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Abstract—This paper presents an alternative implementation
of a modular multilevel converter (MMC) that generates a large
number of voltage levels per phase with high resolution voltage
steps from a reduced number of cells per arm. The presented
MMC employs a half-bridge chain-link of medium-voltage cells
and a full-bridge chain-link of low-voltage cells in each of its
arms. The total blocking voltage of the full-bridge chain-link is
equivalent to half that of the medium-voltage half-bridge cell.
The use of half and full-bridge cells with two distinct rated
voltages in each arm permits full exploitation of the full-bridge
cells to generate high resolution multilevel voltage waveforms
with fine stepped transitions between major voltage steps of
the medium-voltage half-bridge cells. In this manner, errors
in the synthesis of the common-mode voltages of the three
phase legs due to switching of the cell capacitors in and out
the power path are reduced. The nested multilevel operation
of the proposed MMC results in a number of voltage levels
which is related to the product, rather than the sum, of the
numbers of half and full-bridge cells. Detailed comparisons with
existing MMC implementations show that the proposed MMC
implementation offers the best design trade-offs (superior AC
and DC waveforms with reduced control and power circuit
complexity). The validity of the proposed MMC implementation
is confirmed using simulations and experimentally.

Index Terms—HVDC, MMC, converter topology, hybrid con-
verter

I. INTRODUCTION

An efficient transmission technology is required for the
reinforcement of weak AC networks and continuous increase
in the growth of renewable energy production, especially from
remote offshore wind farms [1]. Existing multilevel voltage
source converter based HVDC transmission systems have
received universal acceptance from the power industry [2],
[3], because they satisfy the requirements of high efficiency
and high power quality on both AC and DC sides, while
providing internal fault management which is critical for
ensuring continuous operation during cell failure [4], [5].

Two main competing realizations of the modular multilevel
converter (MMC) exist. The first approach utilizes a large
number of cells per arm, where the blocking capability of
each cell is small and is defined by the rating of a single
switching device (i.e. 1.6-3kV) [6]. The second approach
adopts a reduced number of cells per arm, with each cell
rated for high DC operating voltage, ranging between 16-
20kV [7]. The latter approach requires the adoption of series-
connected semiconductor devices. Reducing the number of
MMC cells is attractive since it reduces both the size and
complexity of the converter. However, AC and DC power
quality are compromised when compared to converters with
a high number of cells per arm.

Several derivatives of modular multilevel converters that
employ unipolar, asymmetric and symmetric bipolar cells have
been presented [8]–[19]. It has been shown that the use of
unipolar cells such as half-bridge or three-level flying capacitor
cells leads to MMC topologies that cannot retain control
when the DC link voltages fall below the respective critical
voltage, and which are unable to block DC faults [10], [11].
Asymmetric bipolar cells lead to MMCs that can remain under
full control when operating with positive DC link voltages
from zero to rated DC voltage, even when the DC voltage
falls below the critical value [10]–[18]. They therefore offer
DC fault blocking and active control of DC fault currents. The
mixed cell modular multilevel converter (MC-MMC) is an ex-
ample of an MMC that employs asymmetric bipolar cells [10],
[11], [13], [20], [21]. Moreover, the use of symmetrical bipolar
cells such as the full-bridge or five-level cross connected cells
lead to MMCs that can operate with bipolar (positive and
negative) DC voltage, including zero voltage, and can reverse
the DC or active power by change of DC current or voltage
polarities.

Besides the realization of MMCs employing either symmet-
rical or asymmetrical cells, further performance optimization
is possible by mixing different types of the cells, resulting in
hybrid multilevel converters. Most of the hybrid converters
developed in the last decade were motivated by the trade-
offs between DC fault ride-through, efficiency and footprint.
Amongst the many hybrid converter topologies proposed in
the open literature in recent years, the MC-MMC is the
most attractive topology as it retains many of the attributes
of the conventional MMC such as modularity and simple
methods for bypassing faulted cells, while permitting delivery
of customized features such as bespoke control range for a
given level of semiconductor losses [20].

In the broader context, MMCs and hybrid converters that
employ asymmetrical and symmetrical bipolar cells, or a
mixture of different cells, achieve DC fault blocking and
greater control flexibility at the expense of higher semicon-
ductor losses compared to converters with unipolar cells.
Additionally, other types of hybrid multilevel converters exist
(such as the alternate arm converter and the hybrid cascaded
two-level converter), that use symmetrical bipolar cells (e.g.
full-bridge cells) and incorporate director switches that operate
at extremely low-frequency to achieve DC fault blocking
capability at reduced footprint and semiconductor losses [22],
[23]. However, the aforementioned hybrid converters lack
the power quality of an MMC and require filters, thereby
making the claim of total converter station footprint reduction
debatable.
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This paper presents a novel MMC that utilizes both half-
bridge (HB) and full-bridge (FB) chain-links in its arms. The
HB chain-link is rated for full DC-link voltage and, with
each HB cell being rated for medium voltage and therefore
requiring series-connected devices, is used to synthesize an
approximation to the fundamental sinusoidal output voltage
with large (major) voltage steps. The FB chain-link, with total
blocking voltage equivalent to half that of an HB cell, is used
to generate additional voltage levels with small (minor) voltage
steps to smooth the transitions between the large voltage steps
generated by the HB cells so that the MMC provides high-
quality sinusoidal output. In this way, the proposed MMC
has the potential to eliminate both AC and DC side filters
despite having a reduced number of cells. The proposed MMC
also exhibits a new, unique multiplication feature where the
number of voltage levels per arm is approximately equal to the
product of the numbers of HB and FB cells, whilst the output
voltage step amplitude is equal to that of the FB cell voltage.
These characteristics contribute to significant improvement in
the quality of the AC and DC side waveforms generated by
the proposed MMC.

