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Abstract—Hybrid multilevel converters using bidirectional
thyristors and IGBTs have gained significant interest in recent
times, as they possess important features of both voltage-source
and line-commutated converter technologies. This article presents a
classification of hybrid multilevel converters for HVdc applications.
The methodologies to derive, evaluate, and select these converter
topologies are proposed as well. The hybrid converters are classified
from the power device to the system configuration based on the
analogy of the voltage-source converter and the current-source
converter. Derivation methods of hybrid cell, cluster, arm, phase,
and converter, based on the topology tree presented in this article,
are applied to derive both existing and new hybrid converters. Com-
parisons show that hybrid converters have functionality similar to
either the modular multilevel converter or the line-commutated
converter, depending on the ratio between thyristor and active
switch IGBT counts employed. Several hybrid-station configura-
tions are discussed in order to suggest the most suitable converter
topology for each configuration. The presented analysis can provide
a point of reference and a useful framework for the future devel-
opments of hybrid multilevel converters for HVdc applications.

Index Terms—DC-AC power conversion, HVdc transmission,
hybrid converter, hybrid station, multilevel converters, thyristors.

I. INTRODUCTION

VDC transmission systems are increasing their accumu-

lated installed power worldwide after the introduction
of voltage-source-converter-based HVdc (VSC-HVdc) systems.
The VSC-HVdc system opens up active research and devel-
opment in both academia and industries. This has led to the
commercially available VSC-HVdc systems up to 5 GW and
£800 kV today [5].
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HVdc systems based on the line-commutated converter (LCC)
have been employed for bulk power transmission system.
Currently available LCC-based HVdc systems feature power
transmission capability up to 10 GW and 1100 kV[6]. In-
creasing electricity demands in, e.g., urban areas require stable
power supply from remote locations with the lowest trans-
mission losses, which brings an opportunity for high-power
long-distance HVdc systems. The LCC-based HVdc systems
have some limitations, such as the lack of reactive power control
or black start capability, and have high reactive power consump-
tion. On the other hand, the VSC-based HVdc system provides
new functionalities (e.g., as summarized in [7]) complementing
the LCC-based HVdc system as continuous reactive and active
power control, power reversal with constant dc voltage polarity
making dc multiterminal networks easier to implement.

Fig. 1 shows the evolution of the HVdc converter technology.
The HVdc converter started back in 1972 with the first com-
mercial application of the thyristor-based LCC technology. The
progress of the semiconductor power device technology led to
the high-voltage-insulated gate bipolar transistor (IGBT), which
enabled the development of the two-level VSC technology. The
first commercial installation of this technology was finalized in
1999. Furthermore, the VSC technology evolved by adopting the
three-level VSC topology in 2000 to achieve better ac harmonic
performance and higher conversion efficiency. The two-level
and three-level VSCs are classified into the topology category
of monolithic converters in [8]; this is because these converters
consist of switches or VSC valves that are constructed as a single
unit and are not modular. However, the achievable voltage and
power levels from the two-level or three-level converter were far
lower that of the LCC due to the current capability of the IGBTs.
After the emergence of the modular multilevel converter (MMC)
in 2003 from an academic paper [9], the MMC-based HVdc has
been widely accepted in industry and has been commercially
deployed for the first time in 2010. In contrast to the monolithic
converters, the MMC is classified into the topology category of
modular converters in [8]; this is because the MMC consists
of submodules (SMs) that are simply connected in series to
construct six modular VSC valves. The MMC, or modular
converters in general, can provide high direct voltage while
keeping high conversion efficiency due to its scalable converter
structure. However, the MMC is only scalable for the voltage
but not for the current. Therefore, the power capability of the
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Fig. 1.

Evolution of HVdc converter technology over time. The years mark the first commercial installation of each technology, namely: (1972) Eel River

back-to-back LCC HVdc [1]; (1999) Gotland two-level VSC HVdc link [2], [3]; (2000) Eagle Pass back-to-back three-level VSC HVdc [3]; (2010) Trans Bay

Cable MMC HVdc link [4].

MMC is the same as the monolithic converter under the same
dc-link voltage.

A combination of two different power devices, notably IGBTs
and thyristors, was investigated in [ 10] to achieve forced turn OFF
of the bidirectional thyristors (i.e., two thyristors connected in
antiparallel) by the help of IGBTs. The complicated switching
sequence and control was one of the obstacles for the practical
use of the topology discussed in [10]. However, the introduction
of modular converters consisting of VSC SMs opened new
possibilities in the implementation of forced thyristor turn OFF.
Thus, the combination of thyristors and VSC SMs has recently
gained more attention in the literature and it is the main topic of
this article. Note that the converters formed by the combination
of thyristors and VSC SMs and/or IGBTs are termed hybrid
converter in this article.

Several hybrid converters have been proposed to reduce the
number of required power devices from the MMC along with
the capacitive energy reduction. Many of these hybrid con-
verters have been derived from hybrid VSCs, which combine
VSC SMs with monolithic VSC valves consisting of series-
connected IGBTs. The hybrid converters are derived by re-
placing the monolithic VSC valves of the hybrid VSCs with
thyristor-based valves. The first example of such hybrid VSC
is the alternate arm converter (AAC) proposed in [11]-[14].
The series-connected SM counts of the AAC are reduced by
replacing a part of the SMs of the MMC with a monolithic
VSC valve constructed by series-connected power devices. The
AAC generates inherent dc-link current ripple that can be taken
care by either introducing a dc-link capacitor [15] or operating
the converter with extended overlap time, as shown in [16] that

describes the extended-overlap AAC (EO-AAC). The AAC with
monolithic thyristor valves has been recently described in [17].
Moreover, the controlled-transition bridge (CTB) proposed in
[18]-[20] requires lower number of semiconductor devices and
capacitors. Another converter that has been proposed with both
monolithic VSC valves and monolithic thyristor valves is the
modular embedded multilevel converter (MEMC) described in
[21]-[23]. The MEMC can reduce the number of required VSC
SMs to half compared to the MMC. A proper control method can
eliminate the harmonics on both dc and ac sides. Furthermore,
the modular embedded thyristor-directed converter METDC has
been proposed recently in [24] and it is similar to the series
hybrid VSC presented in [25] and [26]. The METDC is derived
from the series converter configuration that interconnects three
single-phase converters in series (at the dc side). This series
interconnection reduces the required blocking voltage of each
modular VSC valve; thus, the series converter configuration
offers a potential reduction of the required number of power
devices.

In summary, most of the research in hybrid topology aims at
reducing the number of required power devices and the capacitor
requirements from the MMC. However, the reduced power-
device count and the reduced capacitive energy requirement
bring a consequence to the converter performance, such as dc/ac
voltage/current coupling, dc/ac harmonics, and increased cur-
rent rating of the IGBTs. Therefore, it is important to classify the
hybrid topologies based on their structure and main performance
characteristics.

This article provides a derivation method, evaluation method,
and topology-selection method of the hybrid converters based



176

Idc

|
:

T
~

-3

8

S
ey
'
1
'
'
'
1
!
1
I w
D&
g
-
LA
=)
z
=
w
z
g

]
-
—<

22;

£
1 |
dc Filters

e
<
|—
=
<

apacitor ac Filters

C
~ \\ Banks
(AQA
\
‘* ------ » Six-Pulse Thyristor Bridge

Fig. 2. 12-pulse LCC-HVdc station circuit schematic.

on the topology tree proposed in [8]. The state-of-the art hybrid
converters proposed in the literature along with new converters
are classified based on the topology tree. A qualitative and
quantitative evaluation of various hybrid converters show that the
combined power rating of VSC valves and thyristors indicates
whether the hybrid converter has similar functionality to the
LCC or the MMC. Furthermore, several hybrid-station config-
urations, where the LCC and a hybrid converter are connected
either in series or parallel, are summarized to indicate criteria
for selecting hybrid converter topologies that would allow both
converters of the hybrid station to operate at their maximum
power.

