
proposed in [27]-[29], has features such as dc fault-tolerant ca-
pability, 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 induc-
tor is required for suppressing this inrush current. The parallel
hybrid MMC is another promising topology for HVDC applica-
tions 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 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 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 de-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 cur-
rent 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 car-
ried out using PSCAD/EMTDC. The experimental studies are
performed using a three-phase grid-connected HBHMC hard-
ware prototype. Furthermore, a comparative study is performed
between the proposed and the other existing hybrid converter
topologies.

II. H-BRIDGE HYBRID MODULAR CONVERTER

A. Single-Phase Configuration

The proposed single-phase HBHMC is shown in Fig. 1.
Similar to other HMCs discussed in the previous section, this
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Fig. 1. Block diagram of single-phase HBHMC.

TABLE I
SWITCHING STATES OF MHBC IN HBHMC

DS, DS,2 DS,3 DS,4  MHBC output voltage
1 0 0 1 +Vica

0 1 1 0 Vies

0 0 1 1 0

1 1 0 0

converter also has two main parts, an MHBC and WSC. The
MHBC consists of four switches (DS, 1-DSy4), which are se-
ries connection of fully controllable semiconductor switches to
withstand high per phase dc-link voltage (V.. ). These switches
are operated at the fundamental frequency. The switches of
MHBC direct the current either to the positive dc terminal, neg-
ative dc terminal, or they freewheel either through DS,; and
DS, or through DS, 3 and DS, 4. To generate sinusoidal out-
put voltage across the load, the WSC is used at the output of
MHBC. The WSCis 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 =V, 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 Vj., /2, five output voltage (V) levels (+Vj.,,
+View /2,0, ~Vies /2, and =V, ) can be obtained. The different
switching states for generating five voltage levels and the corre-
sponding states of capacitor voltages are summarized in Table II
. The symbols T, |, and — indicate charging, discharging, and
no change in capacitor voltage, respectively.

In Table II, the highlighted states are the additional switch-
ing states obtained compared to that in the HCMC topology
presented in [25] and [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 HBHMC provides full dc bus utilization compared to the
HCMC topology [25], [26], which utilizes only half of the dc-
link voltage.
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TABLE II
SWITCHING SCHEME OF HBHMC WITH Two FBSMs IN WSC AND THE
RESULTING CAPACITOR VOLTAGE STATES

Voltage Level Voltages due to Capacitor voltage change

V) different switching
combination
I, >0 I, >0
Viea Vice Cp —Cy — Cy —Cy —
‘/(:1 +‘/Lf2 CITCQT CllCZL
Vdcr + V1317V02 Cl TCQ l Cl lCZ T
View =Ver + Vea Ci1C2 1 Ci1Cy |
Vd(’:r/Q Vdc.r _‘/C Cl l CZ g Cl T CQ i
View —Vea Cr —Cy ] C1 —Cy 1
Vel Cy 10y — Cp |1 Cy —
Vea C1—=Cy 1 O —Cy |
0 0 1 —Cy — C1 — Cy —
Vd(‘w_ cl_‘/L'Z Cl lCQ l Cl TCQ T
Ver =Vea Ci 10y | Ci1Ce1
“Ve1 + Veo Ci1C2 1 Ci1Cy |
_Vdnz/Q _Vdmr + V(:] Cl TCZ i Cl 102 -
~View + Ve Cr —Cy 1 C1 —Cy |
—Ve1 Cy ] Cy — Cy1Cy —
~Vea C1—Cy | G —Co 1
—Viea —Viea Cy —Cy — ¢y —Cy —
Vo1 = Veo C1 10y | Ci1C21
_Vdcm _Vcl + V(32 Cl J,Cz T Cl TC2 l
_Vd(:xt + Vcl _Vv(tZ Cl TCQ l Cl lC2 T
_“_thcf
Vid
Vice]
Fig. 2. (a) Ilustration of a three-phase series H-bridge hybrid modular con-

verter (series-HBHMC), and (b) illustration of a three-phase parallel H-bridge
hybrid modular converter (parallel-HBHMC).