The paper is organized as follows: Section II explains
the main motivation for the proposed MMC. Section III
describes the theoretical principles that underpin the operation
and modulation of the proposed MMC. Section IV presents
illustrative simulation and experimental results to corroborate
the theoretical discussions presented in Section III. Section V
discusses the scalability of the proposed MMC, and Section
VI presents the conclusions, where the main findings of this
research are summarized.

II. MOTIVATION

The MMC synthesizes AC voltage by inserting and by-
passing cells in the upper and lower arms such that the
blocking voltage of the inserted cells in both arms is slightly
larger or smaller than the imposed DC link voltage [24].
In MMC with large numbers of cells per arm, where each
cell is rated for a small voltage ranging from 1.6-2.5kV, the
nearest voltage level modulation (NLM) scheme synthesizes
high quality AC and DC side waveforms. In contrast, in MMC
with relatively small numbers of cells per arm, where the rated
voltage per cell ranges from 15-20kV, pulse width modulation
(PWM) is widely used to facilitate accurate synthesis of the
output AC and DC voltages. The use of series-connected
switching devices in the high-voltage cells of an MMC with a
reduced number of cells, e.g. 40 for a 640kV HVDC converter,
introduces significant errors to the output AC and common-
mode voltages of the three MMC legs, and high-frequency
components in the arm currents as shown in Fig. 1(a) and (b).
To satisfy the harmonic requirements specified by the Grid
Code, an AC filter is required to reject the high-frequency
PWM harmonics [25]. A DC filter is required to remove
the voltage mismatch that may cause ripple resulting from
transitions between the different voltages, as depicted in Fig. 1.
Under fast-acting current interruption, i.e. DC circuit breakers
with operating times in the range 2-5ms, over-sizing of the arm
inductors is unnecessary [26]. Increased voltage error due to
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Fig. 1. MMC (P : 1000MW, VDC : 640kV, Larm: 0.05p.u.) common-mode
voltage, arm voltages and currents (a)-(b) 40 cells, (c)-(d) 400 cells.

the use of large switching voltages increases the magnitudes
of the high-frequency currents and voltages to be injected
into the DC side. Relatively large arm inductors are therefore
required to suppress the high-frequency components of the
circulating currents. Thus, an increased number of levels with
smaller switching voltages improves the power quality of the
AC and DC side waveforms, as well as the arm waveforms,
and eliminates or minimizes passive filtering requirements.

It should be stressed that DC fault blocking is not one
of the motivations of the proposed topology, especially as
the maximum negative voltage its FB chain-link produces
is negligible and insufficient to facilitate DC fault blocking.
Instead the proposed topology is an enhancement that applies
to half or full-bridge MMCs that employ medium-voltage
cells, predominantly to improve the quality of the AC and
DC side waveforms. However, only improvement of the half-
bridge MMC is pursued in this paper due to space limitations.

III. PROPOSED TOPOLOGY

In this section, the proposed topology is described in
the context of cell placement design, fundamental operation,
modulation strategies and power losses.

A. Converter design

Fig. 2 shows one phase leg of the proposed Enhanced MMC
(EMMC) topology. Each arm of the EMMC consists of two
types of chain-link: the half-bridge (HB) chain-link and the
full-bridge (FB) chain-link. The total blocking voltage of the
FB chain-link is equivalent to half the rated voltage of an HB
cell. If suffixes hb and fb signify the variables and parameters
relating to the HB and FB chain-links respectively, the HB and
FB cell voltages are described as:

Vcell−hb =
VDC

Nhb
(1)
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Fig. 2. Phase representation of EMMC topology.

where Vcell−hb is the voltage across an HB cell, Nhb is the
number of cells in the HB chain-link, and VDC is the pole-to-
pole DC voltage.

Vcell−fb =
Vcell−hb

2Nfb
(2)

where Vcell−fb is the voltage across an FB cell and Nfb is the
number of cells in the FB chain-link of each arm. Each arm
will have a total number of cells N , defined in (3).

N = Nhb +Nfb (3)

The conventional MMC with Nhb cells per arm generates
Nhb + 1 voltage levels per arm, while the EMMC generates
2Nhb · Nfb + 1 voltage levels per arm. This multiplication
effect enables the EMMC to generate an increased number of
voltage levels when compared to the conventional MMC with
an equivalent number of cells, as shown in (4) and (5).

No
MMC = N + 1 (4)

where No
MMC represents the number voltage levels per arm

of the conventional MMC.

No
EMMC = 2Nhb ·Nfb + 1 (5)

Fig. 3 depicts the ideal synthesis of the total arm voltage
and voltages of the HB and FB chain-links, assuming an
illustrative EMMC with 4 HB cells and 2 FB cells per arm,
with all voltages being normalized to DC voltage VDC . Fig.
3(a) shows that the HB chain-link of each EMMC arm synthe-
sizes a stepped approximation of the sinusoidal fundamental
voltage Vchainhb

with a major voltage step equal to 0.25p.u.
(Vcell−hb = 1

4VDC = VDC

Nhb
), whilst the FB chain-link of each

arm synthesizes a bipolar voltage Vchainfb
with positive and

negative peaks of ±0.125p.u. (± 1
2 · 1

4VDC = ± 1
8VDC =

± VDC

2Nhb
= 1

2Vcell−hb) and minor a voltage step of 0.125
2 p.u.