II. CHARACTERISTICS AND COMPARISONS OF LCC AND VSC
TECHNOLOGIES FOR HVDC TRANSMISSION

A. LCC and MMC System Configurations for HVDC

The LCC HVdc technology facilitates bulk power transfer
over long distances. The thyristors used in the LCC feature
high reliability, robustness, low cost, and losses. They can block
voltages of either polarity but conduct current only in one di-
rection, which characterizes the current-source converter (CSC)
operation. Hence, the power flow magnitude and direction in
LCC are controlled by dc-link voltage control. Fig. 2 shows
a typical LCC station consisting of mainly ac filters, shunt
capacitor banks, converter transformers, dc reactors, dc filters,
and dc lines or cables. The 12-pulse LCC is built by connecting
two 6-pulse LCCs in series. Such arrangement improves the
harmonic performance while increasing the power capability.
The LCC also consumes the reactive power, which is supplied
by the ac harmonic filters and the capacitor banks. The dc-link
voltage of an n-pulse configuration contains harmonics of order
6m (n as a natural number) that are removed using dc filters and
a dc reactor (Lq4. in Fig. 2), which also limits the current and
voltage transients.
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Fig.3. MMC-HVdc station circuit schematic.

The MMC-based HVdc system [9] offers added benefits such
as modularity, scalability, low dc/ac filtering requirements, and
high efficiency. Fig. 3 shows a circuit configuration of the MMC
wherein each arm (also referred as modular VSC valve) consists
of half- or full-bridge SMs (HB SMs or FB SMs) connected
in series. This gives the freedom to connect as many SMs as
required for achieving a certain harmonic performance, without
increasing the circuit complexity. Each SM contains a dc capac-
itor, and several IGBTs with antiparallel diodes. Two arms are
connected through suitably sized arm inductors. A three-phase
MMC is formed by using six arms that share a common dc link,
as shown in Fig. 3. Note that, even though the dc-link capacitors,
depicted in dashed-gray line in Fig. 3, are not required for normal
operation, they might be used in practice for grounding and/or
protection purposes. Being a VSC, the dc-link voltage is held
fixed and the power flow magnitude and direction are controlled
by varying the current.

B. Comparison of LCC and MMC Systems

While the MMC offers more flexibility in control and en-
hanced operating performances, the LCC still has advantageous
features such as higher power handling capability and lower
losses among others. Some of their relevant merits, features,
and limitations are summarized in Table I. In the MMC, a large
number of SMs and their associated capacitors make the system
costly and the capacitors are prone to failure too. Additional
SMs are used to improve the reliability of MMC. Furthermore,
the losses per unit of transferred power in an MMC are still
higher than those of the LCC and the IGBTs used in the MMC
cannot handle as high steady state and transient currents as the
thyristors used in the LCC. Thus, the overall power and fault
handling capabilities of the MMC are at much lower level than
of LCC. Recently, the idea of using both thyristors and modular
VSC valves in a single converter structure to construct a VSC
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TABLE I
LCC-HVDC VERSUS MMC-HVDC COMPARISONS

Features LCC MMC
Semiconductors Thyristors IGBTs and antiparallel diodes
On-state (saturati Itage/
n-state (saturation) voltage 0.2+ 07+

rated voltage

Active power in bipolar
configuration

Independent control of

active/reactive power No
Black-start capability— N

Supplying passive networks 0
Sensitivity to .

ac grid disturbances High

Operation at low active power No

DC-fault handling

12 GW with de-link voltage of
+1100 kV [6]

Fault-current limiting possible

5 GW with dc-link voltage of +800 kV [5]

Yes

Yes

Low

Yes

Fault-current limiting requires full-bridge
or other bipolar SMs

*The thyristor ratio is calculated based on 8.5 kV, 3.7 kA phase-controlled thyristor [27] and the IGBT is calculated based on the 4.5 kV, 3 kA IGBT

StakPak [28].

has gained significant research interests. The main objective of
combining thyristors and modular VSC valves is to achieve the
forced commutation of the thyristors, which enables increased
conversion efficiency and dc-fault tolerance of the LCC besides
retaining the VSC control flexibility. The following section
describes this configuration in detail.

III. CLASSIFICATION OF HYBRID TOPOLOGIES

Fig. 4 shows the topology tree of the converters applicable
to the HVdc system. The topology tree is an extended version
of the one presented in [8]. The new family that is hybrid
family is added in Fig. 4 along with a detailed classification
of each component used in the converters. The hybrid topology
layer is the combination of both VSC and CSC components.
Note that the components referred here are described as switch,
SM, cluster, arm, phase, converter, and station in Fig. 4. Each
component is defined as follows.

1) Switch: Semiconductor power devices that has either re-
verse conducting (RC) and/or reverse blocking (RB) func-
tionalities.

2) Submodule (SM): Fundamental building block of the cir-
cuit. The SM has two categories; one is monolithic block
which does not have a capability of achieving power
conversion by itself; the other is a VSC/CSC SM that
can achieve the power conversion by itself as it comprises
switches and energy storage components (capacitors and
inductors).

3) Cluster: The connection of multiple SMs. The cluster can
be either series connections of SMs or parallel connections
of SMs.

4) Arm: One input one output system with dc and ac ports.
It is equivalent to clustering all SMs in a single arm.

5) Phase: Two input ports and one output port system, where
the two input side is dc and one output side is ac. It consists
of two arms connected in series.

6) Converter: A system with two input ports and one output
port, where the two port side is dc and three port side is ac.
The converter comprises of three phases connected either
in parallel or in series at the dc side.

7) Pole/system: Multiple connection of converters in either
parallel or series.

The MMC and LCC explained in Section II can be derived
by using the topology tree in Fig. 4. Attention should be paid to
CSC-family category to derive LCC, whereas it should be paid
to VSC-family category to derive the MMC. The LCC consists
of RB switches connected in series to configure monolithic arm
in the CSC-family category. Series connection of the monolithic
arms becomes a CSC phase that leads to a final stage of config-
uring LCC by connecting three of the CSC phases in parallel.
The MMC consists of VSC-SMs, i.e., half-bridge or full-bridge
SMs, that are combination of RC switches and capacitors. Series
connection of the VSC-SMs configures modular cluster and
arm. Similarly to the LCC, series connection of the modular
arms becomes a VSC phase that finally creates the MMC by
connecting three of the VSC phases in parallel.

IV. DERIVATION OF HYBRID CONVERTERS

This section utilizes the topology tree shown in Fig. 4 to
derive hybrid building blocks, which are employed in different
configurations for constructing hybrid converters that combine
thyristors and VSC elements.

At this point, it is important to highlight that the hybrid
converters that utilize thyristors must overcome a common
challenge; that is, controlling the thyristor turn-OFFprocess, as
already described in [22], [23], [29]-[39]. Even though some
hybrid converters can operate with natural thyristor turn OFF
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Fig. 4.