B. Three-Phase Configuration

To obtain the three-phase output, three HBHMCs (see Fig. 1)
can be connected either in series (series-HBHMC) or in parallel
(parallel-HBHMC) [see Fig. 2(a) and (b)]. The three MHBCs
of the three-phase converter operate at the fundamental fre-
quency with 120° phase displaced outputs with respect to each
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other. For series-HBHMC, three separate dc capacitors are re-
quired to equally divide the total dc-link voltage (V) such that
3Vier = Vet [see Fig. 2(a)]. For series-HBHMC, the MHBC
outputs are either +Vj,; /3, 0, or —Vj.; /3, and for the parallel-
HBHMC, the outputs are +Vjy., 0, or —Vj.; [see Fig. 2(a) and
(b)]. For an N number of series-connected FBSMs per phase in
WSC, the series-HBHMC capacitor voltage of each SM is reg-
ulated to V., /3N, and in the parallel-HBHMC, it is regulated
to Vyet/N. These converters are connected to an ac network
through three units of single-phase transformers. These trans-
formers are used to provide isolation between the three-phase
outputs of the converter and to match the ac and dc voltage lev-
els [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
Vit for each phase, it is more suitable for the applications such
as tapping of existing HVDC lines [36], where the dc-link volt-
age is high and current is low. The parallel-HBHMC uses full
V,.+ for each phase. Hence, it is more suitable for applications
requiring high current with low dc-link voltage such as 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 catego-
rized into two operating modes depending on the MHBC switch-
ing states explained as follows.

1) Powering Mode: In the 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, DS, is ON and DS, is
OFF, and for the negative half-cycle, DS, is OFF and DS,9
is ON. Here, x represents phase-a, b, or c. In this mode, the
phase-x converter output voltage (V,,) depends on the per-phase
dc-link voltage (V) and the voltage across WSC (Vi scz)-
For series-HBHMC, V., = Vj.;/3 and for parallel-HBHMC,
Viea = Vier. The equivalent circuit schematics for positive and
negative half-cycles of the powering mode are shown in Fig. 3(a)
and (b), respectively. From Figs. 1 and 3, V, and V4., for N
FBSMs in the WSC are expressed as

VI? - (DS:L'l - DS¢L2) V;i(:;l: - szcw (1)
and
N
szcz = Z (Sj - 37'2) X ch7 (2)
j=1

where DS, and DS, are the switching states of the MHBC
upper switches of phase-x, S;; and S;» are the switching states
of the jth FBSM in the WSC, and V,; is the capacitor voltage
of jth FBSM in the WSC of phase-x of HBHMC. The MHBC
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DSX1_|
T Vex 4 B i 5d§,\ 4
DSX4_|§ x3_|
@
DS, _| DSX1_|
T Vdc,\' 4 B T Vdcx 4 B
DSx3_| DSX4_|§
() (d)
Fig. 3. Equivalent circuit diagrams of HBHMC for different modes of op-

eration (a) positive half-cycle of powering mode, (b) negative half-cycle of
powering mode, and (c¢) and (d) isolation modes.

switches DS, is complementary to DS, 3, and DS,» is comple-
mentary to DS,,. Similarly, S;; is complementary to S;3 and
Sjo is complementary to .Sj4 in jth FBSM of the WSC. For N
number of FBSMs in the WSC, if the capacitor voltage of each
SM (V,.j) is Viyex /N then depending on the switching states, the
FBSM output voltage is either +Vj,.,. /N (positively inserted),
—View /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 the isolation mode
are shown in Fig. 3(c) and (d). These two switching states of
MHBC can be alternatively used to have uniform loss distri-
bution among the MHBC switches. The output voltage in this
mode is the negative of the voltage across the WSC [see Fig. 3(c)
and (d)] and is given by

Vi = —Viusex 3
where V,, 5., is 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 FBSMs are getting charged (discharged) in
the powering mode, then the (N — n) capacitors of WSC FB-
SMs get discharged (charged) in the 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].
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III. CAPACITOR VOLTAGE BALANCING IN HBHMC

For satisfactory operation of the 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.

A. Voltage Balancing of WSC of HBHMC

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

Vi (t) = Vpsin (Wt + ¢1) 4)

where V,, is the phase voltage amplitude, w is the angular fre-
quency, ¢ is 0, —27 /3, and 27 /3 for phases a, b, and ¢, respec-
tively. 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

I (t) = I sin (Wt + @1 — ¢2) . )
The modulation index mi of the HBHMC can be expressed
as (see Fig. 2)
_ V;n
B ‘/d(l,’l’,' .

