This is a peer-reviewed, accepted author manuscript of the following research article: Abdelaziz, Y. N., Ahmed, K. H.,
& Williams, B. W. (in press). New hybrid thyristor-based multilevel converter with DC fault blocking capability, for HYDC applications.
IEEE Transactions on Power Electronics, Article 10298816. https://doi.org/10.1109/TPEL.2023.3328058

New Hybrid Thyristor-based Multilevel
Converter with DC Fault Blocking Capability,
for HVDC Applications

Yousef N. Abdelaziz, Khaled H. Ahmed, Senior Member, IEEE, and Barry W. Williams

Abstract—HVDC systems are the most suitable solution for
distant high-power transmission, where modular multilevel
converters (MMCs) are now utilized due to their controllability,
modularity, redundancy, and scalability. DC fault blocking
capability in MMCs is normally achieved by using full-bridge
submodules (FB-SMs) in the arms. However, using FB-SMs
results in a high semiconductor count, which increases power
losses and the overall cost. In this paper, a new hybrid thyristor-
based multilevel converter (HTMC) with DC fault blocking
capability is proposed that uses a low number of FB-SMs with a
majority of half-bridge submodules and antiparallel thyristor
valves. The theory of operation is detailed including the function
of each element and thyristor valve commutation. Full parameter
analysis is provided for the proposed converter. The claims of the
paper are verified using a MATLAB SIMULINK model and an
experimental test rig. Additionally, a detailed comparison with
other viable converters is provided, which establishes that the
proposed HTMC converter offers a low number of IGBTs, and
lower cost and losses, with DC fault-blocking capability.

Index Terms-- Modular multilevel converter (MMC), HVDC,
Thyristors, Power control, Bidirectional power flow.

I. INTRODUCTION

Interest in high-power transmission has been increasing due
to the vast expansion of renewable sources, especially for
long distances from the grid. The most effective method for
long distances power transmission uses high voltage direct
current (HVDC) rather than high voltage alternating current
(HVAC) technology [1]. The line commutated converter (LCC)
has been utilized since the 1960s in HVDC transmission due to
the advantages of high surge current endurance, high efficiency
and DC fault ride-through capability [2]. However, LCC is
sensitive to AC grid disturbances because the grid voltage
controls thyristor turn-on and turn-off (hence may suffer from
commutation failure). Also, the LCC generates AC harmonic
currents, and is unable to control reactive power independently
from active power, hence needs reactive power compensation.

Using a two-level voltage source converter (VSC) can
eliminate most LCC drawbacks, where the VSC can control
active and reactive powers independently and can also be
connected to weak AC grids [3] but at the expense of increasing
cost, decreasing efficiency, and the abandonment of the DC
fault blocking capability [4]. Recently, the VSC-based modular
multilevel converter (MMC) has been introduced in [5], which
handles some two-level VSC drawbacks. The half-bridge MMC

(HB-MMC) is the most utilized MMC in the industry due to its
features of controllability, redundancy, modularity, and
scalability. The HB-MMC is considered to have higher
efficiency due to its low frequency operation. HB-MMC
modifications have been proposed to increase the efficiency and
reduce the number of components [6], however, the HB-MMC
cannot tolerate a DC fault [7, 8], which is a major issue in multi-
terminal DC (MTDC). Hence, a DC circuit breaker (CB) should
be used as a solution to block DC faults in a HB-MMCs based
MTDC system [9-11]. However, a DC breaker leads to higher
cost and losses. Another literature solution uses fault-tolerant
converters, such as the full bridge MMC (FB-MMC). FB-MMC
offers DC fault blocking capability but at the expense of
doubling the number of semiconductors, which significantly
increases converter cost and decreases efficiency [12]. As a
development to the FB-MMC, a hybrid MMC has been
introduced [13, 14], which replaces some of the full bridge
submodules (FB-SMs) with half-bridge submodules (HB-
SMs). Also, the converter proposed in [15], called the alternate
arm converter (AAC), replaces some of the FB-SMs with a
director switch, which is comprised of a series of connected
IGBTs. These converters aim to decrease the overall cost and
number of utilized semiconductors while maintaining DC fault-
blocking capability. Subsequent AAC converter research has
enhanced and improved its operation [16-18]. The extended
overlap AAC (EO-AAC) is one modification to the AAC
converter, where a third harmonic waveform is subtracted from
the fundamental component to achieve a smoother current and
a wider operational range at the expense of a higher number of
FB-SMs. However, despite the replacement of some FB-SMs,
the efficiency of these converters remains lower than that of
standard HB-MMC and LCC converters.

Thus the concept of adding thyristors to VSC-converters in
order to increase efficiency has prompted research [19].
Thyristor-bypassed SM power groups (PG)-based converters
have been proposed [20-22], where antiparallel thyristors
bypass the SMs that are non-blocking (at the instants of their
conduction) to reduce operational losses. In the literature, PGs
have been used in the FB-MMC, hybrid MMC, and EO-AAC.
Even though these converters achieve lower conduction losses,
their main drawback is the utilization of a large number of
semiconductors (FB-SMs and antiparallel thyristors) that
significantly increase the total cost. The active forced
commutated (AFC) bridge-based converter in [23, 24], consists
of antiparallel thyristor valves for bulk power flow and a chain
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of FB-SMs for controlling the turn-off of the thyristor valves.
The FB-SMs chain is also used to establish the ramp periods of
the AC voltage waveform. This converter achieves low
conduction losses, but it has the drawback of requiring a large
filter at the AC link due to high harmonic content. In [25, 26],
a converter, called the modular embedded multilevel converter
(MEMC) was proposed, which utilizes antiparallel thyristor
valves with SMs in a three-level structure. The thyristor valves
are used to decrease the conduction losses and reduce SM
storage energy requirements. However, to incorporate DC fault
blocking, FB-SMs are used which increases the number of
semiconductors and the overall cost. The converter in [27, 28],
named the hybrid alternate common arm converter (HACC),
uses antiparallel thyristor valves to connect arms in parallel to
double the power capability of the converter without doubling
semiconductor ratings. However, this converter suffers from
discontinuous operation. Also, the turn off process of the
thyristor valves limits converter power capability. In [29], an
MMC of mixed cells (HB-SMs and unipolar FB-SMs) is
proposed with crossing thyristor branches (CTB-MMC). The
thyristor branches are used to cross-connect different arm
inductors to interrupt the current during a DC fault. Since the
thyristors are only fired during faults, this topology relies solely
on SMs during normal operation, and as a result, does not take
advantage of lower thyristor conduction losses.

From the foregoing discussion, the main issue with existing
converters is the large number of FB-SMs to achieve DC fault-
blocking capability, which increases the total number of
semiconductors. In this paper, a new hybrid thyristor-based
multilevel converter (HTMC) is proposed for HVDC
applications. The proposed converter utilises antiparallel
thyristors, HB-SMs, and a limited number of FB-SMs.
Normally, thyristors are favoured over IGBTs due to their high
overcurrent capability, lower cost, lower losses, and availability
at higher voltage and current ratings.

