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Abstract—Although the modular multilevel converters (MMCs)
that contain submodules (SMs) with negative voltage capability
have various advantages, they usually demand many more semi-
conductors than the conventional half-bridge SM-based MMC
(HB-MMC). This study proposes a unidirectional-current clamp-
double submodule (UC-CDSM) by combining two unidirectional-
current full-bridge SMs (UC-FBSMs) using a shared switching
device. The sharing design enables the UC-CDSM-based MMC
(UC-CD-MMC) to have 25% fewer switching devices compared
with the UC-FBSM-based MMC. The quantity of switching devices
is rather similar to that in a conventional HB-MMC while the UC-
CD-MMC still retains the advantages, such as low capacitor usage,
dc fault clearing capability, and wide-range dc voltage adjustability.
Moreover, a unidirectional-current hybrid MMC composed of UC-
CDSMs and UC-FBSMs (UC-HYB-MMC) is presented to further
enlarge the adjustable range of dc voltage. Detailed comparisons
indicate that the UC-CD- and UC-HYB-MMCs can reduce the
valve costs by 32% and 25%, respectively, and volumes by 39%
and 34 %, respectively, compared with HB-MMCs. Simulation and
experimental results verify the steady-state and dc-fault clearance
of the proposed topologies, and that the capacitor voltages in the
UC-FBSMs and UC-CDSMs are well maintained and balanced in
the UC-HYB-MMC.

Index Terms—Compactness, dc voltage adjustability, modular
multilevel converter (MMC), submodule (SM) topology.

I. INTRODUCTION

ODULAR multilevel converter (MMC) has become
Mthe most competitive solution to the voltage source
converter-based high-voltage direct current (VSC-HVdc) trans-
mission systems. The half-bridge submodule (HBSM), which
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can output zero and positive voltage levels, is the most widely
used submodule (SM) to compose an MMC [1]. However, the
development of VSC-HVdc also brings many new challenges to
MMC s, such as how to reduce the converters’ cost and volume
[2], clear dc fault currents [3], [4], and adjust the dc voltage in
a wide range [5], [6], [7], which are difficult to be implemented
by a conventional HBSM-based MMC (HB-MMC).

Compared with HBSM, full-bridge submodule (FBSM) can
output an additional negative voltage level [3]. The FBSM-based
MMC (FB-MMC) and the hybrid MMC (HYB-MMC) com-
posed of HBSMs and FBSMs were initially proposed to block
the dc fault current. Further studies have noticed that the negative
voltage states of FBSMs enable the FB-MMCs or HYB-MMCs
to output adjustable dc voltages without affecting the ac voltage
capability, which is highly important in some applications, such
as active dc fault clearing [4], online converter switch-in and
-out [5], and series multiterminal dc [6], [7], [8]. For example,
the active dc fault clearing and online converter switch-in and
-out have been implemented in the Kunliulong ultra-high voltage
multiterminal dc project using HYB-MMC:s [5].

Existing studies have reported that the negative voltage states
of FBSMs can help to increase the modulation index, thereby
significantly suppressing energy fluctuations in the converter
arms and reducing the capacitor usage in MMC:s [9], [10]. For in-
stance, the dominant fundamental-frequency energy fluctuation
can be significantly suppressed if the modulation index reaches
acertain high value, such as 1.414 at unity power factor [9], [10],
[11]. This is extremely essential to reduce the volume and cost of
the valves, given that the SM capacitors require high capacitance
to suppress the voltage ripples caused by arm energy fluctuations
and may occupy more than 50% of the valves’ volume [12], [13]
and entail more than 30% of the cost.

Despite the various advantages brought by the negative volt-
age states of FBSMs, an FBSM utilizes twice the quantity of
switching devices as an HBSM, inevitably bringing negative
effects on the cost and volume. Although the capacitor usage
can be reduced greatly by increasing the modulation index to
an appropriate value, the extra semiconductors and SMs cancel
the reduction effects on the valve cost and volume brought by
the reduced capacitor usage [10]. Several variant topologies,
such as five-level SMs [14], [15] and semi-FBSMs [16], [17],
were proposed to reduce the quantity of switching devices while
retaining the negative voltage state capabilities. However, the
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MMCs based on these SM topologies still demand excessive
additional switching devices in practice compared with the
HB-MMC.

Considering that many converters transmit active power uni-
directionally, such as renewable energy integration and hy-
brid HVdc using line commuted converters and MMCs, a
unidirectional-current FBSM (UC-FBSM)-based MMC (UC-
FB-MMC) was proposed to reduce the quantity of required
switching devices while retaining the advantages of FB-MMC
[18], [19]. The UC-FB-MMC can act as a unidirectional in-
terface between the dc systems and the generations or loads.
The basic idea of the UC-FB-MMC is that the arm currents
are kept unidirectional by increasing the ac voltage to decrease
the ac current, thereby removing two switching devices from
each FBSM because the unidirectional arm currents never flow
through them [19], [20]. However, the quantities of required SMs
and semiconductors in a UC-FB-MMC are still approximately
40% more than those in a conventional HB-MMC to attain the
increased ac voltage [19], limiting the reduction effects on the
cost and volume.