The instantaneous power flowing through the WSC of phase-x
can be expressed as

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

szcz (t) = S.‘L‘Vdcl‘ — Vmsin (wt —+ ¢1)

(6)

mu

®)

where S, is 1 when DS, is ON and DS, is OFF, and it is —1
when DS, is OFF and DS, is ON. Substituting the values of I,
and V4., from (5) and (8) into (7), the instantaneous power of
WSC of phase-x is calculated as

Pwscw (t)
= (Sr Viea — Vinsin (Wt + (bl)) I,,sin (Wt + le - ¢2) ©))
= Pwscz (t)
(fm sin (wt + ¢1 — ¢2) )
= Vm Im : (10)
+ 1 (cos (2wt + 2¢1 — ¢s) — coss)

Integrating (10) over one fundamental cycle yields the fol-
lowing expression of the energy exchange between the WSC
and the load (W, sc2):

2m—¢1 Jw

I/szmn == / -Pmscm (t) dt
—¢1/w

Vin I cos (¢p2) [ 4 }

—_— | ——7|.

= stcx = -
w mi

(1)

It is clear from (11) that the energy exchanged by the WSC is
zero only when mi = 4/7. For mi other than 4 /7, the energy
exchanged by WSC is either positive or negative, which will
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result in increase or decrease of the WSC capacitor voltage,
respectively. To make the energy exchanged by WSC equal to
zero for mi < 4/, 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

Viwsex (t) = —Vi,sin (Wt + ¢1) .

Substituting (5) and (12) into (7), the instantaneous power of
phase-x of the converter in the isolation mode is calculated as

Pyser = (_Vm sin (Wt + (bl )) I, sin (Wt + o1 — ¢2) (13)

(12)

Pu'scw (t) = V'Ym Im (; (COS (QUJt + 2¢1 - ¢2) - COS¢2)) .
(14)

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

2T —¢1 Jw T
stcz = / Pwscx (t) dt = _*VmImCOSQb?- (15)
—¢1 /w w
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
the 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/m. 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 as follows.
a) Half-cycle isolation method: In this method, depend-
ing on 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
(Vaug) 1s obtained. At every zero crossing of the reference
output voltage (V.. ), this average capacitor voltage is com-
pared with the reference capacitor voltage (V¢ rqvg), Which is
set to Voo /N. If V,yg is less than Vicfq.,, then the power-
ing mode is selected by turning ON the MHBC switches D,
and D,4, and D,9 and D,3 for positive and negative cycles of
output voltage, respectively. On the other hand, if V,,,, is greater
than V,.cy4.4, then the isolation mode is selected by turning ON
the MHBC switches (either D,.; and D, or D,3 and D,4). The
mode selection is performed in the manner as shown in Fig. 4(a).
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Fig. 4.  HCI method; (a) control block diagram for selecting isolation and
powering modes, and (b) voltage waveforms at different stages of HBHMC.
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MHBC output voltage Voltage across WSC Output Voltage
(b)
Fig. 5. AZCI method; (a) control block diagram for selecting isolation and

powering modes, and (b) voltage waveforms at different stages of HBHMC.

The voltage waveform at the different stages of the converter
is 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 dis-
charge 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 isola-
tion mode, only WSC is generating output, and with N FBSMs,
the maximum output voltage obtained from the WSC is V..
This restricts HBHMC to operate in the overmodulation region
where the peak of per phase output voltage should be greater
than V... Hence, in this method, additional SMs are required
for the HBHMC to operate in the overmodulation region.

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 (V,,,) is compared with reference
voltage (V¢ favg). This error is passed through a PI controller
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as shown in Fig. 5(a) and output of the PI controller (e) is
compared with the output voltage reference (V) to obtain
the isolation and powering mode signals. The output voltage
waveforms of the converter at different stages of the converter
are shown in Fig. 5(b). The converter output voltage (V) with
reference to Fig. 1 is given as

Vz = VABI_V‘LUSCZ‘ (16)

where V4 p, is the output voltage of MHBC. V5, 1S + Vs
for positive half-cycle and -V, for negative half-cycle. If the
voltage across WSC is positive (positively inserted) in the posi-
tive half-cycle and negative (negatively inserted) in the negative
half-cycle, then the output voltage will always be less than V.,
i.e., the dc-link voltage for each phase. However, if the voltage
across WSC is negative in the positive half-cycle and positive
in the negative half-cycle, then the output voltage can be greater
than Vj.,. This is because the WSC voltage gets added to the
dc voltage to obtain the output voltage as described in (16).

As the maximum voltage across the WSC is kept at V..., the
converter operation can ideally be extended up to the modula-
tion index of 2. However, to keep the net energy exchanged by
WSC capacitors to be zero and hence maintain the capacitors’
voltage constant as aforementioned in this section, the maxi-
mum modulation index is restricted to 4 /7. 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 the 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 the powering mode (isolation modes
are not active), the current flowing through the 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
the isolation mode [43]. However, for the 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 Fig. 6. Fig. 6 shows the three-
phase reference signals and corresponding isolation signals for
the AZCI method. In Fig. 6, when the isolation signal of a par-
ticular converter phase is high, then that phase operates in the
isolation mode. On the other hand, the corresponding converter
phase operates in the powering mode when its isolation signal
is zero. For small isolation period in the AZCI method, the

Fig. 6.
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Fig. 7.  Flow chart of sorting and obtaining gate signals of FBSM of WSC.

capacitor size requirement is less as compared to the HCI
method but more than the capacitance requirement for a sys-
tem without isolation.