The summarised main contributions of the paper are:

e A new hybrid multilevel thyristor-based converter with DC-
fault blocking capability.

e Low number of IGBTSs (minority of FB-SMs), lower overall
cost, and reduced conduction losses (utilization of
thyristors).

e Detailed analysis of the proposed converter during normal
operation as well as during a DC fault.

e The converter’s full parameter design.

e Enabling thyristor commutation time and overlap time
between upper and lower arms without affecting the output
AC waveform by subtracting a third harmonic from the
reference voltage waveform.

e Discussion on the relationship between the third harmonic
ratio and the number of FB-SMs.

These claims are validated using a MATLAB SIMULINK
model and experimental results. An extensive comparison is
performed using typical parameters to highlight the advantages
of the proposed converter over those in the literature, in terms
of semiconductor count, passive elements, current stresses,
losses, cost, fault clearing time, weight, and size.

The remainder of this paper is organized as follows: Section

II discusses the proposed topology architecture, operation, and
analysis for normal operation and DC fault scenarios. Section
III provides a complete parameter design for the proposed
HTMC. Section IV presents simulation results based on a 401-
level MATLAB/SIMULINK model of the proposed HTMC.
Section V provides results from a scaled-down 3-phase 5-level
experimental test rig of the proposed converter. Section VI,
before the conclusions, presents an extensive comparison
between the proposed converter and other converters in the
literature.

II. PROPOSED TOPOLOGY DESCRIPTION

A. Proposed Converter Architecture

The proposed 3-phase HTMC has 6 arms as shown in Fig. 1,
where each arm consists of a thyristor valve (series connection
of antiparallel thyristors) and an MMC stack which is
comprised of HB-SMs, and a limited number of FB-SMs. Each
arm element type has a specific role during converter operation.
The HB-SMs are responsible for creating the output sinusoidal
AC voltage waveform. The FB-SMs create an overlap period
between the lower and upper arms (where both the thyristor
valves in the same leg are conducting) to retain balance between
SM capacitors.
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Fig. 1. Proposed converter architecture.
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In addition, the FB-SMs are responsible for thyristor
commutation in normal operation and DC fault cases (FB-SMs
use their positive voltage state during normal operation
commutation while their negative voltage state is used for
commutation during faults). The thyristor valve is used to
decrease the conduction losses in normal operation and block
the fault current during fault scenarios. Both thyristor valves
and HB-SMs in each arm are designed to endure %2V, , while
FB-SMs per arm are designed to generate + AV (to allow for
the overlap and commutation times). Thus, the whole MMC
stack should be able to generate from —AV to %2V, + AV.

Note the SMs have protection bypass thyristors as shown in
Fig. 1 to bypass the AC component of the DC fault current until
it is blocked by the thyristor valve (as is illustrated in detail in
subsection C).

B.  Proposed Converter Operation and Analysis (with Third
Harmonic Subtraction)

Overlap and commutation periods are essential during
operation of the proposed converter due to the utilisation of
thyristors. The overlap period is important to rebalance the
energy between the upper and lower SM capacitors while the
commutation period is required to turn off the thyristor valves
at the end of their conduction period. However, without third
harmonic subtraction (only sinusoidal fundamental AC
waveform) to allow even a small overlap or commutation time,
a large number of FB-SMs is required, which increases the
converter cost, and losses. Therefore, a third harmonic
waveform is subtracted from the sinusoidal fundamental AC
waveform so that the resultant waveform is characterised by a
low voltage change near zero as shown in Fig. 2 (first drawing,
in red) compared to the fundamental waveform (in green),
hence a low number of FB-SMs is required. Therefore,
subtracting a third harmonic waveform permits an increase in
an arm overlap period and allow a longer time for force
commutation of the thyristor valve while using fewer FB-SMs.

In addition, the FB-SMs can produce its negative state
voltage to increase the overall phase peak voltage (7,)
to %2V, + AV as shown in Fig. 2. Therefore, the fundamental
phase peak voltage (¥,,) remains at %V,. Hence, the

fundamental phase voltage v, is as follows:

Vg, (£) = D, sinwt = ¥V, sin wt 1)
The injected third harmonic voltage (v,,) is:

Vq,(t) = AVsin3wt = k3D, sin 3wt )
where kj is the third harmonic voltage ratio. The resultant phase
voltage v, (t) is:

v, (t) = %V, (sinwt — k4 sin 3wt) 3)

Since the MMC stack and thyristor valve are series connected
and sharing the DC link voltage, the arm 1 voltage is:

“)

In order to provide the required phase voltage, force
commutating the thyristor valve, and to maintain the maximum
thyristor valve voltage at %V, the MMC stack 1 voltage is
given as (5), while MMC stack 2 voltage is given by (6).

Varm, (t) = Vseack 1 ®+ VUvatve, ®)

vstackl(t)
YoVge = v, (1),  —T,, <t <%T, )
YoVe or YoVae + AV, T, <t < %T, +T,

¥oV4e + AV, Y, +T,<t<T,-T,,
vstackz(t)
¥V, or oV, + AV, 0<t<T, 6
- VoV +AV, T, <t<WT,—T,  ©

YoVae +v,(t), l/sz—To,, <t< Tp

where T, is the overall commutation time which includes the
circuit commutation turn off time of the thyristor t, and the
falling time of the current T¢. T,, is the overlap time and T}, is
the periodic time. The 2™ part of the Vg4 , €quation is equal
to %2V, + AV in the case of positive arm current at the instant
of commutation so that the MMC stack can provide force
voltage commutation to the thyristor valve before continuing
with the next part of the waveform. But in case of negative arm
current, it is equal to %2V, so that a positive voltage can be
applied to the thyristor valve for force commutation. The same
applies for the first part of v, -

To understand the operation of the proposed converter, phase
‘a’ voltage waveforms in addition to MMC stacks and thyristor
valves of arms 1 and 2 voltage and current waveforms are
depicted in Fig. 2, where the dashed currents are for positive
power flow while the solid currents are for negative power flow.
For clarity, the dashed parts of the voltage waveforms of the
MMC stack and thyristor valve correspond to the dashed arm
currents.

Fig. 2 is divided into 6 sections from section ‘a’ to section ‘f’,
which are explained in the parts of Fig. 3, where in each section
the converter operation is as follows:

Section ‘a’: MMC stack 2 provides force commutation to
thyristor valve 2 by generating %2V,;, + AV for positive arm
current at the commutation instant (solid currents in Fig. 2) or
by generating %V, for negative arm current at the
commutation instant (dashed currents in Fig. 2). Thyristor valve
1 is still conducting while MMC stack 1 is building the output
phase voltage, so to be unaffected by commutation action.

Section ‘b’: Thyristor valve 1 is conducting. MMC stack 1
is building the output phase voltage while MMC stack 2 is
maintained at %4V, + AV to keep the maximum voltage on
thyristor valve 2 at 1.V,

Section ‘c’: Both thyristor valves are conducting (overlap
period). MMC stack | continues to build the output phase
voltage while MMC stack 2 produces the complementary
voltage to maintain the leg voltage at V.. In this period,
circulating current flows in both arms to balance the upper and
lower SM capacitor voltages.