The UC-FB-MMC inherits the advantages of FB-MMC, in-
cluding dc fault clearing capability, low capacitor usage, and
dc voltage adjustability, whose dc voltage can vary ranging
from the positive to negative rated values. In fact, in many
applications, the dc voltage range is not necessarily that wide,
that is, the lower limit of the adjustable range is not necessarily
to reach the negative rated value [4], [6], [7], [20], [21]. In these
cases, the requirement for the negative voltage capability of the
converter arms can be lower than the positive one. On this basis,
this study proposes a new asymmetrical unidirectional-current
clamp double submodule (UC-CDSM) by combining two UC-
FBSMs using a shared switching device. The UC-CDSM-based
MMC (UC-CD-MMC) can significantly reduce the quantities
of SMs and semiconductors while still having the advantages,
including dc fault clearing capability, low capacitor usage, and
dc voltage adjustability. Furthermore, a hybrid MMC topology
composed of the proposed UC-CDSM and the UC-FBSM (UC-
HYB-MMQO) is presented to extend the dc voltage range. The
UC-HYB-MMC inherits the advantages of UC-CD-MMC and
extends the dc voltage range by increasing its hybrid rate. In
addition, a universal sorting and capacitor voltage balancing
algorithm for UC-CD- and UC-HYB-MMC:s is proposed. The
UC-CD- and UC-HYB-MMC:s are evaluated, which allows for
quantitative comparisons of the valve costs and volumes between
the existing and proposed MMC topologies and summarizes
their advantages. Simulation and experimental results verify
the feasibility of the proposed MMC topologies and control
methods.

II. UC-CDSM AnD UC-CD-MMC
A. Derivation of the Topology of UC-CDSM

Fig. 1 shows the topology of MMC. The arm currents must be
unidirectional for implementing the UC-CDSMs. The essential
means to create unidirectional arm currents is to increase the
ac voltage. As shown in Fig. 2(a), the fundamental frequency
components of the arm current can be reduced by increasing
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Fig. 2. Basic principle of creating unidirectional arm currents. (a) Unidirec-

tional arm currents by only increasing the ac voltage. (b) Unidirectional arm
currents by both increasing the ac voltage and ACCI, but the ac voltage is not
increased so high as that in (a).

the ac voltage to a certain value. Thus, the dc component
offset forces the arm currents to be unidirectional. However,
the ac voltage must increase to such a high value that the
minimum modulation index becomes higher than 2.0, which
is not acceptable in practice [19]. As shown in Fig. 2(b), an
active circulating current injection (ACCI) can be used to help
the arm current be unidirectional, and thereby, the ac voltage
requirement is reduced by 1/3 at most compared with that in
Fig. 2(a) [19]. Furthermore, given that the ac voltage is reduced,
the quantities of the SMs and semiconductors in the MMCs
also decrease, thereby lowering the total power losses [19]. On
the premise of unidirectional am current, two switching devices
and two diodes can be eliminated from an FBSM because the
unidirectional arm current never flows through them, thereby
creating a unidirectional-current variant named as UC-FBSM
[19]. Fig. 3(a) shows two UC-FBSMs connected in series.

The UC-FBSM is a simplified variant of FBSM and can save
half the quantity of semiconductors compared with FBSM [18],
[19]. Similar to FB-MMC, the UC-FBSM-based MMC (UC-
FB-MMC) still retains the advantages, such as low capacitor
usage, dc fault clearing capability, and wide-range dc voltage
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Fig.3. (a) Two UC-FBSM. (b) Combination of two UC-FBSMs using a shared
switching device (intuitive demonstration and rearrangement of semiconduc-
tors). (c) Structural design example of UC-CDSM.

adjustability [22]. However, the UC-FB-MMC still requires ap-
proximately 40% more SMs and switching devices to attain the
high ac voltage for unidirectional arm currents compared with
a conventional HB-MMC [19]. Although the semiconductor
usage, indicated by the total capacity of switching devices and
diodes, is similar to that of HB-MMC because the UC-FB-MMC
has decreased arm currents [19], the increased quantities of SMs
and semiconductors still bring cost and volume problems.