B. Individual FBSM Capacitor Voltage Balancing in WSC

As explained in the previous section, it is possible to keep the
average capacitor voltage of WSC constant by properly select-
ing 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 an SM is either required to be inserted or bypassed, if any
arbitrary SM is chosen, then some of capacitors can get over-
charged and some discharged as the energy will not be evenly
distributed among all of them. To maintain each capacitor’s
voltage equal, a sorting and insertion technique for HBHMC
is proposed with the flow chart shown in Fig. 7. In this tech-
nique, all SMs capacitor voltages are first measured and they
are sorted in an ascending or descending order as shown in
Fig. 7. Then, the converter mode selection is performed in the
manner as explained in the previous section. Depending on the
converter mode of operation, the WSC voltage reference signal
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TABLE III
PARAMETERS OF THE SIMULATED SYSTEM

S. No. Parameter Value
1. DC-link voltage (Vg.¢) 450V
2. Submodule voltage 5V
3. No. of submodules/Phase 2
4. Submodule capacitance
For HCI method 177 uF
For AZCI method 36 uF
5. DC-link capacitance/Phase
For HCI method 56 uF
For ACZI method 40 puF

(Vi scarey) is obtained. For the powering mode of operation of
the converter, Vi, sc.re s is Obtained by subtracting the converter
output voltage reference signal (V) from the MHBC output
voltage reference (V4 ;e s). For the isolation mode of opera-
tion, Viyscares 18 the negative of V,.,..; (see Figs. 3-5). After
obtaining the reference signal Vi scprey, it is compared with
the phase-disposed triangular carrier signals (since the phase
disposition strategy provides the lowest line-to-line total har-
monic distortion [38], [39]), to calculate the required number
of FBSMs to be inserted (n) in the WSC. If Vi, 4cprc is posi-
tive, then n number of FBSMs are inserted positively to obtain
the desired positive voltage across the WSC. Similarly, n FB-
SMs are negatively inserted if Vi, scores 1 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 is performed in the manner as illustrated in Fig. 7.
Thus, this technique ensures equal charge distribution over all
the SM capacitors.

IV. HBHMC VALIDATION AND APPLICABILITY
TO THE 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 (see Fig. 1) is
simulated using PSCAD. The simulation parameters are listed
in Table III. 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 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 and 12 kJ/MVA for HCI and AZCI methods,
respectively. Thus, the capacitance energy storage is higher for
the HCI method as compared to the AZCI method as discussed in
Section ITI-A. It is also clear from these values that a significant
reduction in the net capacitance 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 kI/MVA [43].
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The series-HBHMC is operated with mz = 0.95 and with a
passive R—L load of 0.9 power factor at 50 Hz. The converter
modulation is performed using a PDPWM technique [38], [39],
with a carrier frequency of 2 kHz. Figs. 8 and 9 show the sim-
ulation results of the seriess-HBHMC system controlled using
the HCI (see Fig. 4) and the AZCI methods (see Fig. 5), re-
spectively. It can be observed from these waveforms that the
proposed control schemes are able to effectively balance the ca-
pacitor 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
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the two above-mentioned 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 (see Section III). It can
be seen from Figs. 8(b) and 9(b) that, as discussed in the pre-
vious section (see Figs. 4 and 5), the isolation period is active
over half-cycle for the HCI method and across zero crossing
for the AZCI method, respectively. The switching signals of the
upper two switches (DS, and DS,5) of MHBC for HCI and
AZCI methods are shown in Figs. 8(c) and 9(c), respectively.
The switch DS, 3 is complimentary to DS, and DS, is com-
plimentary to DS, 5. It can be seen from Figs. 8(c) and 9(c) that
the MHBC switches are switched at the fundamental frequency
(50 Hz in this case), which helps in keeping the switching losses
of the converter to minimal. Figs. 8(d) and 9(d) show the ca-
pacitor 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 sim-
ulation, the HBHMC is operated without using the proposed
capacitor voltage control methods, and at ¢;, the proposed volt-
age 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 acti-
vated, 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 correspond-
ing three-phase converter output voltage and current waveforms
are shown in Fig. 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 AZCI 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 sig-
nal 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 V.,
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as explained in Section III-A (see Fig. 5). It can be seen from
Fig. 10(a) that the number of output voltage levels has increased
from five (for mi < 1) to seven because of the overmodulation
mode of operation. Moreover, the converter output voltage mag-
nitude 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 the
carrier signals as can be seen from Figs. 8 to 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 the 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 [Vy.., Fig. 2(a)]
for each phase of converter is 50 kV (V. /3). The converter
uses ten FBSMs per phase with the voltage rating of 5 kV
(Vier /3N). The control of the HBHMC-based HVDC system
can be sectionalized in three different layers, i.e., inner, inter-
mediate, 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. It is known
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TABLE IV
PARAMETERS OF THE STUDY HBHMC-HVDC SYSTEM

