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Abstract
This paper presents the basic operating principles of a new hybrid converter that combines thyristors and
full-bridge (FB) arms for achieving high active-power capability. This converter consists of a modular
multilevel converter (MMC) equipped with additional common arms, which alternate between the upper
and lower dc poles. This alternation is achieved by the thyristors that are utilized as director switches and
allow the parallel connection of the common arms and the arms of the MMC. The main contributions of
this paper are the analysis of the operating principles, the simulation verification of the functionality of
the proposed converter, and the comparison of the latter with the full-bridge modular multilevel converter
(FB-MMC).

Introduction
The thyristor-based line-commutated converter (LCC) has been employed since the 1960s for enabling
high-voltage dc (HVDC) transmission. LCCs exhibit high power capability and high efficiency due to the
excellent current capability and on-state characteristics of thyristors. In addition, they can ride through
dc faults by simple firing angle control. However, they consume reactive power, have difficulty riding
through ac disturbances without commutation failures, and cannot control active and reactive power
independently. Conversely, VSCs are capable of controlling active and reactive power independently and
can ride through ac disturbances well. The state-of-the art in VSC technology is the modular multilevel
converter (MMC) [1] with half-bridge (HB) cells, which features higher efficiency and significantly better
harmonic performance than other VSCs. The main disadvantages of the HB-MMC are the inability to
handle dc faults and the relatively large cell capacitance. Moreover, the efficiency of the HB-MMC is
still lower than that of the LCC, due to the inferior conduction characteristics of the IGBTs compared
to the thyristors. In addition, the lower current capability of the IGBTs prohibits the HB-MMC from
transferring as much power and handling as high fault currents as the LCC.

Due to the complementary characteristics of the LCC and the MMC, several topologies have been pro-
posed with the aim of combining the two technologies. More specifically, various topologies for enhanc-
ing the reactive-power capability of the LCC have been reviewed in [2]. The bypassing of several cells
with thyristors has been proposed in [3], [4] so as to reduce the conduction losses of the MMC. Fur-
thermore, thyristor-based HB cells with FB cells for enabling forced commutations have been proposed
in [5] for increasing the power capability and lower the conduction losses (similar attempts for FB-MMC
can be found in [6], [7]). In [8], a neutral-point clamp structure that combines thyristors and MMC arms
is proposed for reducing the required number of cells and cell capacitance of the MMC.



The main contribution of this paper is the introduction and analysis of a hybrid VSC topology that
combines thyristors and FB cells for achieving higher power capability than the MMC with similar
harmonic performance. Moreover, the functionality of the proposed converter is verified via simulations.
Finally, the proposed converter is compared against the FB-MMC in terms of transferred power, voltage
ripple, and conduction losses.

Operating Principles
The proposed hybrid converter is illustrated in Fig.1 and consists of:

• two main arms, i.e., upper and lower, which form a leg identical to that of a conventional MMC;

• two director switches, i.e., upper and lower, which can be any self-commutated device or thyristor;

• one common arm/chainlink that is connected between the midpoints of the MMC leg and the
director switches;

• two main inductors (Lu, Ll) that are utilized for current-control and current-filtering purposes;

• three inductors inside the loops formed by the main and common arms that are utilized for current-
control and fault-handling purposes.

Note that the purpose of this paper is to present the main concept and operating principles of the hybrid
converter; thus, aspects of circuit design, such as dimensioning of the inductors, are not covered.

The operating principle of the proposed converter relies on the distribution of arm currents of the MMC.
More specifically, the arm currents of the MMC consist of a dc component and an ac component, which
are equal in amplitude for both arms but opposite in phase. This implies that when the current of the
upper arm is high, the current of the lower arm is low, as illustrated by the waveforms on the right-hand
side of Fig.1. Based on this observation, the common arm can be connected to the upper and lower arm
when the respective current is high. Therefore, the switching states of the proposed topology are defined
based on the current value of the upper and lower arms. These switching states are illustrated in Fig.2
and are summarized as follows:

• interval ∆tcsu in the waveforms of Fig.2, or first half-cycle: the current of the upper arm is high;
hence, the upper director switch is ON for connecting the common arm in parallel with the upper
main arm;

• interval ∆tcsl in the waveforms of Fig.2, or second half-cycle: the current of the lower arm is high;
hence, the lower director switch is ON for connecting the common arm in parallel with the lower
main arm.