To reduce the quantity of SMs and save the semiconductor
usage while retaining the advantages of MMCs that utilize the
negative states of SMs, this study proposes to combine two
UC-FBSMs using a shared switching device and creates a new
asymmetrical SM topology, as illustrated in Fig. 3(b). Evidently,
the sharing design can reduce the quantity of switching devices
by 25%. Inherently, this SM topology can also be understood as
the unidirectional-current variant of the clamp double submod-
ule (CDSM) reported in [3], which was originally proposed to
block the fault current. Therefore, in this article, this SM topol-
ogy is named as unidirectional-current CDSM (UC-CDSM).
As illustrated in Fig. 3(b), a UC-CDSM mainly consists of
three switching devices Si, S4, and S7 and four independent
diodes Dy, D3, D5, and Dg. The antiparallel diodes dg;, dg4,
and dg; are only used to provide current paths for precharging
the capacitors from the ac side during start-up stages, and no
current flows through them in normal operations. Therefore, if
they are separately installed, the diodes with much lower current
ratings can be selected. Given their necessity only if the MMC is
charged from the ac side, the diodes are plotted with dotted lines.
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Fig. 4. Switch states, current paths, and output voltages of UC-CDSM.
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(1, 1,0). (d) (S1, S4, S7) = (0, 1, 0). (¢) (S1, S4, S7) = (0,0, 0).

Fig. 3(c) presents a structural design example of the UC-CDSM
using the modular IGBTs and diodes, indicating the feasibility
of the integration for the UC-CDSM.

Fig. 4 shows the switch states, current paths, and output
voltages of the UC-CDSM. When the current on the negative
direction flows through the UC-CDSM, the sum of the two
capacitor voltages (Uc1 + Uc2), the voltage of C; (Ucy), the
voltage of Cy (Uc2), zero voltage and the negative voltage
(—=Ucy or —Uc2) can be output by controlling the pulse signals
of the three switching devices. Therefore, when assuming that all
the capacitor voltages are approximately the rated value Ucn,
each UC-CDSM can output four levels: 2Ucy, Ucn, 0, and
—Ucn. The average quantity of switching devices used for
outputting a positive voltage level is 1.5, even less than the
HBSM.

Among all the voltage levels, the negative voltage level should
be specially explained. As shown in Fig. 4(e), the UC-CDSM
outputs the negative voltage level by switching off all the switch-
ing devices. Whether the voltage of C; or Cs is output depends
on the voltage relationship between the two capacitors rather
than the pulse signals of switching devices. For instance, if Uc;
is higher than Ucs, then Dj is in the cut-off state, and the current
flows through C, following the dashed line in Fig. 4(e), and the
output voltage is —Ucs. If Ucy is lower than Uco, then the
output voltage is —Uc;. Although the controller cannot decide
which capacitor to be inserted negatively, this automatic output
mechanism helps to balance the voltages of the two capacitors
because the one with the lower voltage has the chance to be
inserted negatively and charged.

B. Characteristics of UC-CDSM-Based MMC (UC-CD-MMC)

1) Reduction in Quantities of SMs and Semiconductors:
Fig. 5(a) shows the diagram of the arm voltage waveforms when



LIetal.: LOW-COST AND COMPACT ASYMMETRICAL UNIDIRECTIONAL-CURRENT MODULAR MULTILEVEL CONVERTERS

Ueap sum Ucap sum |-~
& %
& Usni2f . Ei
B S ual2
g 0 E 0] I i W $oual/d
f UacT tlme
NUCN
= Ucap sun/2 [~~~ = Ueap sum/2 [

Fig. 5. Diagrams of arm voltages when the dc voltage is (a) rated value and
(b) a reduced value.

the UC-CD-MMC operates under the rated dc voltage. Given
that a UC-CDSM can output two positive and one negative
voltage levels at most, the instantaneous arm voltages should
be within the range of [—Ucap sum/2, Ucap sum] to fulfill the
linear modulation constraint, where Ucap sum 1is the summed
capacitor voltages of each arm, defined as

Ucapfsum = NcapUCN = 2NUcn (1)

where Nco, and N are the quantities of capacitors and UC-
CDSMs in each arm, respectively. Therefore, once the rated
capacitor voltage is determined, the quantity of series-connected
UC-CDSMs should be designed to meet the requirement of
linear modulation at any possible operating condition. As shown
in Fig. 5(a), under the rated dc voltage, the linear modulation
constraint for a given operating condition is mainly determined
by the arm voltage peaks, which is expressed as

et sum — % > /30, P

where U, is the rms value of the ac voltage output under the
given operating condition. Substituting (1) into (2) yields

1 1Y\ Uden
Ncap =2N > (Qmac + 2) UCCN €))
where m,. is the modulation index under the given operating
condition, defined as

\/§Uac
Usen/2°

Given that the value of U, varies with the operating condi-
tions, the value of m,. also varies with different operating con-
ditions. The constraint on the quantity of UC-CDSMs defined in
(3) should be fulfilled for all possible operating conditions within
the designed operating range. Specifically, the quantity of SMs
must be selected considering the maximum modulation index in
the whole operating range, which is denoted as Mac(max). For
a conventional HB-MMC, the parameters must be designed to
ensure that 71,¢(max) does not exceed 1.0 when the third-order
harmonic injection is not implemented. By comparison, the
modulation index for the unidirectional-current MMCs must be
increased to over 1.0 for unidirectional arm currents [19], which
can be realized by utilizing the negative voltage states of the
SMs.