( 1
2 · 1

8VDC = 1
16VDC = ± VDC

2Nfb
· Nhb = Vcell−hb

2Nfb
). Observe

that the total arm voltage Varm is the algebraic sum of the
voltages Vchainhb

and Vchainfb
, synthesized by the HB and FB

chain-links respectively. The minor voltage step seen in Varm
is derived directly from the voltage produced by a single FB
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Fig. 3. EMMC internal synthesized voltages: (a) Generated voltage wave-
forms, (b) Detailed view of voltage waveforms

cell ( VDC

2NhbNfb
= Vcell−hb

2Nfb
). The positive and negative peaks

of Vchainfb
in each arm are limited to ± 1

2Vcell−hb, which
suggests that the minimum blocking voltage of the FB chain-
link is 1

2Vcell−hb. Based on Fig. 3, the illustrative EMMC
consisting of 4 HB and 2 FB cells can generate 17 discrete
voltage levels in each arm. The number of arm voltage levels
generated can be expressed generically as in (5).

The HB cell capacitance may be expressed in terms of the
arm equivalent capacitance Carm−tot as:

Ccell−hb = Carm−tot ·Nhb (6)

where Ccell−hb is the cell capacitance for the HB chain-link.
Similarly the cell capacitance Ccell−fb for the FB cell is

expressed in terms of HB cell capacitance Ccell−hb and the
number of FB cells Nfb as:

Ccell−fb = Ccell−hb ·
Nfb

2
(7)

The total capacitance of the FB chain-link is equal to half
the total HB cell capacitance. This is achieved by increasing
the FB cell capacitance as described in (7). In industry,
cell capacitor sizing is based on stored energy criteria and
considers volume and capacitor voltage ripple. Values in the
range 30-40kJ/MW are commonly considered [7], and (6) and
(7) guarantee that the cell capacitor voltage ripple will not
exceed ±10% which is a commonly used design value in
conventional MMC.

It should be noted that the FB cells of the EMMC are not
intended to facilitate DC fault blocking or reduced DC link
operation. The proposed concept of incorporating FB chain-
links with minor voltage steps could be extended to other
MMC variants, such as the mixed-cell and FB-MMC.

B. Operating principle

The EMMC uses the HB chain-link rated at full pole-to-pole
DC voltage to synthesize the fundamental voltage with major
voltage steps, VDC

Nhb
, as shown in Fig. 4(a). The FB chain-link,

with combined blocking voltage equivalent to half that of an
HB cell, acts as an active power filter (APF) and generates
a multilevel waveform with minor voltage steps, VDC

2Nhb·Nfb
.

Thus, the FB chain-link facilitates smooth transition between
the major voltage levels through intermediate voltage levels
separated by minor voltage steps. Since the HB chain-link
synthesizes the fundamental component of the arm voltage,
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the continuous modulating signal mhb is used to estimate the
number of HB cells to be inserted and bypassed in each arm on
a discrete basis, as shown in Fig. 4(a). Equally, the FB chain-
link is required to inject voltage harmonics into each arm, thus
the modulating signal of the FB chain-link is extracted as an
error between the target fundamental voltage and its switched
equivalent, as shown in Fig. 4(b). Thus, the modulating signals
for the HB and FB chain-links are:

mhb = M · cos(ωt+ δ) (8)

mhbNLM
= round(mhb ·Nhb) (9)

mfb = mhb ·Nhb −mhb (10)

mfbNLM
= round(mfb ·Nfb) (11)

where M represents modulation index amplitude.
Equations (8)-(11) show that the FB and HB cell modulation

indexes are created from the same reference. Fig. 4 shows that
the HB chain link of each arm generates a staircase voltage
with Nhb + 1 levels, with a pre-defined major voltage step,
defined in (1), between two consecutive voltage levels. In
contrast, the FB chain link of each arm generates a bipolar
voltage consisting of 2Nfb + 1 levels, with a step voltage of
Vcell−fb defined in (2). The FB cells are switched to produce
positive and negative output voltage steps around an artificial
zero voltage level that is synchronized with the edges of
mhbNLM

. Fig. 4(c) shows the ideal modulating signals of the
HB and FB chain-links normalized for the synthesis of the
minor voltage levels between two successive major voltage
levels.

Conventional capacitor voltage balancing techniques, such
as the sorting, tolerance band and cell reference modulation
methods [27], [28], can be applied to both chain-links of the
EMMC.
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Fig. 4. Modulation signals: (a) HB chain-link, (b) FB chain-link, (c) Detailed
illustration of modulation signals.

C. Converter analysis

In the following analysis of the proposed EMMC, subscript
j defines the phase index (i.e. j = a, b, c) and k defines the
upper and lower position of the arm (i.e. k = u for the upper
arm and k = l for the lower arm). The FB and HB cell
capacitor currents can be described in terms of arm currents
and their switching functions (Scell) as:

mhb
∼=

Nhb∑
i=1

[
Scell−hbNhb,j,k

]
(12)

mfb
∼=

Nfb∑
i=1

[
Scell−fbNfb,j,k

]
(13)

icell−hbNhb,j,k
= Scell−hbNhb,j,k

· ij,k (14)

icell−fbNfb,j,k
= Scell−fbNfb,j,k

· ij,k (15)

Each arm voltage varmj,k
is formed by the summation of

individual cell voltages vcell−hbNhb,j,k
(t) and vcell−fbNhb,j,k

(t)
as described in (16) to (19):

vcell−hbNhb,j,k
(t) =

1

Ccell−hb
·
∫ (

icell−hbNhb,j,k
(t)

)
dt (16)

vcell−fbNfb,j,k
(t) =

1

Ccell−fb
·
∫ (

icell−fbNfb,j,k
(t)

)
dt (17)

varmj,k
=

Nhb∑
y=1

[
scell−hbNhb,j,k

· vcell−hbNhb
,j,k

]

+

Nfb∑
y=1

[
scell−fbNfb,j,k

· vcell−fbNfb,j,k

] (18)

or
varmj,k

= VchainHBj,k
+ VchainFBj,k

(19)

The instantaneous common-mode voltage the MMC phase
legs present at its DC terminals can be expressed in terms
of the instantaneous upper and lower arm voltages (varmj,u

,
varmj,l

) as:

Vcm = varmj,u
+ varmj,l

= VDC ± dV (20)

where dV represents the DC voltage drops across the internal
resistance of the arm reactors and switching devices of the
upper and lower arms. Synthesis of the AC voltage, as well
as the AC, common-mode and circulating currents, is similar
to that in the conventional MMC [24]. Fundamentally, the
necessary condition for cell capacitor voltage balancing is that
the energy exchange between the cell capacitors of the HB and
FB chain-links, and both chain-links with the AC side, must
be zero as described in (21) and (22).