(i.e.,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 1, JANUARY 2021

Hybrid
Vse (Focus of this paper) CsC
Switch RC switch RC./RB RB switch
switch
Cell Monolithic  VSC Hybrid ~ Monolithic ~ Hybrid CSC  Monolithic
block submodule submodule block submodule submodule block
MO(iular Monolithic MO(Iiular
Cluster Monolithic Modular L£ ot LG Modular Monolithic
cluster cluster
Mo?ular Monolithic MO(liular
Arm Monolithic Modular Hybrid syt Modular Monolithic
- Hybrid -] aTn aTn L Hybrid -
Phase VSC phase Hybrid Hybrid CSC phase
phase phase
Converter Series Parallel Series Parallel Series Parallel Series Parallel
I_ Hybrid J
VTC Converter e3¢
. Hybrid r
Pole/Station Pole/Station

Topology tree including hybrid topology family introduced in this article.

turn OFF at zero-crossings of the thyristor current), the

controllability of the hybrid converter is greatly enhanced by
turning OFF the thyristors at nonzero current. The controllable
turn OFF of the thyristors can be achieved by the VSC elements of
the hybrid converters, provided that the following requirements
are fulfilled.

1)

2)

3)

When a conducting thyristor must be turned OFF, the VSC
elements that are connected with the thyristor (either in
series or in parallel) must inject a voltage that would drive
the thyristor current to zero (or commutating the thyristor
current to an alternative path).

The rate of change of thyristor current must not exceed the
thyristor limit, which is typically in the range of di/dt =
10 A/ps for conventional thyristors.

Once the thyristor current becomes zero, the suitable
VSC elements must keep the thyristor reversely biased
for a certain time interval, which must be longer than
the thyristor hold-OFF time ¢,. If the thyristor becomes
forward-biased before the ¢, time has elapsed, it will start
conducting current without triggering its gate. Note that
di/dt limitation mentioned previously is important for this

4)

5)

step, as the di/dt impacts the ¢, time. Notably, increased
di/dt rates lead to increased ¢, times.

Once the t, time has elapsed, the thyristor can be forward-
biased without the risk of reconduction. Yet, the forward
voltage must be applied at a limited dv/dt rate, in order
to allow the thyristor to regain its forward-blocking capa-
bility and avoid the risk of accidental retriggering due to
high dv/dt.

When a turned-OFF thyristors must be turned ON, the
di/dt rate must again be limited to the specifications of
the thyristor. Otherwise, there is a risk of uneven current
distribution through the thyristor active area, which might
lead to hot spots and finally thermal runaway of the active
regions with the highest current densities.

A. Hybrid Switch

The most fundamental building block of the hybrid converters

is the

RC/RB switch, which is derived by combining RC or RB

switches, as shown in Fig. 4. The RC and RB switches operate
in two quadrants, as depicted in the left and right drawings of
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Fig. 5. Variations of switches and their corresponding quadrants of operation
(gray areas): (left) IGBT-based RC switch; (right) thyristor-based RB switch;
and (middle) IGBT- and thyristor-based RC/RB switches.

Fig. 5, respectively; that is, the RC switch conducts current in
both directions but blocks voltage in one polarity, while the RB
switch conducts current in one direction but blocks voltage in
both polarities. The RC/RB switch, shown in the middle drawing
of Fig. 5, can be constructed by the antiseries connection of
two RC switches or by the antiparallel connection of two RB
switches. As a result, the hybrid switch is capable of operating in
all four quadrants; that is it can conduct current in both directions
and block voltage in both polarities. As this article deals mainly
with thyristor-based hybrid switches, the terms thyristor switch
or valve are used instead of hybrid switch for clarity.

B. Hybrid SMs

As mentioned previously and depicted in Fig. 4, the hybrid
SMs comprise of a combination of RC/RB switches and VSC or
CSC SMs. In this way, a hybrid SM is an independent unit that
can achieve power conversion by itself. Examples of hybrid SMs
that are constructed by several RC/RB switches and a VSC SM
are depicted in Fig. 6. As shown in Fig. 6, the SMs are connected
either in series or parallel to the thyristors, in order to achieve
forced commutation of the thyristors.

The one shown in Fig. 6(a) is termed hybrid T-type SM in this
article, and is basically a thyristor-based half-bridge SM with a
VSC SM connected between the midpoint of the capacitors and
the midpoint of the RC/RB switches (thyristors). This hybrid
SM can be considered as a special case of the AFCB, which
was proposed in [29] and [30]. The main role of the VSC SM is
to enable the forced-commutation of the thyristors by injecting
the appropriate voltage for transferring the current from one
thyristor switch to the other and for reverse-biasing the outgoing
thyristor for the required ¢, time. For this purpose, the voltage
rating of the VSC SM needs to be higher than half of the rated
voltage of the hybrid T-type SM. The current rating of the VSC
SM should be roughly equal to that of the thyristors, but its
RMS current should be fairly small if the VSC SM is utilized
only during commutations.

The hybrid SM shown in Fig. 6(b) is similar to the one in
Fig. 6(a) but with the FB SM, which is used as the commutation
circuit, is now in series to the dc-link capacitor. This implies

() (d)

Fig. 6. Examples of hybrid SMs constructed by combining RC/RB switches
and VSC SMs. (a) Active-forced commutated bridge (AFCB) [29], [30].
(b) Thyristor-based half bridge with semi-active capacitor. (c¢) Thyristor-based
power SM (TBPG [31], [32], [37] with a single VSC SM). (d) Double commu-
tation SM (DCSM) [38].

that the commutation circuit is in the main current path when
this hybrid SM is inserted; thus, conduction losses are higher
than the hybrid T-type SM, even though the voltage rating of the
commutation circuit should be similar to the hybrid T-type SM.

The hybrid SM shown in Fig. 6(c) comprises a hybrid
thyristor-based switch in parallel with a VSC SM. This hybrid
SM can be considered as a special case of the thyristor-based
power group (TBPG), which was proposed in [31], [32],[37], and
[40], with only a single VSC SM and an RC thyristor switch;
hence, it is termed thyristor-based power SM. The turn OFFof the
thyristor switches is achieved by diverting the current through
the VSC SM. When the thyristor current has been driven to
zero, the VSC SM maintains a reverse voltage across the outgo-
ing thyristor for the required ¢ time, so that the thyristor turns
OFF successfully.

For all the previous hybrid SMs the commutation circuit, i.e.,
the VSC SM, needs to conduct the full thyristor current for short
period of time. The IGBTs used in the VSC SM experience high
peak current but low RMS current. This is not the case for the
hybrid SM of Fig. 6(d) due to the presence of two VSC SMs
[38]; thus, this hybrid SM is termed DCSM. These VSC SMs act
as the commutation circuit and can share the thyristor current
during the commutation; thus, the peak current rating of the
VSC SMs can be lower than that of the thyristors. Alternatively,
it is possible to use only one VSC SM as the commutation
circuit, provided that the VSC SM has the same current rating
as the thyristor. This variation of the hybrid SM of Fig. 6(d) was
proposed and presented in [41].

All of these hybrid SMs can be utilized in a modular converter
configuration (i.e., as for the MMC shown in Fig. 3), in the same
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manner as the SMs of the MMC. Moreover, the utilization of
the thyristors as main switches increases the efficiency and the
current capability of the hybrid SMs compared to the equivalent
SMs of an MMC. The higher current capability of the thyristors
could be utilized for handling faults, such as a dc fault. In such
case, the antiparallel thyristors that form the hybrid SM bypass
path can be triggered to isolate the ac and dc sides of the MMC
with the hybrid SMs, in a similar manner as in [42]. In addition,
the thyristor switches offer crowbar functionality for the hybrid
SM of Fig. 6(a) to protect the SM from explosion, similarly to
the one described in [43].

The main downside of all hybrid SMs is that the controllability
of the output voltage is lost during the turn-OFF process of the
thyristors due to the commutation time. This is because the VSC
SM in any of these hybrid SMs is occupied with commutat-
ing the thyristor current and ensuring that the latter remains
reverse-biased for the ¢, time. Therefore, the output voltage of
the hybrid SM during the commutation process is strictly defined
by the requirements of the thyristor turn-OFF process. Moreover,
the commutation voltage impacts the quality of the converter
output voltage, if left uncompensated. Thus, additional hybrid
SMs might be required in the converter arm for compensating the
commutation voltage, which directly influence the redundancy
requirements.