Section ‘d’: MMC stack 1 provides force commutation to
thyristor valve 1, the same as with MMC stack 2 in section ‘a’.
Thyristor valve 2 is conducting while MMC stack 2 is building
the output phase voltage so as not to be affected by
commutation action.

Section ‘e’: Thyristor valve 2 is conducting. MMC stack 2 is
building the output phase voltage while MMC stack 1 is
maintained at %2V, + AV to keep the maximum voltage on
thyristor valve 1 at %2V,..
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Section ‘f’: Both thyristor valves are conducting (overlap
period). MMC stack 2 continues to build the output phase
voltage while MMC stack 1 produces the complementary
voltage to keep the leg voltage at V,.. Like section ‘c’,
circulating current flows in both arms to balance voltages on the
upper and lower SM capacitors.

The same procedures are applied for the other phases but
with phase shifts of -120° and 120° to the second and third
phases, respectively.
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Fig. 2. Phase ‘a’ voltage waveforms and related voltage and current
waveforms of the MMC stack and thyristor valve of arms 1 and 2.

C. DC-Fault Blocking Analysis

The DC-fault current from the converter perspective can be
divided into two components, namely DC component due to the
SMs capacitors discharge and AC component due to the AC
grid feeding the DC fault through the converter arms. The
proposed converter can quickly interrupt the DC component
(using the FB-SMs). On the other hand, the AC component is
mainly terminated inherently by the thyristor valve. For a
clearer illustration, an example is studied as shown in Fig. 4,
where it is assumed that phase ‘a’ has a positive voltage
(maximum magnitude), while phase ‘b’ and phase ‘c’ have
negative voltages. In addition, phase ‘b’ is assumed to have the
lowest voltage magnitude, near zero, hence in the overlap state.
Fig. 4(a) shows the fault occurrence instance, before fault
detection, where the blue line indicates the DC component of
the fault current (in phase ‘b’ due to the overlap state), while
the yellow and the red lines indicates the AC components of the
DC fault. Fig. 4(b) shows the instant of fault detection, where
the DC fault blocking procedures are initiated, namely; in phase
‘b’, all HB-SMs are bypassed while the FB-SMs inject their
negative voltage to quickly block the DC component of the DC
fault current. All antiparallel thyristor valve gate pulses are
prohibited. Also, the conducting SMs protection thyristors are
fired to conduct the AC components of the DC fault current
until it is extinguished. Fig. 4(c) shows the instant where the
DC component of the DC fault current is blocked. Note that if
the AC component still exists in phase ‘b’ then it would flow in
the protection thyristors in the lower arm of phase ‘b’ until the
fault current is interrupted. Finally, Fig. 4(d) shows the instant
where the fault current is completely terminated by the thyristor
valve, where all the SMs are bypassed and the AC voltages are
endured by the thyristor valve.

Val2 = Vel 2= V2=
o o o
Va2 == Val2=F7 Vel 2=
Val2 = Vil 2= Va2
o o o
Viel2 = Vel 2 Vel 2=

(d
Fig. 3. Operation analysis diagrams of phase ‘a’: (a) thyristor valve 2
commutation, (b) arm 1 conduction, (c) overlap period, (d) thyristor
valve 1 commutation, (¢) arm 2 conduction, and (f) overlap period.
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Fig. 4. Fault blocking operation diagram: (a) DC fault occurrence, (b)
DC fault detection instant, where all fault blocking procedures are
initiated, (c) DC component of the fault is interrupted, and (d) DC fault
is completely eliminated.

III. SYSTEM DESIGN

A.  Third Harmonic Ratio and SMs/Thyristors Count

In order to determine the third harmonic ratio k5, the
minimum overall commutation time T, must be calculated. The
overall commutation time T, of the thyristor valves should be
more than the fall time of the thyristor peak current Tf plus the
thyristor circuit-commutation turn off time t,, where T, = Ty +
tq- In the analysis, it is assumed that overall commutation time
T, is equal to the overlap time T,,. Since the FB-SMs are
responsible for creating commutation periods, the phase voltage
in (3) at T, should be equal to AV (as depicted in Fig. 2) so that
the MMC stack can apply negative voltage across the thyristor
valve during the commutation period, as follows:

|4 v
%(sin(wTC) — ks sin(3wT,)) = AV =k, % (7)
Hence, the relation between k4 and T, can be deduced as:
sin wT,
kes (®)

= 1 + sin3wT,

To show the effect of the third harmonic subtraction on the
required AV (FB-SMs voltage), Fig. 5 shows the per unit value
of the FB-SMs voltage (AV,,, = AV /%2V;.) with and without
third harmonic subtraction, where AV, =k; in the third
harmonic subtraction case. The required FB-SMs voltage is
decreased dramatically with third harmonic subtraction,
especially for T, > 1 ms.

The number of FB-SMs can be determined as:

Ua3 _ k3Vdc

B Vw2V

©)

0.8+
Without third harmonic
subtraction
0.6
2 0.4

0.2r K

With third harmonic subtraction

A\/pu = kS
0 0.5 1 1.5 2 2.5 3
TC, ms

Fig. 5. The per unit value of the FB-SMs voltages with and without
third harmonic subtraction.

where Vg, is the SM nominal voltage. On the other hand, the
number of HB-SMs, N5, should be based on the fundamental
waveform peak voltage 7, :

~

% V,
B (10)
Vsmu  2Vsy

For the thyristor valve, their maximum voltage is kept at %2V,

as mentioned previously. Therefore the number of thyristors in
each valve is:

Nyp =

ﬁvalve Vdc
Neypy =—F—=5" 11
thy Vthy ZVthy ( )
where Vy,, is the nominal voltage of each thyristor. The number

of thyristors can be equal to that of the HB-SMs if both have
the same rated voltage.

B.  Arm Inductance, L,

The arm inductance (L, ) is selected such that during thyristor

valve commutation, the falling time of the thyristor current
from its peak value is equal to or less than the desired value Tf.
Also, the arm inductance should limit the rate of the change of
the thyristor current (di/dr) to less the maximum permitted turn-
on current ramp rate of the thyristor, o.
Assuming a positive arm current during the instant of
commutation of thyristor valve 2, MMC stack 2 generates its
peak voltage of (1 + k3)%V,., while MMC stack 1 builds the
AC waveform. Both thyristor valves are conducting before the
commutation process occurs. Therefore, with two arm
inductances in each leg, the voltage applied on the arm
inductance; (v,) is:

v, () = (Vo — Varmq — Uarmz)

12
= 1/2(Vdc ~ Ustack1 — Vstack 2) ( )
Substituting the MMC stack voltages results in:
v, (t) = WV, (sin wt — k3 (1 + sin 3wt))
_ Lodigrm (13)
dt
Therefore, the rate of change of the arm currents is given by:
di V,
;;m = 42; (sinwt — k3(1 + sin3wt)) (14)
By solving this differential equation, the arm current is:
. Va
fgrm () = — 12wcLa (k3 (3wt — cos 3wt) (15)

+ 3coswt) +c
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Assuming that at the time of commutation (¢t = 0), the arm
current equals the peak phase current (Z,), which is the worst-
case scenario, then the constant c is calculated as follows:

iarm(o) = ia = (3 k3) +c (16)

12w L
1
o 3 k) (an
Therefore the arm current formula during commutation is:
iarm(t) = a 120 L (k3(3wt

+ 1) + 3(cos(wt) — 1))
It is desired that at t = T, the arm current be zero, therefore:

iarm(Tf) =0= ia

c=1i,+

cos(3wt)

(18)

Ve
T2 L (k3 (3wa

- cos(3a)Tf) + 1)

+ 3(cos(a)Tf) - 1))
Hence the arm inductance (L) can be calculated as (20).