Note that the waveforms of Fig.2 illustrate the sum of the current of the main and common arms, which
is identical to that of an MMC. Moreover, the voltage of the main arms is also identical to that of an
MMC. Furthermore, the voltage of the common arm is equal to that of the upper and lower main arm
for the first and second half period, respectively. In this way, the common arm can be rated for half the
voltage of the main arms. In summary, the voltage of the upper, lower, and common arms are given by
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Fig. 1: Proposed hybrid topology and respective
waveforms, denoting the intervals ∆tcsu, ∆tcsl, dur-
ing which current is shared between main upper
and commutation arms, main lower and commu-
tation arms, respectively.
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Fig. 2: Switching states (top) and typical volt-
age/current waveforms of upper (bottom left) and
lower (bottom right) arm of the hybrid topology.

where Vd is the dc-link voltage, V̂o is the amplitude of the output voltage, ω1 is the fundamental angular
frequency, while υu(t) (or υum(t)), υl(t) (or υlm(t)), and υm(t) are the voltages of the upper, lower, and
common arms, respectively.

Energy Balancing
Even though the current sharing between main and common arms is an interesting feature of the proposed
topology, it disturbs the energy balancing of the main arms. This is caused by the fact that the current of
each main arm is shared only during one half cycle. For the other half cycle, the current of each main arm
is identical to that of an MMC. Thus, the current through each main arms deviates from that of an MMC
for one half cycle, leading to energy imbalance. In order to ensure energy balance, a current circulating
among the parallel connected arms is required. This current is termed balancing current, represented by
Idx, and studied under the following assumptions:

• the balancing current is assumed to be dc; and

• the extinction time (tq) of the thyristor director switches is not considered, i.e., the alternation of
the common arm between the upper and lower dc poles occurs instantaneously.

For the purpose of estimating the balancing current, the equations for the current of the main and common
arms must be defined. Since the operation for both upper and lower arms is symmetrical, only the
quantities of the upper arm are treated. Furthermore, the current sharing between main and common
arms is accounted for by introducing the current-sharing factor p. This factor ranges between 0-1 and
represents the portion of the total arm current that flows through the upper main arm. More specifically,
p = 1 denotes that the total arm current flows exclusively through the main arm, which implies that the
proposed converter operates exactly as the MMC. Note that the total arm current should always be equal
to that of an equivalent MMC; thus, it is expressed by

iu(t) =
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3
+
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2
sin(ω1t−ϕ), (4)

where iu(t), Id, and io(t) are the total arm current (or the sum of main- and common-arm currents), the
dc-link current, and the output current, respectively, whereas M is the modulation index and ϕ is the



power angle. Based on the definitions of the total arm current and the current-sharing factor, the currents
through the main and common arms can be expressed as

ium(t) =

{
piu(t)+ Idx, 0≤ ω1t < π

iu(t), π≤ ω1t < 2π.
(5)

im(t) =

{
(1− p)iu(t)− Idx, 0≤ ω1t < π

Idx− (1− p)il(t), π≤ ω1t < 2π,
(6)

where im(t) is the current through the common arm and il(t) is the total current through the main lower
arm, which can be expressed by (4) after changing the sign of io(t).

In order to derive the balancing current, the product of (1) and (5) is integrated over one fundamental
period, set equal to zero and solved for Idx. The resulting balancing current Idx is expressed by

Idx =
(1− p)

2
2−M2

π−2M
Îo cosϕ, (7)

where p is the current-sharing factor and M is the modulation index, which is given by M = 2V̂o/Vd.
Note that (7) reveals three points, namely,

1. Idx is proportional to the current-sharing factor (p);

2. Idx becomes zero for M =
√

2; and

3. Idx becomes infinite for M = π/2.

Thus, the balancing current depends on both the current-sharing factor p and the modulation index M.
This implies that the high-peak currents of the main and common arms are affected by the modulation
index M. As a consequence, the power transfer capability of the converter changes depending on M, as
will be shown in Section IV.

The current waveforms of the upper and main arm can be calculated based on (5), (6), and (7), for any
current-sharing factor p, modulation index M, and power angle ϕ. It was found that by operating the
proposed converter under the conditions of p = 0.1, M = 1.23, and cosϕ =±1, the peak currents of the
main and common arms become approximately equal. This is clearly shown by the waveforms of Fig.3,
which includes the corresponding voltage waveforms. In Fig.3 it is also shown that the total arm current
as seen from the dc side, i.e., iu(t), is similar to that of an MMC.