C. Hybrid Cluster/Arm

The hybrid cluster is another building block that can be used
for constructing hybrid converters. As mentioned previously and
depicted in Fig. 4, the hybrid cluster can be a combination of
hybrid SMs, as well as a combination of monolithic RC/RB
switches with modular clusters of VSC or CSC SMs. Three
examples of hybrid clusters are depicted in Fig. 7(a)—(c). The
hybrid cluster shown in Fig. 7(a) was proposed in [29] and [30]
and is basically an HB SM constructed with monolithic RC/RB
switches, complemented with a modular cluster of VSC SMs
that is employed for enabling the forced commutation of the
RC/RB switches. This cluster, proposed in [29] and [30], is
termed AFCB cluster and its structure is similar to that of the
AFCB hybrid SM shown in Fig. 6(a).

The second cluster, depicted in Fig. 7(b) and proposed in
[31]-[33], [37], and [40], has similar structure to the TBPG SM
shown in Fig. 6(c); thus it is termed TBPG cluster. The TBPG
cluster consists of a modular cluster of VSC SMs (either FB
SMs, as proposed in [37], [31], [40], and [32], or a combination
of FB and HB SMs, as proposed in [33]) that is connected in
parallel to a monolithic RC/RB switch. This RC/RB switch is
used for bypassing the VSC cluster, while the latter is employed
for enabling the forced commutation of the RC/RB switch.

The cluster shown in Fig. 7(b) can be further used to realize
the thyristor-based HB cluster shown in Fig. 7(c). This cluster
is termed DCCL cluster, as it has similar structure to the DCSM
shown in Fig. 6(d) and proposed in [38]. In the DCCL cluster,
two TBPG clusters are used along with a high voltage capacitor
or several capacitors connected in series to support high voltage.
Each TBPG of the DCCL cluster, which is constructed by two
antiparallel thyristors connected in parallel to a cluster of VSC
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Fig. 7. Example of (a)—(c) hybrid clusters constructed by combining mono-
lithic RC/RB switches and modular clusters of VSC SMs, and of (d) a hybrid
arm constructed by combining monolithic RC/RB switches and a modular arm
of VSC SMs. (a) AFCB cluster [29], [30]. (b) TBPG cluster [31], [32]. (c) DCCL
cluster [38]. (d) TH-AAC arm [17], [39], [44].

SMs, can be operated in the same way as described previously
for the TBPG cluster of Fig. 7(b). The ac-terminal voltage of the
DCCL cluster is equal to the capacitor voltage if the current flows
through the thyristors of the upper TBPG cluster. Conversely, the
ac-terminal voltage of the DCCL cluster is equal to zero if the
current flows through the thyristors of the lower TBPG cluster.
In a similar manner, a hybrid arm can be constructed by the
combination of monolithic RC/RB switches with modular arms
of VSC or CSC SMs, or by the series connection of several
hybrid clusters. Since this article focuses on hybrid clusters and
arms based on VSC SMs, only VSC-based hybrid clusters and
arms are discussed. An example of a hybrid arm, which has
been proposed in [17], [39], and [44], is presented in Fig. 7(d),
where a modular arm of VSC SMs is connected in series with
series-connected thyristors. In this case the VSC arm is respon-
sible for controlling the current through the RC/RB switch, as
well as for forward- or reverse-biasing the RC/RB switch. For
achieving both of these purposes, the VSC arm should generate
an appropriate voltage with respect to the voltage of the circuit
components that are connected in parallel to the hybrid arm.

D. Hybrid Phase

The next building block for deriving hybrid converters is the
hybrid phase, which is a combination of a monolithic phase
constructed by RC/RB switches with a modular VSC phase, as
illustrated in Fig. 4. Four examples of hybrid phases are illus-
trated in Fig. 8. The hybrid phase shown in Fig. 8(a) resembles
in structure the hybrid cluster of Fig. 7(a), but it consists of
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Fig. 8. Examples of hybrid phases constructed by combining monolithic
RC/RB switches and modular VSC arms/phases: (a) ECTB [34]; (b) TH-2LC
[36]; (¢) MEMC [21]-[23]; (d) HACC [45]; and (d) METDC [24] hybrid phases.
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three terminals instead of two and it is used as a complete phase
of a hybrid converter, as shown in [20] and [30]. However, the
principle of operation is the same, as the modular phase of VSC
SMs, which is connected between the midpoints of the capacitors
and the RC/RB switches, is again employed for enabling the
forced commutation of the RC/RB switches. Note that another
modular VSC phase [gray symbol in Fig. 8(a)] can be connected
to the terminal at the midpoint of the RC/RB switches for serving
various purposes that are discussed in Section IV-E. As the
hybrid phase of Fig. 8(a) is employed to construct the enhanced
controlled-transition-bridge converter (ECTB) proposed in [34],
it is termed ECTB phase.

The hybrid phase shown in Fig. 8(d) comprises a modular
phase of two modular arms of VSC SMs, a monolithic phase of
RC/RB switches, and an additional modular phase of VSC SMs.
The latter is connected at the midpoint of the monolithic phase of
RC/RB switches. Thus, this modular VSC phase is responsible
for controlling the current through the RC/RB switches and
enabling the forced commutation of the latter. This hybrid phase
is employed to construct the hybrid alternate-common-arm con-
verter (HACC) presented in [35] and [45]; hence, it is termed
HACC phase.

Moreover, the hybrid phase shown in Fig. 8(b), proposed
in [36], is constructed in a similar manner as the hybrid
phase in Fig. 8(d), with the difference that the modular VSC
phase connected at the midpoint of the monolithic phase of
RC/RB switches is substituted by a monolithic phase of RC/RB
switches. This hybrid phase is employed to construct the
thyristor-based two-level converter (TH-2LC) presented in [36];
thus, it is termed TH-2LC phase.

Another hybrid phase that is constructed by combining a
phase of monolithic RC/RB switches with a modular VSC phase
is depicted in Fig. 8(c). In this case, the RC/RB switches are
employed for reconfiguring the connection of the two terminals
of the modular VSC phase with the other terminals of the
hybrid phase. In turn, the modular VSC phase is responsible for
controlling the current through the RC/RB switches and enabling
their forced commutation. As the hybrid phase of Fig. 8(c) is
employed to construct the MEMC proposed in [22] and [23],
it is termed MEMC phase. Converters constructed by hybrid
phases have been proposed recently in [46] and [47].

E. Derivation of Hybrid Converters

Hybrid converters can be derived by combining any of the
hybrid components mentioned so far and constructed by the
topology tree of Fig. 4. In order to further clarify the derivation
of hybrid converters, the fundamental converter configurations
are depicted in Fig. 9 and are summarized as follows.

1) Modular configuration is shown in Fig. 9(a): the basic
building block of this configuration is the hybrid SM or
the hybrid cluster (abbreviated as HC). Multiple building
blocks are connected in series to construct an arm, two
arms are interconnected to construct a phase, and three
phases are interconnected to construct a converter.

2) Arm configuration shown in Fig. 9(b): the basic building
block of this configuration is the hybrid arm. Two building
blocks are interconnected to construct a phase, and three
phases are interconnected to construct a converter.

3) Parallel-phase configuration shown in Fig. 9(c): the basic
building block of this configuration is the hybrid phase.
Three phases are interconnected to construct a converter.

4) Series-phase configuration shown in Fig. 9(d): the basic
building block of this configuration is the hybrid phase.
Three phases are interconnected in series on the dc side
to construct a converter. Note that this configuration man-
dates the use of single-phase transformers for avoiding dc
offsets to the ac side.