EHBj,k
=

∫ T

0

(
mhb · iarmj,k

(t)

)
dt = 0 (21)

EFBj,k
=

∫ T

0

(
mfb · iarmj,k

(t)

)
dt = 0 (22)
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It should be noted that incorporation of the very limited
number of FB cells into each arm of the proposed EMMC may
affect the magnitudes of the low-order characteristic harmonics
and the high-frequency harmonics of the circulating currents.
The DC offset of the modulating signal mfb of the FB chain-
link is manipulated in order to ensure that the FB chain-link
exchanges zero net energy or active power with the FB chain-
link and AC side. Modulation index mfb is adjusted according
to the FB cell energy as described in (23).

Wfbj,k =
1

Nfb

Nfb∑
i=1

Ccell−fb · v2cell−fbNfb,j,k

2
(23)

Fig. 5 shows the overall controller structure of the pro-
posed EMMC. The horizontal and vertical energy balance
controllers, and the outer and inner current controllers, define
the modulation index for the HB chain-link. The vertical
(arm balancing) controller is responsible for ensuring that the
DC voltages across the upper and lower arms of all three
phases are equal (zero differential voltage or energy). The
horizontal (average capacitor voltage or energy) controller is
responsible for ensuring that the three phase legs have the
same DC voltage to prevent DC circulating currents between
the phase legs. The FB chain-link energy controller ensures
that the energy stored in the upper and lower arm FB chain-
links is balanced. This is achieved by injecting a small DC
component into the modulation index of the FB chain-links.
Also, the circulating current suppression controller modifies
the FB chain-link modulation index in order to reduce the
switching instances of the HB cells, and hence switching
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losses.
If HB cells are used in place of FB cells, the NLM

algorithm must be modified accordingly, i.e. replacement of
the round function in (9) and (11). Additionally, twice as
many HB cells will be required, leading to increased cell
capacitance without any additional benefit. Also instead of
the previously described DC offset manipulation, distributed
capacitor voltage balancing [29] in the FB cells could be used
to prevent departure of the cell voltage from its nominal value.

The cell capacitor voltages of the HB and FB chain-link in
each arm of the EMMC are balanced using two independent
tolerance band capacitor voltage balancing methods [27],
illustrated in Fig. 6.

D. Modulation schemes

Table I lists a number of hybrid modulation techniques
which are applicable for controlling the EMMC HB and FB
chain-links. The first scheme is well-suited to the low number
of HB and FB cells. Application of PWM to the HB chain-
link with major voltage steps permits accurate synthesis of
the fundamental voltage over the full modulation index linear
range. FB cell balancing is therefore readily achievable over
the full modulation range as the FB chain-links will not be
forced to produce fundamental voltage (or exchange non-zero
active power). This scheme is not however preferred due to
the increased complexity of the implementation, difficulty in
synchronizing two high-frequency modulations, and switching
loss concerns. By incorporating selective harmonic elimination
(SHE), the second scheme in Table I offers similar attributes
to the first scheme for low numbers of HB and FB cells,
including operation over the full modulation index range. Its
extension to MMC with large numbers of HB cells is, however,
problematic with regard to calculation of switching angles and
implementation, particularly at high modulation indexes where
several angles will be indistinguishable. The third scheme in
Table I inherently has all the features of the second scheme
when it is applied to MMC with large numbers of HB cells.
When it is applied to MMC with reduced numbers of HB cells,
its inability to accurately synthesize the required fundamental
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voltage during operation at low modulation indexes increases
the risk of voltage imbalance in the FB cells, as the FB chain-
link will be required to contribute fundamental voltage. The
fourth scheme is well suited to MMC with large numbers of
HB and FB cells. Thus, it is able to operate over the full
modulation index and power factor range.

TABLE I
MODULATION SCHEMES

Scheme
HB

Chain-link
FB

Chain-link
1 PWM PWM
2 SHE PWM
3 NLM PWM
4 NLM NLM

E. Converter power losses

The increased semiconductor losses in the EMMC when
compared to the conventional MMC are highly dependent
on the proportional relationship between the HB cell voltage
and the DC link voltage. When NLM is applied to an HB
chain-link which is subjected to high voltage and switching
frequency ranging from 150-300Hz, the switching loss is
expected to be slightly lower than that which could be achieved
with PWM. However, due to FB cell operation, the additional
conduction losses are equivalent to those of one HB cell and,
as a result, the FB losses will be a small proportion of the
total arm losses, as show in (24). The total switching losses
may be reduced as the HB cells switch less frequently, while
FB cells switch at lower voltage. Additionally, as the voltage
requirement of FB cells is low more efficient semiconductors,
such as SiC MOSFETs which have lower conduction and
switching losses when compared to similarly rated IGBTs,
may be employed.

PEMMCcond
=
Nhb + 1

Nhb
· PMMCcond

(24)

Fig. 7(a) shows the correlation between the number of
HB cells and the increase in total semiconductor losses, but
does not consider the potential reduction in switching and
passive filter losses. As the number of HB cells increases the
incremental semiconductor losses decrease.