Thyristor Commutation
It is well known that the thyristors can be turned on by supplying a current pulse to their gate, but that
they rely on the external circuit for turning off. More specifically, in order for the thyristor to turn off,
its current must be brought to zero and after that, it must remain reverse biased for a time interval higher
than the turn-off time, which is commonly denoted in the literature and in datasheets by the symbol
tq. Note that this turn-off time corresponds to the minimum extinction angle that is usually found in
the LCC-related literature. In the proposed topology, the thyristor commutation process can be fully
controlled by the common arm, as illustrated in Fig.5, and can be described by the following steps:

1. the thyristor Tsu conducts and the common arm controls the current im(t);

2. the common arm starts forcing the current through the thyristor to zero by generating a voltage Vr
that drives a current ir that is opposite to the current im(t) – this step lasts for a time denoted as tdi;

3. the current through the thyristor Tsu is zero and the voltage Vr reversely biases the thyristor – this
reverse voltage must be maintained for a time duration higher than tq;
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Fig. 3: Voltage and current waveforms of upper
main arm (solid blue lines) and of common arm
(dashed red lines) for p = 0.1, M = 1.23, ϕ = 0
and instantaneous commutations.
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Fig. 4: Voltage and current waveforms of upper
main arm (solid blue lines) and of common arm
(dashed red lines) for p = 0.1, M = 1.23, ϕ = 0
and commutation time 500 µs.
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Fig. 5: Illustration of steps required for thyristor commutation process.

4. once the previous steps have been executed successfully, the thyristor Tsu can sustain any voltage,
reverse or forward, and the commutation process is terminated.

In this paper, the term commutation time ∆tcom is introduced for characterizing the commutation process
and is equal to the sum of the time required for the thyristor current to become zero tdi plus the extinction
time tq. The first term tdi depends mainly on the total inductance in the loop formed by the thyristor, the
main and common arms, as well as the magnitude of the reverse voltage Vr generated by the common
arm. All these parameters are selected for achieving a certain rate of change of the thyristor current,
which should be in the range of di/dt = 10–20 A/µs. The second term tq is mainly dependent on the
employed thyristor and ranges 300-800 µs for high-power thyristors and is typically defined in datasheets
for a certain di/dt, which is in the range defined previously. The impact of the commutation time on
the current waveforms of the main and common arms is depicted in Fig.4. The commutation time in
Fig.4 is 500 µs and the commutation interval is shown clearly in the current of the common arm that
becomes zero around the half and full period. It was found that this is the commutation time that should
be employed for increasing the power-transfer capability of the proposed converter by a factor 1.9, under
the conditions of p = 0.1, M = 1.23, and cosϕ =±1.

Results
In order to demonstrate the operation of the proposed converter, simulation results of a single-phase
model are presented. Again, the focus of this paper is to demonstrate the concept of the proposed con-
verter and not to present all the practical details. Therefore, the control structure is described briefly. The



main arms of the proposed converter are controlled by the conventional output- and circulating-current
controllers, as presented in [9], and are modulated via (2N +1) phase-shifted carrier (PSC) modulation,
as presented in [10]. The sum-capacitor voltage of the main arms is controlled via the hybrid control
presented in [9].

The common arm is controlled via a current-sharing controller that regulates the current im(t). That is a
proportional controller supplemented with feedforward terms for eliminating the steady-state error due to
the resistive and inductive voltage drops. The feedforward term for the inductive voltage drop is supplied
via a bandpass filter tuned at the fundamental frequency, as presented in [11]. Moreover, for achieving
the current sharing, the voltage of the common arm should basically follow the voltage of the main arms
with some small deviation that corresponds to current regulation. Therefore, the reference voltages of the
main arms are also provided as feedforward terms to the current-sharing controller. The sum-capacitor
voltage of the common arm is also controlled via the hybrid control presented in [9]. Nevertheless,
the common arm must fulfill three main functions: 1) current-sharing control; 2) thyristor-commutation
control; and 3) voltage transition (limiting dV/dt) control. Therefore, apart from the aforementioned
current-sharing controller, the common arm is supplemented by:

1. a commutation controller that ensures the generation of the voltage required for achieving a certain
di/dt required by the thyristor; and

2. a controller that limits the dV/dt of the common arm voltage during the transition from positive to
negative and vice versa at the instants that the common arm alternates between parallel connection
to the main-upper or main-lower arms.

For the demonstration of the proposed converter, a single-phase model of the converter has been estab-
lished, which is connected to a grid represented by a stiff voltage source in series with a phase reactor.
The parameters of the simulation model are presented in TableI, which summarizes the parameters related
to the circuit of the model, and in TableII, which summarizes the parameters related to the modulation
and control of the model.