The derivation of hybrid converters based on the configura-
tions of Fig. 9 is demonstrated by the examples presented in the
following paragraphs.

Examples of using the modular configuration of hybrid clus-
ters, shown in Fig. 9(a), are the AFCB-MMC proposed in
[29] and [30] and the TBPG-MMC proposed in [31]-[33]. The
AFCB-MMC and the TBPG-MMC can be derived by intercon-
necting the hybrid clusters of Fig. 7(a) and (b), respectively, in
the modular configuration of Fig. 9(a). An example of using
the arm configuration of Fig. 9(b) is the AAC with thyristors,
which was proposed in [17],[39], and [44]. This converter can
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Fig.9. Fundamental converter configurations: (a) modular (HC: Hybrid SM or
Hybrid Cluster), (b) arm, (c) parallel-phase configuration, and (d) series-phase
configuration.

be derived by connecting the hybrid arm of Fig. 7(d) in the arm
configuration shown in Fig. 9(b).

Hybrid converters can also be constructed by combining hy-
brid phases in the configuration of Fig. 9(c). The parallel-phase
converter constructed with the hybrid phase of Fig. 8(a) was
proposed in [34] and is termed enhanced controlled-transition
bridge (ECTB), as it is an enhanced version of the controlled-
transition-bridge converter (CTB) proposed in [20]. The HACC
proposed in [45] is another example of a hybrid converter
constructed by employing the hybrid phase of Fig. 8(b) in the
configuration of Fig. 9(c). The hybrid phase of Fig. 8(b) can be
employed in the configuration of Fig. 9(c) in order to construct
the TH-2LC proposed in [36]. Another hybrid converter that is
constructed by hybrid phases is the MEMC, which is proposed
in [22] and [23] and consists of three hybrid phases [as the
one shown in Fig. 8(c)] interconnected in the configuration of
Fig. 9(c). The hybrid phase of this converter is a combination
of a modular VSC phase (with two modular VSC arms) with
monolithic RC/RB switches that connect the former to the dc
terminals.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 1, JANUARY 2021

The METDC, proposed in [24], is constructed by intercon-
necting the hybrid phase of Fig. 8(e) in the series configuration
of Fig. 9(c); thus, the METDC belongs to the family of series-
connected hybrid converters. Each phase of this hybrid converter
contains monolithic RC/RB switches and a modular VSC phase,
which comprises mainly HB SMs combined with a few FB SMs
that are required for forced commutation purposes. The modular
VSC phase is used to control the current through the RC/RB
switches and for achieving forced commutation of the RC/RB
switches, which are connected in an H-bridge configuration.
Moreover, these modular VSC phases are used to support the
dc link voltage, while the RC/RB switches of each hybrid phase
are used to selectively connect the terminals of the corresponding
modular VSC phase to the output ac terminals.

At this point, some considerations about the relation of the
configurations of Fig. 9 should be provided. Notably, the arm
configuration of Fig. 9(b) is related to the parallel-phase config-
urations of Fig. 9(c) in the sense that two hybrid arms can form
a hybrid phase. Similarly, the modular configuration of Fig. 9(a)
is related to the arm and parallel-phase configurations, as series-
connected hybrid clusters/SMs can form a hybrid arm or a hybrid
phase. Yet, it is important to clarify that the opposite relations
do not hold, as a hybrid phase is not always modular and hence
cannot be represented by a modular configuration. Moreover,
employing the same building block in different configurations
yield converter with different operational characteristics. For
example, the AFCB cluster can be used in the modular configu-
ration, leading to the AFCB-MMC proposed in [29], but also in
the parallel-phase configuration, leading to a CTB structure with
very different characteristics than the AFCB-MMC, as shown
in [30]. Therefore, the selection of the configuration is closely
related to the considered hybrid component.

In summary, this section described a derivation method of
hybrid converters based on Fig. 9 and the hybrid converter com-
ponents described in this section. This method can be utilized
for deriving and classifying various hybrid converters that have
been already proposed in the literature or for deriving new hybrid
converters.

V. ASSESSMENT OF HYBRID CONVERTERS

A. Comparison of Hybrid Converters

After the derivation of hybrid converter, it is important to
distinguish either it is worth studied in detail or not based on its
functionality. In this section, the hybrid converters that have been
presented in Section I'V-E (except for the TH-2LC because its ac
and dc sides are strongly coupled and its modulation index range
is very limited) are compared in a qualitative manner, based on
the following criteria:

1) conduction losses of converter valves;

2) range of modulation indexes at which the converter can

operate (coupling of ac and dc sides);

3) harmonic voltages/currents for ac/dc sides;

4) combined power rating per unit of transferred power of

thyristors and VSC valves with respect to the FB-MMC.

Moreover, the conditions and assumptions employed for this
comparison are listed as follows:
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TABLE II
COMPARISON OF COMBINED POWER RATING OF SEMICONDUCTORS FOR ALL HYBRID CONVERTERS SHOWN IN SECTION IV-E WITH RESPECT TO THE FB-MMC

FB-MMC AFCB-MMC TBPG-MMC AAC ECTB [34] MEMC HACC METDC
[29]. [30] [31]. [32] [17]. [44] {CTB [20]} [22], [23] [35], [45] [24]
Building block (BB) Fig. 3 Fig. 7(a) Fig. 7(b) Fig. 7(d) Fig. 8(a) Fig. 8(c) Fig. 8(d) Fig. 8(e)
Configuration of building - - . ) . R - R . -
blocks (BBs) Fig. 9(a) Fig. 9(a) Fig. 9(a) Fig. 9(b) Fig. 9(c) Fig. 9(c) Fig. 9(c) Fig. 9(d)
Number of BBs per phase h h h
(NP™) NPP NPP NPP 2 1{1} 1 1 1
Number of thyristor valves
per BB (N\';)ablvc) - 2 1 1 2 {2} 4 2 4
Number of thyristors per
valve (Naew) - 2 2 2 2 {2} 2 2 2
Peak voltage of each 2Vie 2Vie 2Vae Vie Ve v Ve
thyristor valve (V2K ) - NP oh 3 {Vac} o de T2
Sum thyristor voltage rating 8Vac 4Vae
per phase (V\ii\rj:) - 8Vae 4Vie 3 {4Vae} 4Vae 4Vac 4Vae
Peak current of each thyristor 3. - o PO 3. 3. -
valve (IP:I ) - ZIO 1o 1o I, {1} 2l glo 1o
Number of VSC valves per *
BB (NP5 ) 1 1 1 1 2 {1} 2 [2,1] 1
Number of devices per VSC t
valve (Noawo) 4 4 4 4 4 {4} 4 4 2
Peak voltage of each 2V 12Vqe 2V 2Vac Ve { Vac } Vace [V Vae . Vae
VSC valve (VX h 2 b b - des
valve (Vi i0e) NPE 2 NPP NP 3 2 2 2 2 2
Sum VSC-valve voltage 16Vac
rating per phase (V.2;P") 8Vae 4Vac 8Vae 5 4Vae {2Vac} 4Vac 10Vae Ve
Peak current of each 3. 3. - - PO EIN 3. .
Z 2 i 2 2
VSC valve (Ip:l B 4In 4In 1o I, I, {1} 710 SIn I,
Thyristor power rating
(p.u. wrt FB-MMC) - 1 0.67 0.44 0.67 {0.67} 0.5 0.25 0.67
VSC power rating
(pu. wrt FB-MMC) 1 0.5 1.33 0.89 0.67 {0.33} 0.5 0.63 0.17

The combined power rating was calculated for the same transferred power, dc-link voltage V., modulation index M =1 and power factor cos ¢ = 1. Note

that I, represents the amplitude of the ac-side current.