“)

Mac =

3401

In order to intuitively illustrate the reduction effects of the
UC-CD-MMC on the quantities of SMs and switching devices,
a case of 1000 MW/640 kV MMC is used as an example. Its
detailed design targets can be referred to in Table I in Section V.
In this example, the rated capacitor voltage is designed as 1.6 kV,
and the quantity of SMs per arm of an HB-MMC is commonly
designed as 400. For the unidirectional-current MMCs, the max-
imum modulation index 7 (max) may reach 1.81[19]. Thus, the
quantities of SMs in the UC-FB-MMC should be designed no
lower than 562, which is about 1.4 times that in a conventional
HB-MMC. By comparison, since each UC-CDSM is equivalent
to two UC-FBSMs, the UC-CD-MMC only uses 281 SMs per
arm, which is 30% fewer than that in HB-MMC. Although this
reduction is caused by the combination of two UC-FBSMs, it
is still meaningful in real applications because the costs and
volumes of accessory components related to the quantity of SMs,
such as structural components, electronic interface units, and
heat sinks, can be reduced.

A more important advantage of the UC-CD-MMC is the
reduced quantity of switching devices. Given that a UC-CDSM
is obtained by combining two UC-FBSMs using a shared
switching device, the total quantity of switching devices in a
UC-CD-MMC can be substantively reduced. In this example, the
quantities of switching devices per arm in HB-MMC, UC-FB-
MMC, and UC-CD-MMC are 800, 1124, and 843, respectively.
The quantity of switching devices in a UC-CD-MMC is 25%
fewer than that in a UC-FB-MMC and is similar to that in an
HB-MMC. Considering the decreased arm current ratings due
to the increased ac voltage, the UC-CD-MMC has even lower
semiconductor usage than the conventional HB-MMC while still
having significant advantages, such as lower capacitor usage, dc
fault clearing capability, and wide-range dc voltage adjustability.
Detailed comparisons of various MMC topologies are illustrated
in Section V.

2) Reduction in Energy Storage Requirement: The capacitor
usage is commonly evaluated by the energy storage requirement
per MVA [23]. Existing literature has revealed that an increase
in the modulation index by utilizing negative voltage states of
SMs can significantly suppress the energy fluctuations in the
converter arms, thereby reducing the energy storage requirement
[9], [10].

The requirement of increasing the ac voltage for creating
unidirectional arm currents just coincides with the require-
ment of increasing the modulation index for reducing the en-
ergy storage requirement. The increased ac voltage enables the
UC-CD-MMC to have an increased modulation index, thereby
having a much lower energy storage requirement. As will be
evaluated in detail in Section V, the UC-CD-MMC can reduce
the energy storage requirement by over 50% compared with the
conventional HB-MMC [22], thereby reducing the valve volume
and cost. Detailed comparisons of various MMC topologies are
also illustrated in Section V.

3) DC Fault Clearing Capability: As explained in the previ-
ous section, the UC-CDSM can also be understood as a variant
of CDSM, having dc fault clearing capability by blocking all
the switching devices [3]. Fig. 6 shows an example of a fault
current path after blocking the converter, where u,, and u, are
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Fig. 6. Current paths during fault clearance by blocking UC-CD-MMC.
(a) Fault current path. (b) Equivalent circuit.

the phase voltages of the power grid. The UC-CDSMs are auto-
matically inserted negatively into the converter arms to absorb
fault energies and block the fault current.

4) Wide-Range DC Voltage Adjustability: The MMCs based
on the SMs that have negative voltage capabilities, such as
FB-MMC, HYB-MMC, and UC-FB-MMC, can adjust the dc
voltage in a wide range without affecting the ac voltage ca-
pability. This feature enables these MMC:s to fit many special
applications, as mentioned in Section I [4], [5], [6], [7], [8], and
[24]. Given that the UC-CDSM can also output negative voltage
level, the UC-CD-MMC also inherits the advantage of adjustable
dc voltage. However, as shown in Fig. 4, the UC-CDSM is
an asymmetrical topology, whose negative voltage capability
is only half of the positive one, bringing a limit to the range of
the adjustable dc voltage.

As illustrated in Fig. 5(a), there is still much room between
the arm voltage valleys and the lower limit —Ucap sum/2 When
outputting the rated dc voltage. Therefore, as illustrated in
Fig. 5(b), the dc components of the upper and lower arm voltages
can simultaneously move downward. Therefore, the dc voltage
of a UC-CD-MMC can vary in a wide range without affecting
the ac voltage capability. According to Fig. 5(b), the constraint
for the value of the dc voltage uq. is that the arm voltage valleys
are no lower than the lower limit —Ucap,_sum/2, expressed as

U Ucap_su
S SRS > /oUe. (5)
2 2
According to (5), the constraint on the per-unit value of the
dc voltage can be obtained by normalizing (5) with the rated dc
voltage Uqcn, expressed as

Uz:[C Z 2\/§Uac - Ucapfsum = Mo
Uch

Ucap sum
Uch

Supposing that the quantity of capacitors in each arm is
selected as the minimum value that fulfills (3), then

1

1
Ucap_sum = NcapUCN = <2mac(max) + 2> Ugen- @)
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Fig.7. Comparison of dc ranges of different MMC topologies. (a) HB-MMC.
(b) FB-MMC. (c) HYB-MMC. (d) UC-FB-MMC. (e) UC-CD-MMC. (f) UC-
HYB-MMC.