L, < —ue (k3(3wa — cos(3wTy) +1)

e 12
+ 3(cos(wa) - 1))
Also, the inductance should consider that the maximum
permitted thyristor turn-on current ramp rate o is not exceeded.
The maximum current rate of change occurs at the instant of
thyristor valve commutation. Therefore, the following equation
should be satisfied, which is derived by substituting /=0 in (14).

Vdc (21)

Ly > ks—
It is worth noting that the arm mductance is selected near the
maximum value calculated from (20) to limit the circulating
currents during overlap periods.

C. Capacitance in HB-SMs and FB-SMs

In this section the capacitances of both the HB-SMs and FB-
SMs are calculated, where for an accurate evaluation of their
capacitance, the conduction period of the MMC stack is divided
into two portions. The first portion occurs when the MMC stack
generates a positive voltage where the energy deviation in the
MMC stack is shared among all the SMs (N, = Nyg + Ngp).
The second portion occurs when the MMC stack generates a
negative voltage where the energy deviation is endured only by
the FB-SMs. The capacitance design of the proposed converter
follows the same procedures as in [30]. However, the method is
modified to calculate the energy deviation of each SM directly
instead of the whole MMC stack, to accurately design both the
HB-SMs and FB-SMs. The energy deviation of each SM in the
MMC stack (AEg,,) can be calculated from:

* Pogacr (%)
AE, — stack
su () fo Ny (%) dx
where Py, 1S the MMC stack power and Ng,, is the number
of the functionable SMs during the conducting periods of the
MMC stack. N, depends on the MMC stack voltage as

previously illustrated and obeys the following equation:
Nyg + N % (t)>0
N t) = { HB FB » stack
SM( ) NFB , Ustack (t) <0
The apparent power is:

(19)

(20)

(22)

(23

3Uq,1a,

IS| = 24

where ¥, and i, are the fundamental phase peak voltage and
current, respectively. The MMC stack power Pg;q . 1s:

2 _
Porack (t) = VUstack (t) (istack (t)) = § |S|U(t) (25)
where U(t) is defined as:
U(t)=(1-sinwt 26)

+ ky sin 3wt) (sin(wt + ¢))

where ¢ is the power factor angle. By substituting (23) and (25)
into (22), the energy deviation of the HB-SM is:

AEypsu () = f U(x) dx,

3 (NHB+NF )
stack(t) >0

The integration is valid only when the MMC stack generates a
positive voltage and during the MMC stack conducting period
until entering the overlap state, where energy balance occurs
between the upper and lower arms.
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Fig. 6. The per unit peak-to-peak energy deviation of each SM in the MMC
stack at different k; and ¢: (a) HB-SM case and (b) FB-SM case.
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MMC-1 MMC-2
Grid 1 Converter Converter Grid 2
400 kV., (401 level) 70 km DC (401 level) 400 kV,
50 Hz 400/333 kV 333/400 kV 50 Hz
) )
Fig. 7. Point-to-point 401-level HVDC transmission system.
Table 1: MATLAB Simulation Model Parameters
Parameter Description Value
P, Rated power 1GW
Ve DC link voltage +320 kV
Vg Grid voltage 380 kV
f Fundamental Frequency 50 Hz
Lyc AC interfacing inductance 68.9 mH
T, Overall commutation time 1.26 ms
Nyg Number of HB-SMs 200
Npp Number of FB-SMs 40
V. SM nominal voltage 1.6kV
Cys/Ceg HB-SMs/FB-SMs capacitance 12.5 mF
Larm Arm inductance 5.5mH

On the other hand, by doing the same substitution, observing
that Npg = (Nyg + Npg)ks/(1 + ks3), the energy deviation of
the FB-SMs is:

_2 I8l
AEFBSM (t) 3 (Nyp+NFR)
fU(x) dx , Vstack (t) >0 (28)
1;:3 f U(x) dx' Ustack (t) <0

where the factor (1 + k3)/k; appears when the MMC stack
generates a negative voltage because only the FB-SMs are
burdened by the energy deviation in this section.

From (26), (27), and (28), k; and ¢ affect the energy
deviation of the MMC stack SMs. Therefore, Fig. 6 is plotted

to show the per unit peak-to-peak energy deviation (AESpIspu)

for different values of k; and ¢, which obeys:
AEPP = 10°AESy (Nyp + Nrp)

SMpu S| (29)

where Fig. 6 (2) and (b) show the per unit peak-to-peak energy
deviation of the HB-SMs and FB-SMs, respectively, in the
MMC stack. Clearly the peak-to-peak energy deviation of both
SMs increases with increasing k5. On the other hand, the peak-
to-peak energy deviation of the HB-SMs increases to a
maximum value around ¢=70° because the peak of the arm
current matches a larger portion of the MMC stack voltage
generation. However, the FB-SMs peak-to-peak energy
deviation marginally changes with changing ¢. The reason is
that the FB-SMs, during the negative arm voltage generation
(around zero ¢), burden the energy deviation alone. Also, FB-
SMs participate in the energy deviation with the HB-SMs
resulting in a more flatten peak-to-peak energy deviation with
¢. It can be deduced from the curves that the FB-SMs achieve
a slightly higher maximum peak-to-peak energy deviation
(AESpIgmax) at each k; compared to that of the HB-SMs. Based

on the maximum peak-to-peak energy deviation of the HB-
SMs/FB-SMs at the desired k5 deduced from Fig. 6 curves, and

considering the desired peak-to-peak voltage ripple ratio
(AV,PP), the SM capacitance (Csy,) is calculated as:

AEFD
C — max (30)
AP vg,
IV. SIMULATION VALIDATION
The MATLAB-SIMULINK model built for HTMC

validation, is based on the 401-level system developed in [31].
The point-to-point connection of the HVDC transmission
system is depicted in Fig. 7. Since the MMC stack in each arm
only handles half the DC link voltage, the MMC stack is
comprised of 200 HB-SMs and 40 FB-SMs. Based on the
previous analysis, the converter parameters are designed and
listed in Table 1. Since the thyristor turn off time ¢ is typically
800us, it is suitable to assume that the overall commutation time
is 1.26ms, which corresponds to k;=0.2 assuming T,, = T,.
The arm inductance is selected as 5.5 mH based on (20) and
(21). For capacitance evaluation, the maximum peak-to-peak
energy deviation is determined for both SMs from the energy
curves in Fig. 6 atk; = 0.2, where AEgy;  of the HB-SM and
FB-SM are found to be 5.86 kJ and 6.17 kJ, respectively.
Substituting into (30) with AVPP=0.2 (assuming a cell
voltage ripple of £10%), the capacitance of both HB-SM and
FB-SM are selected to be 12.5 mF. A filter is used at the DC
link terminal to smooth the DC current and limit the short
circuit current. The simulation model is tested for normal
operation as well as DC fault scenarios in order to validate the
proposed converter.