“Note that the two-element vector notation, i.e., [X,y], denotes that the corresponding component is used in two different parts of the converter circuit that
require different ratings. Thus, the semiconductor power rating of the corresponding component is calculated in two steps: (a) element-wise multiplication of
the associated two-element vectors and multiplication with the scalar values, as specified by (1); (b) summation of the results of the element-wise calculations

performed in step (a).

"The VSC valves of the METDC comprise only a small number of FB SMs that are required for the forced commutation of the thyristor valves. Hence, for
the rating calculations it is assumed that the METDC’s VSC valves consist only of HB SMs; so the number of devices is set to Nge = 2 that represents HB

SMs.

This represents a worst case, as the peak current of the VSC valves for the ECTB and the CTB might be lower than I, depending on the thyristor-commutation

instants.

the conduction losses have been evaluated based on the
type and number of components that are in the main
current path;

the modulation index range has been defined as
wide/narrow/tight depending on whether the converter can
regulate the ac-side voltage in a wide/narrow range, re-
spectively, but without affecting the dc-side voltage—this
is termed also as ac-/dc-side coupling;

harmonic voltages/currents for ac/dc sides have been only
qualitatively evaluated, based on the operating principles
of the converter and not via detailed studies or simu-
lations (alternatively, if simulation/experimental results
have been presented in the related papers, the harmonics
have been evaluated from these results);

the thyristor-based AAC was assumed to operate in a
similar manner as the EO-AAC described in [16], i.e.,
with wide modulation index range and without sixth-order
harmonic in the dc-link voltage;

the combined power rating per unit of transferred power is
the ratio of the combined power rating of semiconductor
devices and the power transferred by the converter;

6) the reference (i.e., 1 p.u.) for the relative per unit calcula-
tions is the combined power rating of the VSC clusters of
the FB-MMC;

7) the calculation of the combined power rating of thyristors
and VSC valves has been performed for the same trans-
ferred power, dc-link voltage, modulation index M =1,
and power factor cos p=1.

The combined power rating is calculated as the product of
the blocking voltage, the peak current, the number of devices
per valve, and the number of valves per converter, where valve
stands for either a thyristor valve or a VSC arm/cluster; notably,
the combined power rating is given by

= 3V PPN

valve “valve

Nyo, VPE [Pk

valve” valve

Svalve = 3N§1};Nbb

valve

()
where Syave 18 the combined power rating of the valves in VA,
Nbpf; is the number of building blocks per phase, N\l,’;ive is the
number of valves per building block, Nge, is the number of
semiconductor devices for the main component of the valve,
VPE and IPX the blocking voltage in V and peak current

valve valve

in A of each valve. Note that the product of NP, NPh

valve’
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TABLE III
QUALITATIVE COMPARISON OF HYBRID CONVERTERS SHOWN IN SECTION IV-E WITH RESPECT TO THE FB-MMC

FB-MMC AFCB-MMC TBPG-MMC AAC ECTB [34] MEMC HACC METDC
[29], [30] [31], [32] [17], [44] {CTB [20]} [22], [23] [35], [45] [24]
Conduction losses of High Low Low Medium I\:Iedlur‘n Medium High Low
converter valves {Low}
Modulation index range . . . . Wide (No) .
(ac/de-side coupling) Wide (No) Wide (No) Wide (No) Wide (No) {Narrow (Yes)} Wide (No) Narrow (No) Narrow (Yes)
Low-prder voltage Low/Low Medium/Low Low/Low Low/Low LQW/LOW Low/Low Low/Low Low/Medium
harmonics (ac/dc side) {High/Low}
Low-order current |y oy ou | MediumLow | LowLow | LowLow Low/Low LowlLow | LowLow | Low/Medium
harmonics (ac/dc side) {High/Low}
STAT(,:OM operation Yes No Yes Yes Yes {Yes} Yes Yes No
during dc faults

Note that all hybrid converters feature dc-fault ride-through capability. Regarding the modulation index range, the denotations narrow and wide imply
capability to vary the modulation index by <420% and >+20% from the nominal value, respectively.

Ny, and VP& yields the sum voltage rating of the valve per

valve
phase, which is represented by szal’gf in (1). In order to clarify
some of the aforementioned variables, the FB-MMC is used as
example. More specifically, the FB-MMC is considered to be
constructed by combining N,f]? building blocks (i.e., FB SMs)
per phase, while each VSC valve comprises a single building
block (in this case the VSC valve is the same as the VSC
SM), i.e., NP =1. Thus, Ngey =4, as the main component
of the VSC valve is the FB SM that comprises four IGBT
devices.

Then, the normalized combined power rating of each hybrid
converter is calculated by

Shyb /Shyb Shyb

Shyb — valve o _ valve
norm SMMC/S})\/IMC SMMC

valve valve

@)

where S™P s the normalized combined power rating of the hy-

brid converter in p.u., S\}gﬁe and Sggffff the combined power rat-
ing in VA of the hybrid converter and the FB-MMC, respectively,
both of which are calculated by (1), while S"™" and SMMC g
the transferred power by the hybrid converter and the MMC, re-
spectively. Therefore, the ratios S™%_/ShYP and SMMC / GMMC
represent the combined power rating per unit of transferred
power of the hybrid converter and the MMC, respectively. Yet,
as mentioned in the conditions for the comparison of the hybrid
converters, the calculations of the combine power rating of
semiconductors are performed for the same transferred power;
hence, S = SMMC and both of these variables are eliminated
in (2).

The power rating of the thyristor and the VSC valves of the
hybrid converters presented in this article have been calculated
based on the previously described method and are summarized
in Table II. Table II shows that most of the hybrid converters
have lower VSC valve rating compared to the FB-MMC, apart
from the TBPG-MMC. The reason is that the peak current of this
converter is higher than that of the FB-MMC, as it is assumed
to operate as the EO-AAC and at M =1. The combined power
rating of the thyristors is in the range of 0.5-0.7 p.u. for most
of the hybrid converters except for the AFCB-MMC, the AAC,
and the HACC. The first requires more thyristor rating because
it is constructed by thyristor-based half-bridge SMs, the second
requires less thyristor rating due to the reduced voltage rating

of the director switches (when operated as the EO-AAC [16])
compared to the cluster of FB SMs per arm, the third required
less thyristor rating due to the reduced peak current, while the
third mainly comprises RC/RB switches.

The qualitative characteristics of the hybrid converters of
Table II are outlined in Table III, which shows that the con-
verters with the lowest conduction losses are the AFCB, the
TBPG-MMC, the CTB, and the METDC. Moreover, most of
the topologies do not suffer from ac/dc coupling due to their
capability to control the modulation index in a wide range
without adjusting the dc-side voltage. The exceptions are the
CTB, the HACC, and the METDC. The CTB, which is the ECTB
without the series decoupling circuits, operates in a narrow range
of modulation indices; yet, modulation techniques have been
developed for extending this range sufficiently for the HVdc
applications [19]. The HACC should be operated in a narrow
range of modulation indices for ensuring equal peak currents
through all arms. Moreover, the METDC are limited to a narrow
range of modulation indices because the peak ac-side voltage is
linked to the dc-link voltage.

Most of the topologies feature good harmonic performance,
meaning that they do not introduce lower order harmonics in
the voltages/currents either on the ac or dc sides. The only
exceptions are the AFCB-MMC, the CTB without the series
decoupling circuits connected to the ac terminals, and the
METDC. Another exception is the thyristor-based AAC that is
not operated in the EO-AAC mode, which generates low-order
current harmonics on the dc side [15].