S. No. Parameter Value

1. DC-link voltage (Vg.¢) 150 kV

2. Submodule voltage 5kVv

3. No. of submodules/Phase 10

4. DC-ink capacitance 150 uF

5. Submodule capacitance 0.5 mF

6. Grid voltage for HVDC 220 kV

7 Single-phase transformer voltage rating 127 kV/35 kV

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 sta-
tion under consideration, the current reference ) is generated
either by an active power controller or the dc-link voltage con-
troller. 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 is compared with their actual values
14 and 4, and the errors are processed through PI controllers.
The outputs of this control layer are V; and V,, which when con-
verted back to the abc frame provides the modulation signals
for the converter. The inner control layer is the capacitor volt-
age control technique proposed in Section III. Here, the AZCI
method is used to control WSC capacitor voltage because of
its advantages over the HCI method, such as smaller value of
SMs 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 the 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 sec-
tion. 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 con-
trol actions are being implemented. Fig. 12 shows the simulation
results obtained when, at £ = 0.5 s, the active power flow di-
rection of CS1 is reversed, i.e., P is changed from —150 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 out-
put currents are shown in Fig. 12(b). Fig. 12(c) and (d) shows the
dc-link capacitor voltages of CS1 and CS2, respectively. These
capacitor voltages are equal to one-third of the total dc-link volt-
age. Moreover, the phase-a WSC capacitor voltage waveforms
of CS1 and CS2 are shown in Fig. 12(e) and (f), respectively. It
can be observed from Fig. 12 that the power reversal is achieved
with minimum transients in ac output currents, dc-link capac-
itor voltages, and WSC capacitor voltages of the converter. At
t = 1.0s, the reactive power reference of CS1 (%) is changed
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from —100 to +100 MVAr, with 1.2 MVAr/ms slope. The wave-
forms 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 volt-
age waveforms are shown in Fig. 13(b) and (c), respectively.
Similarly, at ¢ = 1.5, the reactive power reference of CS2 is
changed from 4100 to —100 MVAr 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 Fig. 14(a), (b), and (c), respec-
tively. The results shown in Figs. 12—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 the 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 (see Fig. 11). As soon
as the fault is detected, the IGBTs are turned OFF. The resulting
equivalent circuits for positive and negative half-cycles of the
grid voltage are shown in Fig. 15(a) and (b), respectively. In both
these cases, for the chosen system parameters (see Table IV),
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 (see 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 [see Fig. 11(a)]. Before the
fault occurrence, the system of Fig. 11(a) is under steady-state
condition and is controlled to operate with P; = 150 MW and
Q% =100 MVAr at CS1 [see Fig. 11(b)]. It can be seen from
Fig. 16(a) that the corresponding CS1 power references are be-
ing tracked before 0.5 s in the simulation run. At¢ = 0.5s, 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 dur-
ing 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 ¢ = 0.7, the gating signals of switches of both
the converter stations are deblocked and the reference power
settings [P, Q%, Fig. 11(b)] are ramped up gradually from O to
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(a) Active and reactive power waveforms of CS1 when reactive power is changed from —100 to 100 MW, (b) dc-link capacitor voltages, and (c) capacitor
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Fig. 15. HBHMC during dc fault, (a) single-phase equivalent diagram of
HBHMC for positive grid voltage, and (b) single-phase equivalent diagram of
HBHMC for negative grid voltage.

the prefault values. This allows the converter active and reactive
powers exchange with the grid to be ramped up gradually from
zero to their prefault 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 deblocked. These relatively higher values of current flows
because of the charging of dc-link capacitors after the fault are
cleared. It can also be observed from Fig. 16 that the prefault
operating conditions are restored using the control action [see
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 the reduction of high current stresses.