Substituting (7) into (6) yields

1

1
§mac(max) - § 3)

Given that the modulation index m,. varies with different
operating conditions, the right-hand side of (8) also varies with
different operating conditions. Therefore, using U*qcmino tO
denote the minimum value that the dc voltage can reach no
matter what operating condition the MMC operates at, the value
of U* 4emino Must be the maximum value of the right-hand side
of (8) (i.e., Mac = Mac(max))> Which is expressed as

" 1 1
UdcminO = imac(max) - 5 (9)

*
Uge > Mye —

Still using the abovementioned example of 7,¢(max) = 1.81,
the minimum value of the dc voltage is approximately 0.4 per
unit (p.u.) Specifically, without affecting the ac voltage output,
the dc voltage can only vary in the range of [0.4 p.u., 1.0 p.u.]
in this example.

Fig. 7 compares the dc voltage and current ranges of various
MMC topologies. Fig. 7(a)—(c) shows the typical dc voltage
and current ranges of bidirectional-current MMC topologies,
including HB-, FB-, and HYB-MMCs, whose dc currents are
bidirectional. The dc voltage of HB-MMC is only within a
narrow range around the rated value. The employment of FBSM
enables the FB-MMC to have a dc voltage range of [—1.0 p.u.,
1.0 p.u.]. In the HYB-MMC composed of both FBSMs and
HBSMs, the dc voltage range is dependent on the ratio of the
FBSMs in each arm. For example, when the ratio of FBSMs in
each arm is 50%, the HYB-MMC has a theoretical dc voltage
range of [0, 1.0 p.u.].

Fig. 7(d) and (e) shows the typical dc voltage and current
ranges of unidirectional-current MMC topologies, including
UC-FB- and UC-CD-MMCs, whose dc currents are unidirec-
tional. The UC-FB-MMC has the same dc voltage range as the
FB-MMC, while the dc current must be unidirectional. By com-
parison, the dc voltage adjustable range of the UC-CD-MMC
becomes narrower since the UC-CDSM is an asymmetrical
topology, whose negative voltage capability is sacrificed for
fewer switching devices. However, the adjustable range of the dc
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voltage shown in Fig. 7(e) is still sufficient to fit some applica-
tions, such as HVdc with reduced dc voltage in extreme weather,
even if it cannot reach zero. As will be analyzed in Section V,
among the MMC topologies with adjustable dc voltages, the
UC-CD-MMC has the fewest switching devices, whichis greatly
advantageous to reduce the cost and volume.

Compared with other MMC topologies, another disadvantage
of UC-CD-MMC is that the power is unidirectional and the
UC-CD-MMC can only operate as a rectifier because both the
dc current and voltage are unidirectional. However, the reduced
volume and cost, the dc fault clearing capability, and the dc
voltage adjustability still make the UC-CD-MMC attractive in
many dc applications, such as renewable energy integration and
long-distance overhead line-based HVdc. In the applications that
require the MMC to possess sort of power reversal capability
for inverting, the UC-HYB-MMC to be proposed in Section III
can be adopted. The UC-HYB-MMC can reverse the power
direction from rectifying to inverting by changing the polarity
of dc voltages, as shown in Fig. 7(f). For other applications,
inverters in HVdc for example, the existing UC-FB-MMC can
be selected, and the UC-CD-MMC can operate as a rectifier in
coordination with the UC-FB-MMC.

III. UNIDIRECTIONAL-CURRENT HYBRID MMC
A. Principle of Unidirectional-Current Hybrid MMC

As introduced in Section I, many special applications require
MMCs to adjust the dc voltage to zero or even to a negative
value [4], [5], [6], [7], [8], [24]. The UC-CDSM is an asym-
metrical topology, sacrificing the negative voltage capability for
fewer switching devices and resulting in a limited adjustable
dc voltage range of UC-CD-MMC. To overcome this disadvan-
tage, this study proposes a unidirectional-current hybrid MMC
(UC-HYB-MMC) composed of UC-CDSMs and UC-FBSMs.