By comparing Tables II and III, it can be observed that there
is a tradeoff between the favorable VSC features and the total
VSC rating. More specifically, the converters with low-VSC
power rating, like the CTB and the AFCB, tend to lose favor-
able VSC features, like good harmonic performance and wide
modulation index range. Thus, the low-VSC power rating seems
to be an indication that the hybrid converters might have more
similarities to the LCC rather than the VSC, in terms of steady-
state operation. One exception to this is the MEMC that features
the favorable VSC characteristics at low VSC power rating. On
the other hand, the hybrid converters with higher VSC power
rating and lower thyristor rating, such as the TBPG-MMC and
the ECTB, seem to have more similarities to the VSC rather than
the LCC.
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B. Discussion on Fault-Ride-Through Capabilities

For HVdc applications, the converters are typically required
to ride through the following faults:

1) dc-side faults, during which the dc-link voltage drops

significantly (i.e., by more than 50%);

2) symmetric ac-side faults, during which the voltage of all
three phases drops significantly (i.e., by more than 50%);
and

3) asymmetric ac-side faults, during which the voltage of one
or two phases drops significantly (i.e., by more than 50%).

Therefore, the capability of the hybrid converters to ride-
through these faults is quite important. Yet, as the evaluation of
fault-ride-through capability is a complex process that requires
extensive simulation studies, the purpose of this section is to
merely discuss the potential of the hybrid converters of Table III
to ride-through the aforementioned faults.

The hybrid converters described in this article consist of
FB-SM clusters and thyristors, which offer the possibility of
handling dc faults in different ways. Some potential ways of
dc-fault ride through are listed as follows.

1) DC-fault ride-through via the FB-SM clusters: this can
be achieved by diverting the dc-fault current in conduc-
tion paths with FB SMs, which can inject voltages that
oppose and extinguish the fault current or can operate in
STATCOM mode.

2) DC-fault ride-through via LCC mode of thyristor bridges:
this can be achieved by diverting the majority of the
dc-fault current in the thyristor bridges and using a control
strategy similar to that of an LCC (i.e., driving the con-
verters at both sides of an HVdc link into inverter mode,
as described in [1, Ch. 8]);

3) DC-faultride-through via double thyristor bypass: this can
be achieved by triggering thyristors in both directions, so
that both dc and ac sides are short-circuited and isolated
from each other, as shown in [42];

4) DC-faultride-through via thyristor bypass and STATCOM
(or blocking) mode of FB-SM clusters: this is performed
by turning ON the suitable thyristors that both short-circuit
the dc link (see previous point) and interconnect the FB-
SM clusters in a configuration that can operate in STAT-
COM mode (or enter in the blocking state for inhibiting
the ac-side to feed fault current to the dc side);

5) DC-fault ride-through via thyristor bypass/block: this is
performed by turning ON the suitable thyristors for short-
circuiting the dc link, combined by blocking other thyris-
tors to interrupt the current path from the ac to the dc side.

However, note that these dc-fault ride-through strategies are
not applicable to any hybrid converter of Table III. Notably, each
hybrid converter might not be able to employ all these strategies,
while the fifth strategy can only be utilized by the METDC. For
example, the TBPG-MMC can ride through dc faults by utilizing
the first strategy, as demonstrated in [31] and [32], or the second
or third strategies, but not the fourth strategy; this is because
thyristor bypassing would lead to bypassing of all FB-SM
clusters and thus STATCOM mode of the latter is not possi-
ble. The first strategy can be utilized by the TBPG-MMC, the

thyristor-based AAC, the ECTB, and the HACC. Furthermore,
the second strategy can be employed by all hybrid converters of
Table III except for the thyristor-based AAC and the MEMC;
yet, it might not be the most preferred option for the ECTB and
the HACC, as a portion of the thyristor-valve current necessarily
flows through FB-SM clusters. The third dc-fault ride-through
strategy can be utilized by the AFCB-MMC, the TBPG-MMC,
and the CTB, while the fourth strategy can be utilized by the
ECTB, the MEMC, the HACC. Finally, the METDC can utilize
only the fifth strategy, as its mixed HB/FB-SM clusters are not
in the fault-current path. In summary, all hybrid converters of
Table III can handle dc faults by employing one or several of the
outlined strategies.

Furthermore, the capability of the hybrid converters of Ta-
ble IIT to ride through ac faults is linked to the modulation
index range at which these converters can operate. Notably,
the hybrid converters that can operate at a wide modulation
index range have the potential to ride through both symmetric
and asymmetric ac faults. However, a narrow modulation index
range indicates that ac-fault ride-through will be challenging, if
not impossible. More specifically, symmetric ac faults for which
the voltage of all phases drops significantly (i.e., by more than
50%) would require tap-changing functionality for the converter
transformers. In this way, the voltage at the converter winding
of the transformer can be regulated to levels that are within the
modulation index range of the converter.

Moreover, dealing with asymmetric ac faults might require
to devise special strategies (control and/or modulation) for ex-
tending the modulation index range and operating with different
per-phase modulation indices during the faults. This is because
in asymmetric ac faults, the voltage of one or two phases drops
significantly and hence the modulation index of the correspond-
ing converter phase legs needs to be reduced accordingly; this
reduction imposes modulation indices that are outside of the
narrow range that can be utilized during steady-state conditions.
In addition, the phase leg(s) that are connected to the healthy
phase(s) must operate at modulation indices suitable to support
the nominal grid voltage. One notable example of such a special
strategy is the one developed for the CTB in [19]. In this case,
the modulation index range is extended at the expense of dete-
riorated harmonic performance, which is an acceptable tradeoff
during faults. Finally, note that, similarly to symmetric ac faults,
per phase tap-changing control might be a possible option for
allowing the hybrid converters with narrow modulation index
range to ride through asymmetric ac faults.

VI. HVDC SYSTEM BASED ON HYBRID TOPOLOGIES
A. Hybrid LCC and VSC HVDC Converter Station Structures

It is clear from the previous sections and Table I that the
thyristor-based LCC and IGBT-based MMC have complemen-
tary characteristics. It is highly desirable to have an HVdc
system, which, preserves the combined advantages of a VSC
and an LCC in one unit without suffering from their disadvan-
tages. Recently, significant research interests have developed to
form/derive hybrid HVdc converter stations by combining LCC
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I

Fig. 10. Hybrid converter with LCC and MMC. (a) Series [48]-[52] and
(b) parallel [53], [54] hybrid converter HVdc systems. Note that in high-power
HVdc applications, single-phase transformers are typically employed. Active
and reactive power flows are denoted by appropriate arrows and signs.

and MMC technologies. In all these hybrid configurations, the
LCC and VSC are combined at the converter level without any
significant changes in their operating principles and functional-
ities.

There are two broad categories of hybrid converter structures.
The first category combines a VSC and an LCC by treating them
as independent units (HVdc-station level) by connecting them
in series at the dc side and in parallel at the same ac-side busbar.
There are two possible configurations for such a hybrid converter
system, the dc-series [48]-[52] and the dc-parallel [53], [54]
one. More complicated structures by combining dc-series and
dc-parallel configurations are also possible, but they require
complicated control, more semiconductors, and higher costs;
yet, such complicated structures may prove advantageous in cer-
tain applications, as discussed in [55]. Such hybrid dc-series and
dc-parallel systems can offer benefits such as generation of the
needed LCC reactive power by the VSC [48], [49], independent
P-Q control [49], [56], interconnection to a weak ac system,
lower risk of commutation failure using fast alternate-voltage
control [49], [52], [57], [58], and reduction/elimination of the
ac filters required for the LCC, provided that the VSC can be
used as an active filter [50], [59], [60].