(a) Active and reactive power waveforms of CS2 when reactive power is changed from 100 to —100 MW, (b) dc-link capacitor voltages, and (c) capacitor
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Fig. 16. Responses of CS1 when dc fault occurs during 0.5-0.7 s (a) active

and reactive power at the time of dc side fault, (b) ac current during dc side
fault, (c) dec-link voltage during dc fault, and (d) FBSM capacitor voltages of
phase-a.

3) Control of the 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 [see Fig. 2(a)], the three dc capacitor
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WSC capacitor voltages.

voltages (Ve Viden, Vdee) Of the three 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 the 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, under
certain conditions, the grid voltage can be unbalanced. In such
cases, the control scheme presented in [46] and [47] can be ap-
plied for the HBHMC. In the simulation study presented here,
to control the WSC capacitor voltages, the AZCI method, as ex-
plained in Section III, 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 at ¢ = 2.0s and it lasts for 3 s.
Figs. 17 and 18 show the transient behavior of the system dur-
ing the grid voltage unbalance. Fig. 17(a) shows the three-phase
grid voltages following the event of occurrence of unbalance
at t = 2.0s. When the HBHMC is subjected to the grid volt-
age unbalance and no post-unbalance control is activated (i.e.,
from¢ = 2.0 to 3.0 s), the ac-side currents [see Fig. 17(b)] and
dc capacitor voltages [see Fig. 18(b)] of the series-HBHMC
become unbalanced before ¢ = 3.0s. This is due to the pres-
ence of nonzero 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 is-
sue. 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 intro-
ducing a negative sequence current controller as described in
[47] for the MMC. A similar control scheme has been imple-
mented 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 ap-
plied at ¢ = 3.0 s in the simulation run, the converter currents
attain balanced condition. When the postunbalance control is
active, the negative sequence current components are reduced

Response of the series-HBHMC to ac side unbalance voltage: (a) active and reactive power, (b) dc-link capacitor voltages, and (c) average values of

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 unbal-
anced (i.e., from ¢t = 3.0 to 4.0 s). Similar issue of unbalanced
dc capacitor voltages for parallel hybrid converter was discussed
in [46] and a third harmonic injection-based control scheme was
used for balancing the dc capacitor voltages under similar un-
balanced 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 ac-
tivated at ¢ = 4.0 s in the simulation run, the capacitor voltages
are equalized. Fig. 17(c) also demonstrates that the converter
current remains balanced after the activation of both the addi-
tional controllers. Hence, both the control objectives have been
fulfilled. Fig. 18(c) shows the average values of three-phase
WSC capacitor voltages, which validate the effectiveness of the
proposed voltage control technique (AZCI method) even under
unbalance grid conditions. Fig. 18(a) shows the active and re-
active power transferred by the HBHMC to the 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 pa-
rameters are listed in Table V. The converter is modulated using
the 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 a TMS320F28335 DSP mi-
crocontroller. The block diagram of the implemented system
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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.

TABLE V
EXPERIMENTAL PARAMETERS OF HBHMC

Parameters Values
Power rating 2 kVA
DC-link voltage
Series-HBHMC 450 vV
Parallel-HBHMC 150 v
No. of FBSMs per phase 2
FBSM voltage 5V
FBSM capacitance 2.0 mF
Single-phase transformer turns ratio 1:1.3
: Coupling AC I
i |
| Three- Inductor oo Grid
T A | e |
I det Jault | ‘yRHMC Transformer |
I
|

“Capacitor voltages,
grid voltages, and

output currents

Sensing

DSP TMS320F28335 L
Circuit

Fig. 20.  Architecture of control system implementation for the HBHMC.

hardware configuration is shown in Fig. 20. The intermediate
and inner control layers shown in Fig. 11(b) are also used for the
experimental studies. The current references (ij; and ;) are set
by the system operator. The AZCI method (see 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 con-
trolled to operate in the overmodulation mode. The converters
are controlled to supply power to the three-phase grid at a lag-
ging 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 main-
tained at 150 V and the individual capacitor voltages are main-
tained 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
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seriess-HBHMC and parallel-HBHMC, respectively. The con-
verter produces seven level voltage waveforms, which re-
confirms its effectiveness in operating in the overmodulation
mode as also observed in the simulation studies discussed in
Section IV (see 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 and sorting techniques presented in Section III.
The waveforms of MHBC output voltage, voltage across WSC,
converter output current, and the grid voltage of phase-a for se-
ries 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 ac-
tive 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 re-
sults of output current, grid voltage, and capacitor voltages of
WSC for step change in current magnitude at unity power factor.
Similarly, Fig. 23(b), (¢), and (d) shows the results for step cur-
rent 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 satisfac-
torily 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 ca-
pacitor 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 has decreased
from seven (for mi > 1) to five because of the undermod-
ulation (for mi < 1) mode of operation. Similarly, Fig. 25
shows the waveforms of converter output voltages, output cur-
rent, grid voltage, and dc-link capacitor voltage for load current
change.