The existing UC-FBSM shown in Fig. 3(a) can symmetri-
cally output voltage levels of 1, 0, and —1. The basic idea
of a UC-HYB-MMC is to replace some UC-CDSMs in each
arm with UC-FBSMs, thereby enhancing the negative voltage
capability of the converter arm. To remain the positive voltage
capability as Ucap sum, €ach UC-CDSM should be replaced by
two UC-FBSMs, expanding the negative voltage capability by
—Ucn. Using Np to denote the quantity of UC-FBSMs in a
converter arm in the UC-HYB-MMC (Nr must be even, and
Ng/2 UC-CDSMs are replaced by Np UC-FBSMs), a hybrid
rate indicating the contribution of UC-FBSMs to the positive
voltage capability of the converter arm is defined as

Nr  Np
Nep 2N

kg = (10)

With the replacement, the positive voltage capability of the
converter arm remains unchanged, whereas the negative capabil-
ity is extended, and the arm voltage can vary within the range of
[—(14+kr)Ucap_sum/2, Ucap_sum]. Similar to (5), if the negative
limit of the arm voltage is extended to —(14+kr)Ucap sum/2, the
constraint for the dc voltage is expressed as

u Uca sum
= (1 +kr) —E > V2l

> Y
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Fig. 8.  Effects of hybrid rate kg on dc voltage range enlargement in the case
study, and increase in SM and switching device quantities.

Substituting (7) into (11) and normalizing (11) by the rated
dc voltage yield

1+ kr

12)

UZC = Mye — X (mac(max) + 1) .

Given that the modulation index m,. varies with different
operating conditions, the right-hand side of (12) is also related
to the operating condition. Therefore, using Uy, to denote
the minimum value that the dc voltage of UC-HYB-MMC can
reach no matter what operating condition the UC-HYB-MMC
operates at, the value of Uj...;, must be the maximum value
of the right-hand side of (12) (i.e., Mac = Mac(max)), Which is
expressed as

Udcmin = Mac(max) — B

. k
= UdcminO - EF (mac(max) + 1)

X (mac(max) + 1)
(13)

where U], ;.0 15 the minimum reachable dc voltage of UC-CD-
MMC presented in Section II. Equation (13) indicates that by
increasing the hybrid rate kp, the reachable minimum dc voltage
decreases, thereby extending the dc voltage range. An extreme
case is that the UC-HYB-MMUC is essentially a UC-CD-MMC
when kg = 0, and another extreme case is that the UC-HYB-
MMC totally becomes a UC-FB-MMC when kg = 1, which can
output full-range dc voltages. Still taking m,c(max) = 1.81 as
an example, Fig. 8 plots the relationships between dc voltage
ranges and kp in this example. With the increase in ky, the dc
voltage range is enlarged.

Clearly, the replacement of UC-CDSMs by the UC-FBSMs
brings side effects that the quantities of the SM and switch-
ing devices will increase. Compared with UC-CD-MMC, a
UC-HYB-MMC utilizes kr times more SMs and kp/3 times
more switching devices. Fig. 8 also plots the increased SM
and switching device quantities with the increase in the hybrid
rate kp. Therefore, in order to minimize the cost and volume,
the hybrid rate can be selected as low as possible under the
premise that the adjustable dc voltage range can meet the design
requirement. For example, under mac(max) = 1.81, the hybrid
rate can be designed as 29% in this case study to obtain an
adjustable range of [0, Ugcn].



3404

B. Characteristics of UC-HYB-MMC

Given that the UC-HYB-MMC is developed on the basis of the
UC-CD-MMC, the UC-HYB-MMC also has the characteristics
of reduced volume and cost and dc fault-clearing capability.
Compared with the UC-CD-MMC, the UC-HYB-MMC can
have a wider adjustable dc voltage range by increasing the
hybrid rate kp, enabling the UC-HYB-MMC to fit more ap-
plication scenarios, such as online switch-in and -out [5] and
series multiterminal HVdc [6], [7], [8]. By increasing ky, the
UC-HYB-MMC can further output negative dc voltages for
active clearance of dc faults [4]. The advantage of the active
clearance is that the energy stored in the long-distance lines
can be transferred into the ac system rather than absorbed by
the SM capacitors, thereby alleviating overvoltage on SMs. The
enlargement of dc voltage range is certainly at a cost of increases
in the quantities of SMs and switching devices.

IV. UNIVERSAL SORTING AND CAPACITOR VOLTAGE
BALANCING ALGORITHM OF UC-CD- AND UC-HYB-MMCs

When the UC-CDSM outputs positive or zero voltage levels, it
is equivalent to two independent UC-FBSMs that are connected
in series. Therefore, the conventional sorting and capacitor volt-
age balancing algorithm can be directly implemented, that is,
inserting the capacitors with the highest voltages.