A. Normal Operation

Bidirectional power flow capability is shown in Fig. 8 (a),
where power is reversed successfully in 0.5 s while maintaining
zero reactive power. The line voltages and phase currents are
depicted in Fig. 8(b) and Fig. 8(c), respectively, where the third
harmonic waveforms do not appear. Also, the commutation
time does not affect the output waveforms. The arm currents in
the case of grid absorbing and injecting power are shown in Fig.
8(d) and Fig. 9(a), respectively. The arm currents do not exceed
the 1 pu value in both cases, hence low controlled current
stresses in the proposed converter are achieved. The stack
voltages are depicted in Fig. 9 (b) and Fig. 9 (¢) in grid
absorbing and injecting cases, respectively. In the grid
absorbing case, the stack generates a voltage of 0.5pu at the
time of commutation because of the negative arm current.
However, in the grid injecting case, the MMC stack produces a
voltage of 0.6pu due to the positive arm current at the instant of
commutation. The thyristor valve voltages are shown in Fig.
9(d) and Fig. 10(a) for absorbing and injecting cases,
respectively, where the thyristor valve voltage does not exceed
0.5pu. The simulation results nearly follow the deduced
waveform diagrams in Fig. 6. The capacitor voltages of the HB-
SMs, and FB-SMs are shown in Fig. 10(b) and Fig. 10(c)
respectively, where the peak-to-peak voltage ripple does not
exceed the 10% limit.
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Fig. 11. Simulation - dc fault results: (a) DC link voltage and current, (b) MMC
stack voltage, (¢) Arm currents, and (d) Phase currents.

B. DC Fault

In this case, a dc fault is introduced at the DC link terminal
at 1=0.3s, where the fault persists for 100 ms. Fig. 11(a) shows
the DC link voltage and current, where at the instant of DC fault
occurrence, the fault current increases rapidly indicating the
SMs capacitors discharge until the current is blocked by the
action of the FB-SMs, as depicted in Fig. 11(b). Then, the AC
component of the DC fault current starts to increase until it is
blocked by the thyristor valve. Fig. 11(c) shows the arm
currents of leg 1 indicating that it is in the overlap state at the
instant of the fault. The phase currents depicted in Fig. 11(d)
indicate successful isolation of the DC fault, thus validating the
effectiveness of the proposed converter in blocking DC fault
currents. Additionally, the post-fault restoration capability of
the proposed converter is shown.

V. EXPERIMENTAL SETUP

A scaled-down experimental test rig is used to assess the
proposed converter, using 3-phase 5-levels as shown in Fig. 12,
where each arm has 2 HB-SMs, 1 FB-SM, and 1 antiparallel
thyristor. Parameters are calculated and listed in Table 2. Since
the ratio between the FB-SMs and HB-SMs is 50%, k5 can be
increased to 0.5. Therefore, the overall commutation time
T,=1.6 ms is selected. Three cases are considered in the
experimental study: normal operation, power reversal, and a dc
fault.

A. Normal Operation

The proposed HTMC is connected to a 3-phase grid as shown
in Fig. 13 (a), where the phase currents are depicted in Fig. 13
(b). The phase currents are not deformed by the third harmonic
subtraction or by thyristor commutation action, which validates
the proposed control. The arm currents of the proposed HTMC
shown in Fig. 13 (c) indicate low currents stress on the
semiconductors. The MMC stacks operate with balanced SM
capacitor voltages as shown in Fig. 13 (d). The MMC stack
voltages are depicted in Fig. 13 (e), where a negative voltage
exists due to the third harmonic subtraction. The thyristor valve
voltages are depicted in Fig. 13 (f), where a negative voltage
occurs due to thyristor commutation action performed by the
MMC stack.
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vgtll‘rariit& DSP  Antiparallel .
Sensors  Controller thyristor  HB-sms FB-SMS Table 2: Experimental Parameters
Parameter Description Value
P, Rated power 200 W
« Phase 1 A
Ve DC link voltage 140V
Uy Grid voltage 52V
f Fundamental Frequency 50 Hz
= Phase2 . P
Lyc AC interfacing inductance 20 mH
T, Overall commutation time 1.6 ms
" Nyg Number of HB-SMs 2
[b y = phases Npg Number of FB-SMs 1
b V. SM nominal voltage 35V
Coum SM capacitance 8.2 mF
Upper arms Lower arms Larm Arm inductance 0.47 mH
Fig. 12 The experimental test rig. Requie Fault resistance 8
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Fig. 13. Experimental - normal operation results: (a) The grid phase voltages, (b) Phase currents, (¢) Arm Currents, (d) MMC stack 1 capacitor voltages, (¢)
MMC stack voltages, and (f) Thyristor valve voltages.
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Fig. 15. Experimental — dc fault results: (a) DC link voltage and arm currents and (b) Phase currents.

B.  Power Reversal

To test the bidirectional capability of the proposed HTMC,
the power flow is initially from the DC side to the grid at 200W
then power reversal action occurs, -200W, while maintaining
zero reactive power, as seen in Fig. 14(a). The phase ‘a’ voltage
and current are shown in Fig. 14(b). where the voltage and
current are in-phase at the instant of positive power and out-of-
phase at the instant of negative power; indicating successful
power reversal operation of the proposed HTMC.

C. DC fault

To further validate the DC fault blocking capability of the
proposed converter, a DC fault is tested experimentally. Fig.
15(a) shows that the DC link voltage starts to collapse at the
instant of fault occurrence. The upper arm current of the second
leg (I4rm ) clearly starts to increase rapidly indicating that this
arm is in the overlap state at the fault instant. After fault
detection, the arm current (I, ,) is decreased rapidly to zero
by the action of the FB-SMs. On the other hand, the DC fault
AC component seen in arm 1 current (Ig,y,) 1s inherently
extinguished by thyristor valve action. The phase currents
depicted in Fig. 15(b) indicate successful isolation of the DC
fault, validating the effective blocking of DC fault currents
within the proposed converter.

VI. COMPARISON

To highlight the features and advantages of the proposed
HTMC converter and further validate the claims of the paper,
an extensive comparison is performed in this section, with
several converters reported in the literature, in terms of:
semiconductor count and type, passive elements, current
stresses, losses, cost, weight, size, and dc fault clearing time.
Typical ABB switches and thyristors are used in the comparison
in Table 3. Each capacitor is a combination of the capacitor
labelled as C44UVGT7105M34K (1,050uF, 1,800V, 5.1kg,
5,311cm?, $136.67) [32]. The switching and conduction losses
are calculated based on [33], with an average switching
frequency of 250 Hz. The arm inductor weight, size and losses
are designed based on the practical approach given in [34]. All
passive elements and semiconductors are considered in the size,
weight, and cost calculations, where an extra 15% is assumed
in the volume calculations.