A dc-series hybrid converter consists of a series connection at
the dc side of one LCC and one VSC, as shown in Fig. 10(a) [48]-
[52]. In this configuration the VSC, while participating in active
power transfer, also generates the reactive power demand of the
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LCC and supports the ac terminal voltage. This configuration
may be considered for upgrading of an LCC connected to a
weak ac power system. In such a case, where increasing the
dc-link current is not an option, the inverter voltage may be
increased by connecting a new VSC in series to the existing
LCC. This series system also features the advantage that the
VSC does not contribute any short-circuit power during a solid
ac-side fault [53]. Hence, the short-circuit power capability of
the grid can be low. However, one of the main limitations of this
configuration is the complexity of the dynamic power reversal,
which needs additional mechanical switches to interchange the
dc pole connections for reversing the voltage polarity across the
VSC[49], [53]. This is because the power reversal for the LCC is
achieved by reversing the direct-voltage polarity by firing angle
control, while the current direction remains unchanged [10],
[49]. Nonetheless, if VSCs with voltage-reversal capability, such
as the full-bridge MMC [56], are employed, the dynamic power
reversal can be greatly simplified.

A dc-parallel hybrid converter, which can be considered as the
dual form of the dc-series hybrid converter, consists of a parallel
connection of one LCC and one VSC, as shown in Fig. 10(b)
[53], [54]. This configuration can be considered for providing
real power to a very weak electrical system, which is not possible
with only LCC. It can also be used for power upgrading of an
existing LCC system connected to a weak ac system. In such
cases, it is required for generating reactive power [53]. Since
the dc-link voltage cannot be increased, a new parallel VSC
added to the LCC can help in increasing the inverter current.
Since the VSC can also fulfil the reactive power demands of
LCC, the static capacitor banks (see Fig. 2) may be eliminated.
Note that the dc-parallel system may not be suitable for very
high-voltage applications due to the rating limitations of IGBTs
if the conventional two-level VSCs are used. Nonetheless, this
limitation can be addressed up to some extent by using the MMC
[9] as the parallel connected VSC. The dc-parallel hybrid system
also suffers from the limitation of dynamic power reversal in
the same way as the dc-series system. Again, this limitation is
not applicable to the VSC topologies that have the capability to
reverse their dc-link voltage, such as the FB-MMC [56].

In the second category of hybrid topologies, the LCC is used
as the active-power-transmitting converter and the modular (or
monolithic) VSC is used for reactive power compensation of
the LCC. In these hybrid converters, the VSC can be connected
to the ac terminals of the LCC either in series [61]-[63] or
in parallel [64]-[67], as illustrated in Fig. 11(a) and (b). In
[56], a detailed review and analysis of such topologies with
modular VSCs is presented. The modular VSCs, constructed
by FB SMs, inject voltage (when connected in series to the LCC
ac terminals) or current (when connected in parallel to the LCC
ac terminals) at the ac side of the LCC and can be realized
using different circuit configurations, as shown in [56]. Finally,
hybrid converters of both the first (LCC and VSC connected in
series at the dc side and in parallel at the ac side) and the second
(VSC connected in series or parallel at the ac terminals of the
LCC) categories are compared in terms of semiconductor power
rating and the capability to independently control the active and
reactive powers in [56].
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TABLE IV
COMPARISONS OF THE HYBRID STATIONS OF Fig. 10

Series hybrid station [Fig. 10(a)]

Parallel hybrid station [Fig. 10(b)]

VSC dc-terminal
voltage rating

VSC dc-terminal
current rating

Partial dc-link voltage
DC-link current
Active-power limitation Limited by VSC current rating
Current source

Voltage/current source

Suitable VSC topology

High-current capable VSC (e.g., HACC)

DC-link voltage
Partial dc-link current
Limited by LCC and VSC current rating
Voltage source

High-voltage capable VSC (e.g., Series hybrid MMC)

Ve * L ‘.’ oy
e
-0 -
_|
(a)
+ Td’
Vdc *\
-]
_| —_—
E -0
(b)

Fig. 11. Hybrid converters with the LCC transferring active power and the
VSC compensating the reactive power of the LCC. The VSC can be connected
to the ac terminals of the LCC in: (a) series [61]-[63]; or (b) parallel [64]-[67].
Note that the VSCs can be connected to the primary or secondary winding of
the LCC transformers with or without VSC transformers. Active and reactive
power flows are denoted by appropriate arrows and signs.

B. Comparisons of Hybrid Stations

Table I'V shows the comparisons between series hybrid station
and parallel hybrid station. Note that comparison is performed
under the following conditions.

1) The LCC is in current control mode for the dc side.

2) The VSC can be either in voltage or current control mode
for the dc side.

The ac- and dc-side systems are identical for both hybrid
stations.

4) The turns ratio of all transformers is 1:1.

Since the stations are dual configuration of each other, the
voltage and current rating of VSC converters are also dual re-
lationship. The IGBT current limits a possible maximum active
power transfer of the LCC for the series hybrid station, whereas

3)

the parallel hybrid station can utilize all power capability of the
converters. The VSC can operate either voltage control mode or
current control mode, where the LCC should operate opposite
way from the VSC. Due to the constraint of current rating of
the VSC, a suitable hybrid topology should be selected based
on the station configuration, e.g., series hybrid station requires a
high-current capable VSC to maximize the LCC power, whereas
the parallel hybrid station requires high-voltage capable VSC to
match with LCC rating.

Similar to the hybrid stations of Fig. 10, the two stations
shown in Fig. 11 are also dual. Notably, the VSC of the hybrid
station shown in Fig. 11(a) and (b) can provide reactive power
by injecting voltage and current, respectively, to the ac-side
of the LCC. The power rating of the VSCs is defined by the
level of reactive power compensation required, while the dc-link
voltage can be decided based on the turns ratio of the employed
transformers, which is an important degree of freedom on the
design of these VSCs. For example, a VSC with the same voltage
and current rating could be used as either the series VSC of
Fig. 11(a) or the parallel VSC of Fig. 11(b), if a transformer that
either steps downs or steps up the VSC voltage is employed,
respectively.

Furthermore, acommon dc link for both the series and parallel
VSCs is desirable for allowing energy exchange between the
different phases of the VSCs. This is important for compensating
the negative sequence voltage/current together with positive
sequence voltage/current without significant converter overdi-
mensioning, as observed in modular STATCOMs [68], [69].
Suitable hybrid topologies for the series and parallel VSCs of
Fig. 10 are those that can achieve high reactive-power capability
with minimum semiconductor power rating.

VII. CONCLUSION

This article presents the derivation, evaluation, and topology
selection methodologies of hybrid converters comprising of
IGBTs and thyristors. These hybrid converters combine signif-
icant benefits of both the LCC and VSC technologies. Various
topologies are developed using different combinations of RB
or RC switches and clusters comprising of VSC SMs. The
proposed method for deriving hybrid converters is based on
the topology tree that is introduced in this article. By using the
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proposed derivation method, different hybrid converters have
been synthesized and categorized. A detailed comparison of
several hybrid converters based on some important criteria,
such as efficiency, modulation index range, harmonic profiles on
ac/dc sides, and semiconductor power rating, is presented. This
comparison shows that the behavior of hybrid converters can be
more similar to either the LCC or the VSC, depending on the
ratio of thyristors and IGBTs employed. Several hybrid LCC and
VSC HVdc converter station configurations are analyzed and
compared. In most cases, the specific application requirements
dictate the most suitable hybrid converter configuration. General
trends, challenges, and future scopes in the field of hybrid con-
verter technology are presented as well. Active and continuous
research in this area is important to provide the best candidate
that could replace both the LCC and MMC technologies without
losing the functionality required for the HVdc systems. It is
clear that new grid codes, new application requirements, and
the development of semiconductor devices will drive the future
research in this area.
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