When the arm outputs negative voltages, the sorting and
capacitor voltage balancing algorithm should have been to insert
the capacitors with the lowest voltages negatively. However,
as analyzed in Section II, whether the voltage of C; or C; is
negatively inserted depends on the voltage relationship between
them rather than the on or off states of the switching devices:
only the capacitor with the lower voltage has the chance to be
negatively inserted. Therefore, the higher capacitor voltage in
each UC-CDSM must not be involved in the sorting algorithm.
To cope with this problem, this study proposes a preprocessing
algorithm that improves the conventional sorting algorithm to fit
the UC-HYB-MMC. Given that the UC-CD-MMC is a special
case of UC-HYB-MMC, whose hybrid rate kr = 0, the proposed
algorithm is also suitable for UC-CD-MMC.

As described in the previous sections, there are (Ncap — Nr)/2
UC-CDSMs and Ng UC-FBSMs in a converter arm. Therefore,
since each UC-CDSM has two capacitors and each UC-FBSM
has one, there are (N.,, — Nr) capacitors in UC-CDSMs and
Nr capacitors in UC-FBSMs. Fig. 9 shows the entire sorting and
capacitor voltage balancing algorithm, where n is the quantity
of capacitors to be inserted. The entire algorithm is divided
into the preprocessing and the conventional sorting algorithms.
If the converter arm is about to output a positive voltage, the
preprocessing algorithm does nothing and the capacitor voltages
are directly sent into the conventional sorting algorithm. The
n capacitors with the highest voltages are inserted positively
and discharged. By comparison, if the converter arm is about to
output a negative voltage (i.e., n < 0), then the two capacitor
voltages in each UC-CDSM are first compared, and then, the
higher voltage is added by a very large value, so that they are
kept on the top highest places when all the capacitor voltages
are sorted. Notably, the added value is not strictly restricted and
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Fig. 9. Block diagram of improved sorting and selection algorithm of the
UC-HYB-MMC.

specified. In practice, the added value can be selected meeting
the requirement that the revised capacitor voltage (the higher one
in the two capacitor voltages in each UC-CDSM) will go to the
top highest places when sorted. For example, the value can be
selected as several times of the rated capacitor voltage. Then, the
processed capacitor voltages are sent to the conventional sorting
algorithm, where the higher voltages in each UC-CDSM cannot
be selected because the algorithm chooses the capacitors with the
lowest voltages to charge. With the proposed preprocessing al-
gorithm, the conventional sorting algorithm is improved and can
be implemented in the UC-HYB-MMCs and UC-CD-MMCs.

V. DESIGN EXAMPLE AND CHARACTERISTIC COMPARISON

As analyzed in Sections II and III, the proposed UC-CD- and
UC-HYB-MMCs have advantages over other MMC topologies.
Generally, the existing SM topologies are divided into two
categories: the ones without and with negative voltage capa-
bilities. Compared with the MMCs based on the SM topologies
without negative voltage capabilities, the proposed UC-CD- and
UC-HYB-MMCs can reduce capacitor usages by increasing
the modulation index and can widely adjust the dc voltage.
Compared with the MMCs based on the SM topologies with
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TABLE I

COMPARISONS OF DESIGN, COST, AND VOLUME AMONG VARIOUS MMC TOPOLOGIES
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Categories Bidirectional-current MMC topologies Unidirectional-current MMC topologies*
Topologies HB-MMC HYB-MMC UC-FB-MMC UC-CD-MMC UC-HYB-MMC
Rated active power/MW 1000

Reactive power capability/ Mvar +500

Rated dc voltage/kV 640

Rated ac voltage/kV 192 192 348 348 348

Max. modulation index #ac(max) /p-u. 1.0 1.0 1.81 1.81 1.81
Rated ac current /A 1941 1941 1071 1071 1071
Rated arm current /A 1102 1102 782 782 782

V/I ratings of IGBTs and diodes 3300 V/ 1500 A 3300 V/1500 A 3300 V/1200 A 3300V /1200 A 3300V /1200 A
Quantities of SMs™* 400 HBSM Zggg{?Bsé\ﬁ* 562 UC-FBSM 281 UC-CDSM Z?QZUUC(S_CF%SSI}\/I;
Hybrid rate/p.u. - 0.5 - - 0.29
Quantities of IGBTs/diodes 4,800/ 4,800 7,200 /7,200 6,744/ 6,744 5,058/ 6,744 5,544/ 6,744
Semiconductor usage Sqm/MVA 23,760 35,640 26,706 21,365 22,904

SM capacitance/mF 12.57 12.57 3.82 3.82 3.82
Energy storage requirement Eyyc/kJ/MVA 34.54 34.54 14.76 14.76 14.76

DC voltage range/kV 640 [0, 640] [-640, 640] [256, 640] [0, 640]
Cost/p.u. 1.00 12 0.93 0.68 0.75
Volume/p.u. 1.00 1.15 0.78 0.61 0.66

* Reactive power capabilities of the unidirectional-current MMCs are proportional to the transmitted active powers. At rated active power 1000 MW, the reactive
power is designed as 500 Mvar in the case study. ACCI is considered when calculating the rated arm current of unidirectional-current MMCs.
** Quantities of HBSMs and FBSMs in HYB-MMC, and quantities of UC-CDSMs and UC-FBSMs in UC-HYB-MMC are based on a minimum adjustable dc

voltage of 0, that is, the adjustable dc voltage range is [0, Ugen].

negative voltage capabilities, the proposed MMC topologies use
much fewer switching devices and SMs. Therefore, the proposed
MMC topologies have reduced valve costs and volumes as well
as power losses.