Fig. 7(b) and Table II present a semiconductor loss compar-
ison between the conventional MMC implementations (40-cell
MMC and 400-cell MMC) and the EMMC. Table II and Fig.
7(b) display semiconductor losses for the 400-cell HB-MMC
that uses silicon IGBTs (MMC400Si−IGBT

), the 40-cell HB-
MMC that uses silicon IGBTs (MMC40Si−IGBT

), the EMMC
with 40 HB cells and 5 FB cells, where both HB and FB
cells employ silicon IGBTs (EMMC40+1Si−IGBT

), and the
EMMC with 40 HB cells and 5 FB cells, where the HB cells
use Silicon IGBTs and the FB cells employ silicon carbide
(SiC) MOSFETs (EMMC40+1SiC−Mos

). The semiconductor
losses displayed are computed from a detailed power loss
model [25] which accounts for junction temperature, IGBT
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Fig. 7. Semiconductor loss estimation: (a) Semiconductor loss increase
versus the number of HB cells, (b) Semiconductor loss comparison between
conventional MMC and EMMC with Si-IGBTs and SiC-MOSFETs.

and diode threshold voltages, on-state resistance, turn-on and
turn-off energy, and diode recovery energy.

Fig. 7(b) and Table II show that the EMMC has marginally
higher conduction loss compared to the conventional MMC
with 40 and 400 cells per arm, when all MMCs being
compared employ the same silicon IGBTs. Amongst the
silicon IGBT MMCs, the 400-cell MMC exhibits the lowest
switching loss, followed by the proposed EMMC, while the
conventional 40-cell MMC exhibits the highest switching loss.
As a result, the overall semiconductor loss of the EMMC is
slightly lower than that of the conventional 40-cell MMC,
with the conventional 400-cell MMC exhibiting the lowest
overall semiconductor loss. Additionally, the results in Fig.
7(b) and Table II show further reduction in semiconductor
loss of the EMMC is possible by adopting wide-band-gap
switching devices such as silicon carbide MOSFETs.

Based on the basic design presented, the EMMC increases
semiconductor count by 2.5%, which can be offset by other
design considerations such as cell redundancy.

TABLE II
SEMICONDUCTOR LOSS COMPARISON BETWEEN MMC AND EMMC

Losses
Conduction

[MW]
Switching

[MW]
Total
[MW]

MMC400Si−IGBT
4.75 1.14 5.89

MMC40Si−IGBT
4.75 1.75 6.50

EMMC40+1Si−IGBT
4.87 1.14 6.32

EMMC40+1SiC−Mos
4.87 1.35 6.22

IV. TOPOLOGY VALIDATION

This section presents simulation and experimental validation
of the EMMC. Table III shows the simulation and experimental
test rig parameters used to substantiate the viability of the
EMMC. In both simulation and experimental studies, the HB
chain-link is controlled using NLM, whilst the FB chain-link
is controlled using high-frequency PWM with 2.5kHz level-
shifted carriers (one carrier per FB cell). Both chains adopt
sorting based capacitor voltage balance. The sizing of the HB
cell capacitance is derived from a scaled system with inertia



IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 7

of 40kJ/MVA (equivalent to 40ms). On a similar basis, the
arm inductance is calculated to be 0.2p.u.

TABLE III
CONVERTER SPECIFICATION

VDC [V] 300
RLOAD [Ω] 17
Nhb / Nfb 4/4
fS [kHz] 2.5
Larm [mH] 5

Chb / Cfb / Cf [mF] 2.2 / 4.4 / 5

A. Simulation study

Simulation results where one phase of the EMMC operates
under open-loop control with a modulation index of 0.85
and a resistive load of 17Ω are shown in Fig. 8. Fig. 8(a)
shows the low-frequency modulation of the HB chain-link
voltage waveform using NLM, while Fig. 8(b) shows the high-
frequency modulation of the FB chain-link using PWM as de-
scribed earlier. Observe that the synthesized switched voltage,
which is a step approximation of a sinusoidal waveform by
the FB chain-link, occupies the full DC-link voltage range
of VDC , whilst the FB chain-link occupies a voltage range
equivalent to half that of an HB cell, and is a small fraction
of VDC according to (2). Fig. 8(a)-(d) indicate that the voltages
across the cell capacitors of the HB and FB chain-links, and
consequently the voltages across the switching devices of both
chain links, are tightly regulated around the desired steady-
state values. Fig. 8(e) shows the total upper and lower arm
voltages, which are synthesized by HB chain-links comprising
four HB cells each and providing large step voltage transitions,
and FB chain-links which consist of four FB cells providing
small step voltage transitions. Observe that the upper and
lower arm voltages in Fig. 8(e) exhibit a substantial increase
in the number of voltage levels, amounting to 2Nhb·Nfb+1
as described earlier. Although this illustrative simulation uses
only four HB cells and four FB cells, the arm voltage of
the EMMC accurately reflects the modulating signal of a
conventional MMC with 32 cells per arm. Fig. 8(f) shows
that the common-mode voltage (or instantaneous sum of the
upper and lower arm voltages) that the EMMC presents at
its DC terminals exhibits some high-frequency content due
to switching edge mismatch. Fig. 8(g) and (h) show that the
EMMC produces high-quality sinusoidal output phase voltage
and current waveforms even though it is feeding a purely
resistive load.