The comparison is carried out between non-thyristor-based
converters, such as the HB-MMC with a solid state DC CB [9,
35], FB-MMC [12], Hybrid MMC [13], and AAC [15], and
thyristor-based converters such as the thyristor bypass-based
MMC (TB-MMC) [11], crossing thyristor branches-based
MMC (CTB-MMC) [29], power group (PG)-based FB-MMC
[20, 22] and PG-based Hybrid MMC [20, 22]; as depicted in
Table 4. The comparison is based on a typical 401-level MMC
based HVDC system with 1 GW rated power and a £320 kV
DC link. The nominal voltage per SM is 1.6 kV while the
nominal voltage per thyristor is 4 kV. The DC filter is
considered in all (cost, weight, size, and losses) calculations for
both the proposed and the AAC topologies. It is assumed that
the DC-link filter capacitance is equivalent to a single leg as
stated in [30].

From the comparison table, in terms of capacitor number,
total converter weight, and size: the proposed HTMC is second
after the AAC. However, considering the number of IGBTs,
overall cost, and semiconductor losses: the proposed HTMC is
first among all candidates, achieving the lowest number of
IGBTs, cost and semiconductor losses. But, in terms of DC fault
clearing time, the proposed converter achieves 15~18 ms,
which is considered higher than other topologies, except the
TB-MMC, due to thyristor commutation time.

Table 3: Typical ABB Semiconductors Parameters

IGBT Module Thyristor SM Bypass
SSNA 1800E330400) thyristor
Parameters . SSTP 5STP
IGBT Diode 12K 6500 12F4200
Max voltage 3300 V 6500 V 4200 V
RMS Current 1800 A 2250 A 1860 A
On-state voltage at 125°C 32V 265V 1.84 V 1.86 V
On-state resistance at 125°C| 0.1 mQ | 0.1 mQ 0.647 mQ 0.545 mQ
Turn on & off switching or
reverse recovery energies at | 4.3+4 J 231 0.3+4.2] 0.3+0.8 J
125°C
Size 1010.8 cm® 291.2cm® | 117.25 cm®
Weight 1.19 kg 1.15 kg 0.6 kg
Cost/unit $2063 $904.96 $242.61

10
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Table 4: Key Feature Comparison of Different Converters based on 401 level HVDC system parameters

. PG-based
Converter Type 13(1)31;1(\1/_1:21?6 V]\;lgl TB-MMC FB-MMC Hybrid AAC [15] Hybrid- CTB-based E;ﬁszzee(i
[11] [12] MMC [13] MMC MMC [29]
CB [9, 10] (HTMC)
[20, 22]
No. of SMs 400x6 400x6 400x6 400x6 255x6 400x6 400x6 240x6
Capacgi/‘l‘ce per 10.5 mF 10.5 mF 105 mF | 105 mF | 5.25mF 10.5 mF 10.5 mF 12.5 mF
Total number of 10x400x6 10x400x6 10x400x6 10x400x6 5x255x8 10x400x6 10x400x6 12x240x8
capacitors =24000 =24000 =24000 =24000 =10200 =24000 =24000 =23040
4x200x6 4x255x6 4x200x6 2x344x6 4x40x6
No. of IGBTs 2"422’5%400 zgggg(’ 41‘9‘28’56 +2x2006 | +200x6 +2x200x6 +3X56x6 +2x200x6
=7200 =7320 =7200 =5400 =3360
2x100x6
No. of Thyristors None 200x6 None None None 2x200x6 200x6 +40x6+200x6
=1200 =2400 =1200 9640
. 46 mH 46 mH 46 mH 46 mH 5.5 mH 46 mH 46 mH 5.5 mH
Arm inductor
(0.1 pu) (0.1 pu) (0.1 pu) (0.1 pu) (0.012 pu) (0.1 pu) (0.1 pu) (0.012 pu)
RMS arm L L L, Ly, i L L
currents ﬁ dc \/§ dc \/§ dc \/§ dc 6 dc \/§ dc \/§ dc §Idc
DCF a;‘iﬁ]‘élea”ng 3~5ms 19~24 ms 0.5~Ims | 1.5~3ms 1~2 ms 1.5~3 ms 0~3 ms 15~18 ms
.T"tzl . 8.76 MW 777 MW 1287 MW | 1032 MW | 8.02 MW 6.22 MW 8.48 MW 5.58 MW
Sem‘lco‘;rslesc or 0.876% 0.777% 1.287% 1.032% 0.802% 0.622% 0.848% 0.558%
Overall Cost $16.06 M $14.26 M $23.09 M $18.13 M $16.5M $20.31 M $15.5M $11.59 M
Overall Weight 153.37 tons 155 tons 156.4 tons 153.5 tons | 62.92 tons 162.2 tons 155.7 tons 134.9 tons
Overall Volume 160.82 m® 160.89 m* | 16533m® | 162.54m’ | 74.83 m’ 164.8 m’ 161.58 m* 149.97 m*
LCC-HVDC Transmission Systems," I[EEE Transactions on Power
VIL C Electronics, vol. 36, no. 4, pp. 3781-3792, 2021, doi:
- CONCLUSION 10.1109/TPEL.2020.3021284.
3] C. Guo, W. Liu, C. Zhao, and R. Iravani, "A Frequency-Based

This paper introduced a novel Hybrid Thyristor-based
Multilevel Converter (HTMC) with DC fault-blocking
capability. The proposed HTMC’s analysis has been illustrated
in both normal operation and under DC fault scenarios. In the
analysis, a third harmonic waveform has been subtracted from
the fundamental waveform to take advantage of the FB-SMs
negative voltage capability in normal operation. This enhances
the overlapping period between the upper and lower arms and
allows longer periods for thyristor commutation. Hence, at
k=0.2, sufficient overlap and commutation times are achieved.
The proposed converter capabilities have been validated via a
401-level MATLAB-SIMULINK model and experimentation
on a scaled-down 3-phase 5-level system.

A detailed comparison with alternative converters has been
provided in terms of: semiconductor count, passive elements,
cost, current stresses, losses, DC fault clearing speed, size, and
weight. The proposed HTMC has relatively slow fault clearing
speed since it mainly depends on the thyristor valve action.
However, the proposed HTMC is first in terms of a lower IGBT
count (30% lower than the next best topology), lower losses due
to the usage of thyristor valves (10% lower than the nearest
converter), and lower cost (19% lower than the nearest). It is
second in terms of the overall weight, volume, and capacitors
count. Hence, the results indicate that the proposed HTMC is a
worthy candidate for HVDC applications.

REFERENCES
[1] A. Shah Ayobe and S. Gupta, "Comparative investigation on HVDC
and HVAC for bulk power delivery," Materials Today:

Proceedings, vol. 48, pp. 958-964, 2022/01/01/ 2022, doi:
https://doi.org/10.1016/j.matpr.2021.06.025.