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
(see Fig. 20). Before the fault occurrence, the series-HBHMC
is operated in an inverting mode, supplying power to the ac
grid [S; is closed and S, is open (see Fig. 20)]. The dc fault
is emulated by closing switch Sy and opening switch S; 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
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Fig.21. Experimental steady-state output waveforms of series-HBHMC with the AZCI method, (a) three-phase output voltages, output currents, and two FBSM
capacitor voltages of phase-a, and (b) output voltage of MHBC, corresponding voltage across WSC, phase-a current, and grid voltage.
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Fig. 22. Experimental steady-state output waveforms of parallel-HBHMC with the AZCI method, (a) three-phase output voltages, output currents, and two
FBSM capacitor voltages of phase-a, and (b) output voltage of MHBC, corresponding voltage across WSC, phase-a current, and grid voltage.

=[1Q,00ms/div]

" Grid voltage [150V/div]  Outputcurrent [3A/div] -
- Rwsc capacitor voltages [10V/div]

() (d)
Fig. 23.  Experimental waveforms of output current, grid voltage, and capacitor voltages of FBSM of WSC of seriessHBHMC 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.

be observed from Fig. 26 that since the fault current magnitude VI. Loss EVALUATION
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.

In this section, the loss evaluation studies of the HBHMC
are carried out. For simplicity, the forward voltage drops of
the IGBT and of the freewheeling diode are assumed to be
identical and independent of the value of current flowing through
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Fig.25. Experimental results of three-phase output voltage, dc-link capacitor
voltages, output current, and grid voltage for change of load current.
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Fig. 26.  Experimental results of HBHMC against the pole-to-pole short cir-
cuit: three-phase output voltage and current, and WSC capacitor voltages of
phase-a.

them. This simplification significantly reduces the calculation
complexity [48]. Here, the conduction loss is calculated as [48]
27

Pcond = — NVfd |Zl‘ d (wt) (17)

2w

where P,.,,q is the conduction loss of one phase-leg, N is
the number of switches in the conduction path, V;; is the
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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 (P, g gy ) can be
expressed as

Pupave = Pemase + Pawsc
1 [ <N(:MHBCVfd |1, (t)]

_ 1 d(wt) (18)
2 Jo \+ NawscVya |l (t)|>

where P.);gpc and P.yy g¢ are the conduction losses in the
MHBC and WSC of HBHMC, respectively, and N, g pc and
N w sc 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 is 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 yields
the switching loss of each device [49], [50], which is given by

Pswi = fsw (Eon + Eoff) Nsu; (19)

where Pj,,; is the switching loss of the converter, fs,, is the
switching frequency, E,, and E,; are the energy dissipations
at turn-ON and turn-OFF of the device, respectively, and N, are
the number of switching devices. E,, and F,; are obtained
from the datasheet depending on the average value of current.
As in (18), the total switching loss (Ps g g g ar ) of the HBHMC
is the sum of switching losses in MHBC and WSC and given as

Piupuve = Psyupe + Pawsc
(fsmape (Eon + Eopp) Nsmupe
+ fswsc (Eon + Eofp) Newsc)

where Pyyppe and Py go are the switching losses in the
MHBC and WSC of HBHMC, respectively, fsympe and
fsw sc are the switching frequencies of the switches in MHBC
and WSC of the HBHMC, respectively, and N,y gpc and
Ngw sc are the number of switching devices of MHBC and
WSC, respectively.

Finally, the total loss of HBHMC can be estimated by sum of
the conduction and switching losses and given as

(20)

Pioss = Poupuvmc + Psupuyc- 2D

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 con-
verters, itis necessary to evaluate their losses for the same circuit
parameters and devices. Hence, the same system is used for loss
calculation of the proposed HBHMC and other converter sys-
tems. As a loss calculation example, the system with 150 MVA
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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.

at 0.8 power factor is considered. The other system specifica-
tions considered for the loss calculations are dc-link voltage
Viet = 300kV and SM capacitor voltage V., = 2.5kV. The
Infineon (FZ1200R33KL2C) IGBT device characteristics are
considered for the loss calculation [51]. Moreover, the follow-
ing two different cases are considered for loss calculations:

1) The converters with equal ac side currents.