B. Experimental study

This section presents experimental results for a prototype
single phase of a EMMC, which is based on an existing four
cell per arm conventional MMC test rig that was upgraded to
the EMMC topology by the addition of FB chain links and
the necessary control system, as shown in Fig. 9. A 50Hz si-
nusoidal reference (modulating) signal is generated externally
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Fig. 8. EMMC simulation results: (a) HB chain-link voltage, (b) FB chain-
link voltage, (c) HB chain-link total capacitor voltage, (d) FB chain-link total
capacitor voltage, (e) total arm voltage, (f) common-mode voltage, (g) output
AC voltage, (h) output AC current.

and fed to Cypress Semiconductor 32-bit Arm R© Cortex R©-
M3 PSoC R© 5LP low-power micro-controller units MCU 1 and
MCU 2. MCU 1 manages NLM and capacitor balancing of the
upper and lower HB chain-links, whilst MCU 2 is dedicated to
high-frequency level shifted PWM (fs=2.5kHz) and capacitor
voltage balancing of the upper and lower FB chain-links. This
approach ensures that the fundamental voltage components
generated by the upper and lower chain-links are synchronized
and completely complementary so as to avoid any potential
voltage mismatches between the arms which could be reflected
in the AC and DC voltages. Moreover, the synchronization
of each arm HB and FB chain-link is achieved from the
reference, and does not need internal communication or clock-
synchronization.
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Fig. 9. Experimental configuration: (a) HB and FB chain-links, (b) converter
cell, (c) schematic diagram.

As in the simulation, each HB and FB chain-link consists
of four cells, and the capacitances of the HB and FB cells are
2.2mF and 4.4mF respectively. Two capacitors (Cf=5mF) with
split mid-point are connected across the DC power supply, as
shown in Fig. 9(c), to create a return path for the single-
phase arrangement. A 17Ω resistive load is connected to
the converter AC side. The experimental tests replicate the
simulation study to enable direct comparison of the results.
Fig. 10 shows that the experimental waveforms for the voltages
across the HB and FB chain-links of the upper and lower arms,
the HB and FB cell capacitor voltages, the upper and lower
total arm voltages, the common-mode voltage, and the output
phase voltage and current correspond well with the simula-
tion waveforms illustrated in Fig. 8. The low-energy high-
frequency voltage and current spikes in Fig. 10 (a), (b), (e),
(f) and (g) are due to small switching mismatches introduced
by factors such as dead-time, differences in the turn-on and
turn-off times, rapid reference tracking and electromagnetic
interference. The adverse impact of these factors is amplified
in the experimental waveforms in Fig. 10 due to the relative
size of the minor voltage steps of the FB cells compared to
that of the major voltage steps of the HB cells. In a full-scale
system where the ratio of the minor to major voltage steps
will be of the order of 0.1 or less, these current spikes are
expected to be attenuated by the arm inductors.

V. DETAILED QUANTITATIVE CONVERTER COMPARISONS

To complement the simulation and experimental validation
presented in Section IV, this section demonstrates the scalabil-
ity of the EMMC to high-voltage applications, using full-scale
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Fig. 10. EMMC experimental results: (a) HB chain-link voltage, (b) FB chain-
link voltage, (c) HB chain-link total capacitor voltage, (d) FB chain-link total
capacitor voltage, (e) total arm voltage, (f) common-mode voltage, (g) output
AC voltage, (h) output AC current.

models developed in the EMTP-RV simulation environment,
and considers a number of configurations and comparisons
with the conventional MMC. Details of the various MMC
configurations being compared are shown in Table IV. In
these illustrative simulations, the conventional MMC with 40
medium-voltage cells uses PWM and that with 400 cells uses
NLM, whilst the HB and FB chain-links of the EMMC use
NLM. Fig. 11 shows simulation waveforms of the conventional
MMC with 40 and 400 HB cells, and the EMMC with
Nhb=40 and Nfb=5. The plots for output phase voltages
and currents are illustrated in rows (a) and (b) of Fig. 11
and show that all converters being compared produce high
quality output voltages. However, the proposed EMMC with
40 medium-voltage HB cells (each rated at 16kV) and 5 FB
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Fig. 11. Waveform comparison between an HB-MMC with 40 (left column)
and 400 (middle column) cells, and an EMMC with 40 HB cells and 5 FB
cells (right column).

cells (each rated at 1.6kV) produces an output phase voltage
with identical quality (THD and dv/dt) to the MMC with 400
HB cells (each rated at 1.6kV). In both cases this performance
is superior to that of the conventional MMC with 40 HB
cells (THD of the output voltages of the conventional MMC
with 40 and 400 HB cells, and the proposed EMMC with
40 HB cells and 5 FB cells are 1.47%, 1.32% and 1.28%
respectively). The quality of the output phase currents of the
three converters (Fig. 11 row (b)) is practically similar as the
arm inductances are sufficiently large to filter out all the high-
frequency components associated with MMC switching from
the arm currents (Fig. 11 row (d)). The arm voltages of the
three MMCs are displayed in Fig. 11 row (c) and confirm the
ability of the EMMC with fewer medium-voltage HB cells to
match the conventional MMC with a large number of low-
voltage HB cells in terms of waveform quality and dv/dt to

TABLE IV
HVDC SPECIFICATIONS

No cells Nhb=40 Nhb=400
Nhb=40
Nfb=5

HB chain-link
modulation PWM NLM NLM

FB chain-link
modulation - - NLM

HB cell
voltage [kV] 16 1.6 16

FB cell
voltage [kV] - - 0.8

HB cell
capacitance [mF] 1.30 13.02 1.30

FB cell
capacitance [mF] - - 6.51

P [MW] 1000
VDC [kV] 640
Larm [p.u.] 0.05

which any AC-side equipment will be subjected. The DC link
currents and common-mode voltages shown in Fig. 11 rows (e)
and (f) reveal significant injection of high-frequency harmonic
components into the DC side of the conventional MMC with
40 medium-voltage HB cells compared to the conventional
MMC with 400 HB cells and the proposed EMMC (the DC
link voltage ripples of the conventional MMCs with 40 and
400 HB cells per arm, and the EMMC with 40 HB and 5 FB
cells per arm, are 5.18%, 0.22% and 0.25% respectively). This
is because the large switching cell voltage of the conventional
MMC with 40 medium-voltage HB cells (V chb= 16kV) creates
larger errors in the instantaneous magnitudes of the common-
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Fig. 12. Internal voltages of EMMC: (a) 40 HB chain-link, (b) 4 FB chain-
link, (c) HB capacitor voltages, (d) FB capacitor voltages.
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Fig. 13. Scalability of EMMC compared to conventional MMC for various
numbers of cells: (a) correlation between number of cells and number of levels
produced in each arm, (b) common-mode DC voltage error, (c) DC current
ripple, (d) AC phase voltage THD.