The simulation results for inverter and rectifier mode are shown in Fig.6 and Fig.7, respectively. Both
show the voltages, currents, individual capacitor voltage of the main and common arms. Moreover,
the 3rd plot from the top of Fig.6 and Fig.7 shows the total arm currents seen from the dc side of the
converter (i.e, iu(t), il(t)), the circulating (Id/3) and the output current (io(t)). These plots show that from
the perspective of the dc or ac sides, the converter behaves as an MMC. On the other hand, the 1st and 2nd

plots from the top illustrate the current-sharing capability of the converter. More specifically, the peak
of the current waveforms is equal for all the arms, which agrees with the theoretical results presented in
Fig.3 and Fig.4. Finally, the two bottom plots demonstrate that the cell voltages are well balanced for all
arms, but the voltage ripple is relatively small for the common arm.

The simulation results are summarized in TableIII where the corresponding simulation results for an FB-
MMC are also presented. The peak arm currents are almost equal, but the proposed converter increases
the phase current by a factor 1.9 compared to that of the FB-MMC. This increase is reflected to the active
power and the dc-link current, which are increased by the same factor. On the other hand, the increase in
FB cells required for achieving this increase in power is 34% of the total FB cells per leg, i.e., 17/(2 ·25).
Moreover, by using the same energy storage (in kJ/MVA), the voltage ripple of the main-arm cells of the
proposed converter are approximately equal to the voltage ripple of the cells of the FB-MMC. Yet, the
voltage ripple of the common-arm cells is approximately 3 times lower than that of the main-arm cells.

For a more complete comparison, both the rms currents through the converter arms and the normalized
conduction losses were roughly estimated based on the theoretical current waveforms for both the pro-
posed converter and the FB-MMC. For the calculation of the conduction losses, the IGBTs were modeled
by the equivalent circuits presented in Fig.8. Since the thyristors are in anti-parallel configuration, the
equivalent circuit is the same as for the IGBTs with anti-parallel diodes. Hence, the thyristors and the
IGBTs were represented as a voltage source – with voltage equal to the threshold voltage (Von,th, Von,sw) –



Table I: Circuit parameters of the simulation
model (Root-mean square values denoted by
“(rms)”).

Parameter Value

Active power (per phase) 102 MW
Power factor (cosϕ) ±1

Grid phase voltage (rms) 23.3 kV
Phase current (rms) 4.37 kA

Phase reactor
1.6 mH

(0.1 p.u.)
DC-link voltage 53.5 kV
DC-link current 1.9 kA

Cells per main arm 25
Cells per common arm 17
Cell nominal voltage 2.5 kV

Cell capacitance
14.7 mF

(30 kJ/MVA)
Inductance per main arm 1.5 mH

Inductance of common arm 0.4 mH

Table II: Modulation and control parameters of
the simulation model (CSF: Cell Switching Fre-
quency, ESF: Effective Switching Frequency, BW:
Bandwidth.

Parameter Value

Modulation index 1.23
CSF of main arms 220 Hz

CSF of common arm 320 Hz
ESF of main arms 11 kHz

ESF of common arm 10.8 kHz
BW of output-current control loop 2.2 krad/s
BW of circ.-current control loop 1.1 krad/s
BW of curr.-sharing control loop 6.28 krad/s

BW of band-pass filters for
hybrid voltage control 50 rad/s

Thyristor commutation time 500 µs
di/dt rate during

thyristor turn-on/off 10-17 A/µs
dV/dt rate during voltage
transition of common arm 1000 V/µs

in series with the on-resistance (Ron,th, Ron,sw). Note that in Fig.8 the polarity of the threshold voltage and
the voltage drop on the on-resistance are defined so as to counteract the current through the semiconduc-
tor devices. The parameters Von,th, Von,sw, Ron,th, and Ron,sw can be extracted from the device datasheets.
It should be pointed out that no distinction was made between the IGBT and the anti-parallel diode, as
the aim of the loss calculation is to provide a rough comparison between the proposed converter and the
FB-MMC. Therefore, the knee voltage and on-resistance of the diode were set equal to that of the IGBT,
as denoted by the rightmost drawing of Fig.8. Based on this and considering that the IGBT and diode
switch complementarily (i.e., iig = isw when the IGBT is on and idi = −isw when the diode is on), the
power losses of the switch are given by

Pcond,sw = υswisw =

{(
Von,sw +Ron,swiig

)
isw =Von,swisw +Ron,swi2sw, IGBT on

(−Von,sw−Ron,swidi) isw =−Von,swisw +Ron,swi2sw, Diode on

}
⇒

Pcond,sw =Von,sw|isw|+Ron,swi2sw,

(8)

where Pcond,sw are the conduction losses of the switch, υsw is the voltage drop over the switch, isw is the
total current conducted by the switch, while , iig, idi are the currents through the IGBT and the diode,
respectively.