2] S. Mirsaeidi, D. Tzelepis, J. He, X. Dong, D. M. Said, and C. Booth,
"A Controllable Thyristor-Based Commutation Failure Inhibitor for

11

(4]

(5]

(6]

(7]

(8]

(9]

[11]

[12]

Synchronization Approach for the VSC-HVDC Station Connected
to a Weak AC Grid," IEEE Transactions on Power Delivery, vol.
32, no. 3, pp- 1460-1470, 2017, doi:
10.1109/TPWRD.2016.2606495.

H. Xiao, Z. Xu, G. Tang, and Y. Xue, "Complete mathematical
model derivation for modular multilevel converter based on
successive approximation approach," IET Power Electronics, vol. 8,
no. 12, pp. 2396-2410, 2015, doi: https://doi.org/10.1049/iet-
pel.2014.0892.

A. Lesnicar and R. Marquardt, "An innovative modular multilevel
converter topology suitable for a wide power range," in 2003 IEEE
Bologna Power Tech Conference Proceedings, 23-26 June 2003
2003, vol. 3, p. 6 pp. Vol.3, doi: 10.1109/PTC.2003.1304403.

M. Kaya, A. Costabeber, A. J. Watson, F. Tardelli, and J. C. Clare,
"A Push—Pull Series Connected Modular Multilevel Converter for
HVdc Applications," IEEE Transactions on Power Electronics, vol.
37, no. 3, pp. 3111-3129, 2022, doi: 10.1109/TPEL.2021.3115338.
H. Saad et al, "Dynamic Averaged and Simplified Models for
MMC-Based HVDC Transmission Systems," [EEE Transactions on
Power Delivery, vol. 28, no. 3, pp. 1723-1730, 2013, doi:
10.1109/TPWRD.2013.2251912.

Y. Tian, H. R. Wickramasinghe, Z. Li, J. Pou, and G. Konstantinou,
"Review, Classification and Loss Comparison of Modular
Multilevel Converter Submodules for HVDC Applications,"
Energies, vol. 15, no. 6, p. 1985, 2022. [Online]. Available:
https://www.mdpi.com/1996-1073/15/6/1985.

M. K. Bucher and C. M. Franck, "Fault Current Interruption in
Multiterminal HVDC Networks," IEEE Transactions on Power
Delivery, vol. 31, mno. 1, pp. 8795 2016, doi:
10.1109/TPWRD.2015.2448761.

K. Sano and M. Takasaki, "A Surgeless Solid-State DC Circuit
Breaker for Voltage-Source-Converter-Based HVDC Systems,"
IEEE Transactions on Industry Applications, vol. 50, no. 4, pp.
2690-2699, 2014, doi: 10.1109/TIA.2013.2293819.

I. A. Gowaid, "A Low-Loss Hybrid Bypass for DC Fault Protection
of Modular Multilevel Converters," IEEE Transactions on Power
Delivery, vol. 32, mno. 2, pp. 599-608, 2017, doi:
10.1109/TPWRD.2016.2550579.

W. Lin, D. Jovcic, S. Nguefeu, and H. Saad, "Full-Bridge MMC
Converter Optimal Design to HVDC Operational Requirements,"


https://doi.org/10.1016/j.matpr.2021.06.025
https://doi.org/10.1049/iet-pel.2014.0892
https://doi.org/10.1049/iet-pel.2014.0892
https://www.mdpi.com/1996-1073/15/6/1985

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

New hybrid thyristor-based multilevel converter with DC fault blocking capability, for HVDC applications

IEEE Transactions on Power Delivery, vol. 31, no. 3, pp. 1342-
1350, 2016, doi: 10.1109/TPWRD.2015.2475130.

R. Zeng, L. Xu, L. Yao, and B. W. Williams, "Design and Operation
of a Hybrid Modular Multilevel Converter," IEEE Transactions on
Power Electronics, vol. 30, no. 3, pp. 1137-1146, 2015, doi:
10.1109/TPEL.2014.2320822.

Y. Liu, Y. Jin, Z. Li, Y. Liu, B. Li, and Z. Duan, "Mechanical DC
Breakers and Hybrid MMC-Based Coordinated Strategy for MMC-
HVDC DC Fault Riding Through," IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 11, no. 4, pp. 3705-3714,
2023, doi: 10.1109/JESTPE.2021.3119118.

M. M. C. Merlin et al., "The Alternate Arm Converter: A New
Hybrid Multilevel Converter With DC-Fault Blocking Capability,"
IEEE Transactions on Power Delivery, vol. 29, no. 1, pp. 310-317,
2014, doi: 10.1109/TPWRD.2013.2282171.

F. J. Moreno, M. M. C. Merlin, D. R. Trainer, T. C. Green, and K.
J. Dyke, "Zero phase sequence voltage injection for the alternate arm
converter," in /1th IET International Conference on AC and DC
Power Transmission, 10-12 Feb. 2015 2015, pp. 1-6, doi:
10.1049/cp.2015.0080.

M. M. C. Merlin et al., "The Extended Overlap Alternate Arm
Converter: A Voltage-Source Converter With DC Fault Ride-
Through Capability and a Compact Design," IEEE Transactions on
Power Electronics, vol. 33, no. 5, pp. 3898-3910, 2018, doi:
10.1109/TPEL.2017.2723948.

E. M. Farr, R. Feldman, J. C. Clare, A. J. Watson, and P. W.
Wheeler, "The Alternate Arm Converter (AAC)—"“Short-Overlap”
Mode Operation—Analysis and Design Parameter Selection," /EEE
Transactions on Power Electronics, vol. 33, no. 7, pp. 5641-5659,
2018, doi: 10.1109/TPEL.2017.2742899.

D. Soto-Sanchez, M. Martinez-Gomez, 1. Andrade, and R. Pefia,
"Alternate Arm Converter with Thyristor-based Director Switches,"
in 2018 IEEE International Conference on Automation/XXIII
Congress of the Chilean Association of Automatic Control (ICA-
ACC4), 17-19 Oct. 2018 2018, pp. 1-6, doi: 10.1109/ICA-
ACCA.2018.8609752.

P. D. Judge, M. M. C. Merlin, T. C. Green, D. R. Trainer, and K.
Vershinin, "Thyristor-Bypassed Submodule Power-Groups for
Achieving High-Efficiency, DC Fault Tolerant Multilevel VSCs,"
IEEE Transactions on Power Delivery, vol. 33, no. 1, pp. 349-359,
2018, doi: 10.1109/TPWRD.2017.2718591.

P. D. Judge, M. M. C. Merlin, T. C. Green, D. R. Trainer, and K.
Vershinin, "Thyristor/Diode-Bypassed Submodule Power Groups
for Improved Efficiency in Modular Multilevel Converters," [EEE
Transactions on Power Delivery, vol. 34, no. 1, pp. 84-94, 2019,
doi: 10.1109/TPWRD.2018.2843390.

P. D. Judge, M. M. Merlin, T. C. Green, D. Trainer, and K.
Vershinin, "The augmented trapezoidal alternate arm converter: A
power-group augmented DC fault tolerant voltage source
converter," 2016.