mode voltage compared to an MMC with 400 HB cells (V chb=
1.6kV) and the proposed EMMC. In practice, the DC link
voltage ripple would be exacerbated in the MMC with 40 cells
due to the dead-times and the significant mismatch between
the turn-on and turn off timings of the series-connected IGBTs.
Fig. 11 row (g) shows the total cell capacitor voltage for each
of the three converters, and highlights that the total HB cell
voltages are well regulated with identical ripple, whilst the
total EMMC FB cell voltage is also well regulated and is
only a small portion of the total HB cell voltage. Fig. 12 (a)
and (b) show that the voltage stresses in the HB and FB cell
capacitors and switching devices of the proposed EMMC are
well regulated as described in Section III. Fig. 12 (c) and
(d) show the voltages synthesized by the EMMC HB and
FB chain-links that constitute the total arm voltage shown
in the right-hand column of Fig. 11 row (c). These plots
show that the FB chain-link voltage represents a small fraction
of the total arm voltage, with switching pattern and timing
that indicate any potential brief miss-synchronization of the
switching instances of the HB and FB chain-links (typically
of the order of a few µs) will create low-energy voltage
spikes (where the worst case maximum voltage peak will be
limited to one half of an HB cell voltage) in the arm voltage
which will be absorbed instantly by the upper and lower arm
inductances. Thus, no distortion will be observed in the output
phase voltage. The spectra of the output voltages displayed in
Fig. 11 row (i) confirm the improved harmonic performance
of the EMMC compared to that of the conventional HB-MMC
with 40 medium-voltage cells.

Fig. 13 shows that for a reduced number of cells, the EMMC
can produce the same high-quality output AC voltage (THD,
number of voltage levels and dv/dt), DC voltage and current
ripple as a conventional MMC with large numbers of cells.

VI. CONCLUSIONS

This paper proposes an enhanced MMC topology with a
significantly reduced number of cells per arm that generates
high-quality AC and DC side waveforms, and a high number
of output voltage levels to rival the performance of the conven-
tional MMC with hundreds of cells per arm. This is achieved
by incorporating low-voltage FB chain-links with blocking
voltage equal to half that of an HB cell. The theoretical
development, simulations and experimental results confirm
that the EMMC offers reduced AC harmonics and DC voltage
ripple with a low number of cells per arm when compared to
conventional MMC. The main features of the EMMC are:

• Significant improvements in the power quality of the AC
and DC side waveforms without significant increase in
the power circuit and control complexity when compared
to the conventional MMC.

• In comparison with a conventional MMC with the same
number of cells, the EMMC has similar volume but
eliminates the need for AC and DC side filters due to
significantly improved output power quality.

• The proposed concept of the low-voltage FB chain-link
can be integrated into existing, currently operational,
low cell count MMC-based HVDC links with minimum
modification, and can be implemented in FB-MMC and
other hybrid topologies.

• Gains that are achieved in power quality outweigh the
marginal increases in semiconductor losses and area due
to integration of the low-voltage FB chain-links. These
losses may however be reduced by using state-of-the-art
semiconductors devices.
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de Transport d’Électricité (RTE) in conducting this research.

REFERENCES

[1] H. Dong, Z. Xu, P. Song, G. Tang, Q. Xu, and L. Sun, “Optimized power
redistribution of offshore wind farms integrated vsc-mtdc transmissions
after onshore converter outage,” IEEE Transactions on Industrial Elec-
tronics, vol. 64, pp. 8948–8958, Nov 2017.

[2] C. Oates, “Modular multilevel converter design for vsc hvdc appli-
cations,” IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 3, pp. 505–515, June 2015.

[3] J. Rodriguez, S. Bernet, B. Wu, J. O. Pontt, and S. Kouro, “Multi-
level voltage-source-converter topologies for industrial medium-voltage
drives,” IEEE Transactions on Industrial Electronics, vol. 54, pp. 2930–
2945, Dec 2007.

[4] R. Zeng, L. Xu, L. Yao, and S. J. Finney, “Analysis and control of
modular multilevel converters under asymmetric arm impedance condi-
tions,” IEEE Transactions on Industrial Electronics, vol. 63, pp. 71–81,
Jan 2016.

[5] F. Deng, Y. Tian, R. Zhu, and Z. Chen, “Fault-tolerant approach for mod-
ular multilevel converters under submodule faults,” IEEE Transactions
on Industrial Electronics, vol. 63, pp. 7253–7263, Nov 2016.

[6] K. Friedrich, “Modern hvdc plus application of vsc in modular mul-
tilevel converter topology,” in 2010 IEEE International Symposium on
Industrial Electronics, pp. 3807–3810, July 2010.

[7] B. Jacobson, P. Karlsson, G.Asplund, L.Harnnart, and T. Jonsson, “VSC-
HVDC transmission with cascaded two-level converters,” in CIGRE,
August 2014.

[8] S. Debnath, J. Qin, B. Bahrani, M. Saeedifard, and P. Barbosa, “Oper-
ation, control, and applications of the modular multilevel converter: A
review,” IEEE Transactions on Power Electronics, vol. 30, pp. 37–53,
Jan 2015.



IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 11

[9] C. Neeb, L. Boettcher, M. Conrad, and R. W. D. Doncker, “Innovative
and reliable power modules: A future trend and evolution of technolo-
gies,” IEEE Industrial Electronics Magazine, vol. 8, pp. 6–16, Sept 2014.

[10] A. Nami, J. Liang, F. Dijkhuizen, and G. D. Demetriades, “Modular
multilevel converters for hvdc applications: Review on converter cells
and functionalities,” IEEE Transactions on Power Electronics, vol. 30,
pp. 18–36, Jan 2015.

[11] G. P. Adam, I. Abdelsalam, J. E. Fletcher, G. M. Burt, D. Holliday,
and S. J. Finney, “New efficient submodule for a modular multilevel
converter in multiterminal hvdc networks,” IEEE Transactions on Power
Electronics, vol. 32, pp. 4258–4278, June 2017.

[12] M. A. Perez, S. Bernet, J. Rodriguez, S. Kouro, and R. Lizana, “Circuit
topologies, modeling, control schemes, and applications of modular
multilevel converters,” IEEE Transactions on Power Electronics, vol. 30,
pp. 4–17, Jan 2015.

[13] 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, pp. 1137–1146, March 2015.

[14] A. Dekka, B. Wu, and N. R. Zargari, “Start-up operation of a modular
multilevel converter with flying capacitor submodules,” IEEE Transac-
tions on Power Electronics, vol. 32, pp. 5873–5877, Aug 2017.

[15] E. C. Mathew, M. B. Ghat, and A. Shukla, “A generalized cross-
connected submodule structure for hybrid multilevel converters,” IEEE
Transactions on Industry Applications, vol. 52, pp. 3159–3170, July
2016.

[16] J. Zhang and C. Zhao, “The research of sm topology with dc fault
tolerance in mmc-hvdc,” IEEE Transactions on Power Delivery, vol. 30,
pp. 1561–1568, June 2015.

[17] R. Oliveira and A. Yazdani, “A modular multilevel converter with
dc fault handling capability and enhanced efficiency for hvdc system
applications,” IEEE Transactions on Power Electronics, vol. 32, pp. 11–
22, Jan 2017.

[18] X. Yu, Y. Wei, and Q. Jiang, “Statcom operation scheme of the cdsm-
mmc during a pole-to-pole dc fault,” IEEE Transactions on Power
Delivery, vol. 31, pp. 1150–1159, June 2016.

[19] D. Vozikis, G. Adam, D. Holliday, and S. Finney, “An improved alternate
arm converter for hvdc applications,” in IECON 2018 - 44th Annual
Conference of the IEEE Industrial Electronics Society, pp. 3921–3925,
Oct 2018.

[20] Z. Suo, G. Li, L. Xu, R. Li, W. Wang, and Y. Chi, “Hybrid modular
multilevel converter based multi-terminal dc/dc converter with min-
imised full-bridge submodules ratio considering dc fault isolation,” IET
Renewable Power Generation, vol. 10, no. 10, pp. 1587–1596, 2016.

[21] J. J. Jung, J. H. Lee, and S. K. Sul, “Asymmetric mixed modular
multilevel converter topology in bipolar hvdc transmission systems,”
in 2017 IEEE Energy Conversion Congress and Exposition (ECCE),
pp. 1615–1621, Oct 2017.

[22] M. M. C. Merlin, D. Soto-Sanchez, P. D. Judge, G. Chaffey, P. Clemow,
T. C. Green, D. R. Trainer, and K. J. Dyke, “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, pp. 3898–3910, May 2018.

[23] Y. Zhang, G. P. Adam, T. C. Lim, S. J. Finney, and B. W. Williams,
“Hybrid multilevel converter: Capacitor voltage balancing limits and
its extension,” IEEE Transactions on Industrial Informatics, vol. 9,
pp. 2063–2073, Nov 2013.

[24] L. Harnefors, A. Antonopoulos, S. Norrga, L. Angquist, and H. P. Nee,
“Dynamic analysis of modular multilevel converters,” IEEE Trans. on
Industrial Electronics, vol. 60, pp. 2526–2537, July 2013.

[25] D. Vozikis, G. Adam, P. Rault, D. Tzelepis, D. Holliday, and S. Finney,
“Steady-state performance of state-of-the-art modular multilevel and
alternate arm converters with dc fault-blocking capability,” International
Journal of Electrical Power and Energy Systems, vol. 99, pp. 618 – 629,
2018.

[26] N. Ahmed, L. Angquist, S. Mahmood, A. Antonopoulos, L. Harnefors,
S. Norrga, and H. P. Nee, “Efficient modeling of an MMC-based
multiterminal DC system employing hybrid HVDC breakers,” IEEE
Trans. on Power Delivery, vol. 30, pp. 1792–1801, Aug 2015.

[27] J. Qin and M. Saeedifard, “Reduced switching-frequency voltage-
balancing strategies for modular multilevel HVDC converters,” Power
Delivery, IEEE Trans. on, vol. 28, pp. 2403–2410, Oct 2013.

[28] M. Saeedifard and R. Iravani, “Dynamic performance of a modular mul-
tilevel back-to-back HVDC system,” IEEE Trans. on Power Delivery,
vol. 25, pp. 2903–2912, Oct 2010.

[29] M. Hagiwara and H. Akagi, “Control and experiment of pulsewidth-
modulated modular multilevel converters,” IEEE Transactions on Power

Electronics, vol. 24, pp. 1737–1746, July 2009.


	Introduction
	Motivation
	Proposed topology
	Converter design
	Operating principle
	Converter analysis
	Modulation schemes
	Converter power losses

	Topology validation
	Simulation study
	Experimental study

	Detailed quantitative converter comparisons
	Conclusions
	Acknowledgement
	References