The normalized conduction losses were estimated by considering the energy losses on the semiconduc-
tors and the energy transferred during one fundamental period. The energy losses of each semiconductor
device were calculated by simply summing the energy losses due to the threshold voltage and the on-
resistance, which were derived by integrating (8) over one fundamental period. The result of this was
divided by the energy transferred through the converter over a fundamental cycle. This process is de-
scribed by

econd =
Econd

Econv
=

Von
∫ T1

0 |i(t)|dt +Ron
∫ T1

0 i(t)2dt
SconvT1

=
Von|i(t)|+RonI2

rms

Sconv
, (9)

where T1 is the fundamental period, Econv is the energy transferred by the converter over T1, econd and
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Fig. 6: Simulation results for inverter operation
(power factor cosϕ = 1).
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Fig. 7: Simulation results for rectifier operation
(power factor cosϕ =−1).

+
υsw

+

Von,sw

+

Ron,sw

+
υsw

+

Von,sw

+

Ron,sw

 isw

+
υsw

 iig

idi

 isw

+
υsw

 iig

idi

Fig. 8: Equivalent circuits considered for calculation of conduction losses of semiconductor components
comprising of anti-parallel switches: IGBT conducting (left), diode conducting (right).

Econd are the normalized and absolute energy losses of the semiconductor device over T1, Sconv is the
apparent power of the converter, Von and Ron are the threshold voltage and on-resistance of the semicon-
ductor device, respectively. Moreover, |i(t)| and Irms are the average of the absolute value and the rms
value of the current flowing through the semiconductor device, respectively. Finally, the total normalized
conduction losses were calculated by multiplying the result (9) with the number of semiconductors in
the conduction path. The converter conduction losses were estimated by summing the total normalized
conduction losses for the thyristors, main and common arms. The parameters Von and Ron for the con-
duction loss calculations were extracted from the datasheets of: 1) IGBT (and diode): ABB StakPak
5SNA 3000K452300-5SYA1450 [12]; and 2) thyristor: ABB 5STP 27Q8500-5SYA1081 [13]. The re-
sults show that the rms currents of all arms are slightly increased for the proposed converter, but the
normalized conduction losses are in the same range as for the FB-MMC. This is because the transferred
power of the proposed converter is increased by a factor 1.9, while the additional conduction losses in-
troduced by the common arm and the thyristors leads to an increase in losses by < 1.9 times the losses
of the FB-MMC.



Table III: Comparison of simulation results with FB-MMC.

Hybrid FB-MMC

Active power (per phase) 102 MW 53.5 MW
Power factor (cosϕ) 1 1

Grid phase voltage (rms) 23.3 kV 23.3 kV
Phase current (rms) 4.37 kA 2.3 kA

DC-link voltage 53.5 kV 53.5 kV
DC-link current 1.9 kA 1.0 kA

Modulation index 1.23 1.23
Peak arm current 2.53 kA 2.6 kA

RMS current of main arms (rms) 1.81 kA 1.52 kA
RMS current of common arm (rms) 1.72 kA N/A

Conduction losses 0.7% 0.7%
Cell capacitance 14.7 mF (30 kJ/MVA) 10.3 mF (30 kJ/MVA)

Voltage ripple–Main arms ±5.9% ±5.8%
Voltage ripple–Common arm ±1.8% N/A

Cells per main arm 25 25
Cells per common arm 17 N/A
Cell nominal voltage 2.5 kV 2.5 kV

Conclusions
In this paper, a new converter topology that combines thyristors and FB arms has been introduced. Its
operating principles have been described and simulation results are provided to confirm that the pro-
posed converter can transfer active power in the range of 1.9-2 times that of an FB-MMC by using 34%
additional FB cells, combined with two thyristor valves rated at the dc-link voltage. In addition, the nor-
malized losses and capacitor-voltage ripple of the two converters are quite similar. Yet, these results refer
to operation at cosϕ = ±1 and thus more investigations are required for evaluating the active/reactive
power capability of the converter in a broader operation range.
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