2) The converters with equal ac power.

Atunity modulation index, the peak of output phase voltage of
conventional MMC is Vj;.; /2. However, the peak of output phase
voltages of series-HBHMC and parallel-HBHMC is V., /3 and
Viet, respectively. As a result, in the first case, the power deliv-
ered will be different for the topologies under consideration. In
this case, the ac current magnitude of all the converters under
consideration is considered the same as that in the conventional
MMC regardless of ac voltage magnitude. In the 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
paralle]-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
is lesser for seriessHBHMC 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 such
as 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 the same ac
power as compared to MMC with HBSMs. However, the number
of SMs is higher in case of parallel-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
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the other major VSC HVDC converter topologies in terms of
the required number of semiconductor devices is given in the
next section.

VII. 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 HBSMs is considered as the benchmark topology for this
comparison study. For comparison, N = V., /Vy,, is defined,
where Vy,, is the rated voltage of one SM, V., 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 noninterleaved 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 ma-
jor 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 seriess-HBHMC are very less as compared to
those in the other topologies. Moreover, the number of switches
in the conduction path for the seriess-HBHMC is lesser than all
the other converter topologies. Also, since the MHBC of the pro-
posed 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 out-
put 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 of-
fers 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
paralle]-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 ad-
vantages over MMC, such as dc fault-tolerant capability, small
footprint structure, high dc-link utilization, an extra degree of
freedom for SM capacitor voltage balancing, and as explained in
Section II, this topology can also be extended to high voltage-
low current (seriessHBHMC) 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. More-
over, in contrast to the HCMC topology, the proposed HBHMC
uses symmetrical modulation technique and the switches of
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TABLE VI
COMPARISON OF THE HBHMC WITH EXISTING TOPOLOGIES

MMC with MMC with  MMC (50% Hybrid AAMMC  Parallel hybrid CTFB-HMC Series- Parallel-
HBSMs  FBSMs [20] HBSMs and modular [27]-[29] MMC [33], [35] HBHMC HBHMC
[1]-[4] 50% FBSMs)  converter [34]
[22] [23]-[26]

DC voltage Vdct Vdcf V(I(tt Vd('t Vd(:t ‘/dct Vd(tt Vd(tt Vd(tt
Max ac voltage Viet /2 Viet /2 Viet /2 Vet /2 Vet /2 Viet /2 Videt Viet /3 Videt
Output voltage N+1 N+1 N+ 1 N+1 N+1 N+1 2N + 1 (2N/3) + 1 2N + 1
levels
No. of switches 12N 24N 18N 12N 15N 9N 24N 8N 24N
(3 phase)
No. of switches 6N 12N 9N 6N 4.5N 4.5N 6N 4N 12N
in conduction
path
No. of 6N 6N 6N 1.5N 3N 15N 3N N 3N
capacitors (3
phase)
VO!tﬁﬁe stress of Vet /N Vet /N Viet /N Vet /N Viaet /N Viet /N Viaet /N Viaet /N Viet /N
switches
Soft switching NA NA NA No Yes Yes No No No
of DSs
DC fault tolerant No Yes Yes Yes Yes No No Yes Yes
Overmodulation No Yes Yes Yes Yes No No Yes Yes

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]. It is also to
be noted that the parallel-hybrid topology does not have a dc
fault-tolerant capability and it would require third-harmonic in-
jection and additional SMs 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.

VIII. CONCLUSION

This paper proposes an H-bridge HMC 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 volt-
age. Similarly, they can instead be connected in parallel across
the dc-link for high dc current. In this paper, the basic oper-
ation of HBHMC and new modulation techniques to balance
the capacitor voltages of HBHMC by appropriately selecting
an operating mode (isolation mode: HCI and AZCI methods)
are presented. The suggested voltage control methods are sim-
ple 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 the converter. Furthermore, the AZCI method offers
more advantages than the HCI method, such as smaller value of
SMs capacitance and ability to operate in the overmodulation
mode. Some of the other prominent advantages of the proposed
converter are

1) extra degree of freedom for capacitor voltage balancing,
2) fewer semiconductor devices and capacitors in series-
HBHMC,

3) higher dc-link utilization in parallel-HBHMC, and

4) 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 strate-
gies for HBHMC-based HVDC system are investigated using
PSCAD/EMTDC simulations under various operating condi-
tions. 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 prototype. The obtained experimental results demon-
strated 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 excel-
lent performance of the proposed converter topology and con-
trol schemes. Hence, the HBHMC can be a good alternative
for HVDC applications where dc fault blocking capability is
required.
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