P. Li, S. J. Finney, and D. Holliday, "Active-Forced-Commutated
Bridge Using Hybrid Devices for High Efficiency Voltage Source
Converters," IEEE Transactions on Power Electronics, vol. 32, no.
4, pp. 2485-2489, 2017, doi: 10.1109/TPEL.2016.2622298.

P. Li, S. J. Finney, and D. Holliday, "Thyristor based modular
multilevel converter with active full-bridge chain-link for forced
commutation," in 2016 IEEE 17th Workshop on Control and
Modeling for Power Electronics (COMPEL), 27-30 June 2016 2016,
pp. 1-6, doi: 10.1109/COMPEL.2016.7556658.

D. Zhang, R. Datta, A. Rockhill, Q. Lei, and L. Garces, "The
modular embedded multilevel converter: A voltage source converter
with IGBTs and thyristors," in 2016 [EEE Energy Conversion
Congress and Exposition (ECCE), 18-22 Sept. 2016 2016, pp. 1-8,
doi: 10.1109/ECCE.2016.7855504.

D. Zhang, D. Dong, R. Datta, A. Rockhill, Q. Lei, and L. Garces,
"Modular Embedded Multilevel Converter for MV/HVDC
Applications," IEEE Transactions on Industry Applications, vol. 54,
no. 6, pp. 6320-6331, 2018, doi: 10.1109/TIA.2018.2850891.

P. Bakas, K. Ilves, S. Norrga, L. Harnefors, and H. P. Nee, "Hybrid
Alternate-Common-Arm Converter With Director Thyristors—
Impact of Commutation Time on the Active-Power Capability," in
2019 2lst European Conference on Power Electronics and
Applications (EPE '19 ECCE Europe), 3-5 Sept. 2019 2019, pp. P.1-
P.11, doi: 10.23919/EPE.2019.8915473.

12

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

‘s‘x

P. Bakas, K. Ilves, Y. Okazaki, L. Harnefors, S. Norrga, and H. P.
Nee, "Hybrid Alternate-Common Arm Converter With High Power
Capability: Potential and Limitations," [EEE Transactions on
Power Electronics, vol. 35, no. 12, pp. 12909-12928, 2020, doi:
10.1109/TPEL.2020.2996568.

C. Liu, F. Deng, Q. Heng, X. Cai, R. Zhu, and M. Liserre, "Crossing
Thyristor Branches-Based Hybrid Modular Multilevel Converters
for DC Line Faults," IEEE Transactions on Industrial Electronics,
vol. 68, no. 10, pp- 9719-9730, 2021, doi:
10.1109/TIE.2020.3026277.

M. M. C. Merlin and T. C. Green, "Cell capacitor sizing in
multilevel converters: cases of the modular multilevel converter and
alternate arm converter," IET Power Electronics, vol. 8, no. 3, pp.
350-360, 2015, doi: https://doi.org/10.1049/iet-pel.2014.0328.

J. Peralta, H. Saad, S. Dennetiere, J. Mahseredjian, and S. Nguefeu,
"Detailed and Averaged Models for a 401-Level MMC-HVDC
System," [EEE Transactions on Power Delivery, vol. 27, no. 3, pp.
1501-1508, 2012, doi: 10.1109/TPWRD.2012.2188911.

K. E. Corporation, "Aluminum Can Power Film Capacitors," ed,
9/24/2021

Y. Zhang, H. Wang, Z. Wang, Y. Yang, and F. Blaabjerg,
"Simplified Thermal Modeling for IGBT Modules With Periodic
Power Loss Profiles in Modular Multilevel Converters," [EEE
Transactions on Industrial Electronics, vol. 66, no. 3, pp. 2323-
2332, 2019, doi: 10.1109/TIE.2018.2823664.

D. Jovcic, High voltage direct current transmission: converters,
systems and DC grids. John Wiley & Sons, 2019.

K. Sano and M. Takasaki, "A surge-less solid-state dc circuit
breaker for voltage source converter based HVDC transmission
systems," in 2012 IEEE Energy Conversion Congress and
Exposition (ECCE), 15-20 Sept. 2012 2012, pp. 4426-4431, doi:
10.1109/ECCE.2012.6342220.

YOUSEF N. ABDELAZIZ received the B.Sc. (First
Class Hons.) and M.Sc. degrees in electrical
engineering from Alexandria University, Alexandria,
Egypt, in 2018 and 2021, respectively. He is an
Assistant Lecturer with the Electrical Department,
Faculty of Engineering, Alexandria University. He is
currently pursuing the PhD degree at the University
of Strathclyde, Glasgow, UK. His current research
interests include power electronics, applications of
power electronics in power systems, and HVDC
systems.

Khaled H. Ahmed (M’09-SM’12) received the
B.Sc. (first class hons.) and M.Sc. degrees in electrical
engineering from Alexandria University, Alexandria,
Egypt, in 2002 and 2004, respectively. He received the
Ph.D. degree in power electronics applications from
the University of Strathclyde, Glasgow, UK, 2008.
Currently, He is a Professor of Power Electronics at the
University of Strathclyde, Glasgow, UK. He is a senior
member of the IEEE Power Electronics and Industrial
Electronics societies. He has published more than 185
technical papers in refereed journals and conferences

as well as a published textbook entitled ‘High Voltage Direct Current
Transmission: Converters, Systems and DC Grids’, a book chapter contribution,
and a PCT patent PCT/GB2017/051364. Prof. Ahmed serves as a Co Editor-in-
Chief of Elsevier Alexandria Engineering Journal, and as an Associate Editor
of IEEE Open Journal of the Industrial Electronics Society (OJIES), and IEEE
Access. His research interests are renewable energy integration, high power
converters, offshore wind energy, DC/DC converters, HVDC, and smart grids.

Barry W. Williams received the M.Eng.Sc. degree
from the University of Adelaide, Adelaide, SA,
Australia, in 1978, and the Ph.D. degree from
Cambridge University, Cambridge, U.K., in 1980.
After seven years as a Lecturer with Imperial
College, University of London, U.K., he was
appointed to a Chair of electrical engineering with
Heriot-Watt University, Edinburgh, U.K, in 1986. He
is currently a Professor with Strathclyde University,
Glasgow, U.K. His research interests include power
semiconductor modelling and protection, converter

topologies, soft switching techniques, and their application in industrial
electronics and AC and DC power systems.


https://doi.org/10.1049/iet-pel.2014.0328

	Abstract
	I. INTRODUCTION
	II. PROPOSED TOPOLOGY DESCRIPTION
	A. Proposed Converter Architecture
	B. Proposed Converter Operation and Analysis (with ThirdHarmonic Subtraction)
	C. DC-Fault Blocking Analysis

	III. SYSTEM DESIGN
	A. Third Harmonic Ratio and SMs/Thyristors Count
	B. Arm Inductance, 𝐿𝑎
	C. Capacitance in HB-SMs and FB-SMs

	IV. SIMULATION VALIDATION
	A. Normal Operation
	B. DC Fault

	V. EXPERIMENTAL SETUP
	A. Normal Operation
	B. Power Reversal
	C. DC fault

	VI. COMPARISON
	VII. CONCLUSION
	REFERENCES