This section first presents quantitative evaluations and com-
parisons of the costs and volumes of various MMC topologies,
and then the power losses of them are presented and compared.

The MMC topologies compared are divided into two cat-
egories: the bidirectional-current MMC topologies, including
HB- and HYB-MMCs, and the unidirectional-current MMC
topologies, including UC-FB-, UC-CD-, and UC-HYB-MMCs.
Table I lists the main design targets. The rated active and reactive
powers are 1000 MW and +500 Mvar, respectively, and the
rated dc voltage is designed as 640 kV. The arm inductance is
designed as 0.2 p.u., and the transformer leakage inductance
is 0.1 p.u. Table I also lists the main parameters of various
MMCs according to their respective design methodologies.
Compared with the bidirectional-current MMC topologies, the
unidirectional-current MMCs have higher rated ac voltages to
create unidirectional arm currents, thereby having lower rated
ac and arm currents. According to the main parameters and the
expected operating ranges, the maximum modulation indices
Mac(max) Of the unidirectional-current MMC topologies are
1.81.

A. Evaluations and Comparisons of Costs and Volumes

The costs and volumes of the MMC valves are evaluated by
mainly considering the usages of semiconductors, SM capaci-
tors, and other accessary components. The insulated gate bipolar
transistors (IGBTs) are taken as examples of the switching
devices in the evaluation of the semiconductor usages.

In the aspects of semiconductors, including IGBTs and
diodes, the voltage rating of 3300 V is selected in this case
study, and the rated capacitor voltage is designed as 1600 V.
For the conventional HB- and FB-MMC:s, considering the rated
arm currents, the IGBTs and diodes with current rating of
1500 A are selected. For the unidirectional-current MMCs, such
as UC-FB-, UC-CD-, and UC-HYB-MMCs, the IGBTs with
current rating of 1200 A are selected given their lower rated
arm currents due to the increased rated ac voltages. Notably,
although S, in the UC-CDSM has longer conduction time than
S; and S7, and generates more power losses and heat, it is
still reasonable to select the same current ratings for the three
switching devices because the peak currents they switch on or
off are the same. The diodes in the unidirectional-current MMCs
are divided into independent and precharging diodes. For the
independent diodes, the ones with current rating of 1200 A are
selected. By comparison, the precharging diodes are ignored in
the evaluation and comparison because of their most low current
ratings. Therefore, considering the different current ratings of
IGBTs and diodes, a semiconductor usage related to the total
capacities of IGBTs and diodes is defined in this study as

Ssem = 1 X KigrVeeslc + (1 —n) X Kgiode VkrmIF  (14)
where Kigpr and Kgiode are the total quantities of IGBTs and
diodes in an MMC, respectively, Vcgs and I¢ are the voltage
and current ratings of IGBTsS, respectively, Vrry and Iy are the
voltage and current ratings of diodes, respectively, and n and
(1 — n) denote the weight coefficients of IGBTs and diodes in
the total semiconductor usage, respectively.

In the aspects of SM capacitors, the energy storage require-
ment per MVA in an MMC is commonly used to evaluate the



3406

total capacitor usage in an MMC [23], which is defined as

6 x Ncap X %CSMU(%N
SN

where Cgy is the SM capacitance, Nc,p is the quantity of
capacitors per arm, and Sy is the rated capacity of the MMC.
Given that the interaction between the arm voltage and current
causes energy fluctuations in the SM capacitors and further
causes the voltage ripples, the values of Cgy for each MMC
topology are designed on the basis that the maximum voltage
ripples are limited within 10%. Therefore, the values of Cgy in
each MMC topology can be obtained by first analyzing the arm
voltages and currents, calculating the energy fluctuation in the
capacitor, and then finding the minimum requirement for Cgy
[25], [26], expressed as

Evvc = (15)

2 ECmax
(eim +1)° =1 Udy

where e;,,, denotes the upper limit of the permissible voltage
ripple rate, and ECmax denotes the maximum amplitude of the
fluctuating energy in the SM capacitors.

Other accessory components of the MMC valves include
structural components, electronic interface units, and heat sinks.
In this study, the cost and volume of all these components are
considered to be proportional to the quantity of SMs per arm.

In order to make a quantitative comparison, the cost and
volume of different MMC solutions are normalized with respect
to the values applicable to the conventional HB-MMC. The
values of the cost and volume of the HB-MMC are set to 1.0 p.u.
The per-unit cost and volume can be calculated as

Csm = (16)

Ssem(MMC_Type) Exivc(Mmc_Type)

CMMC_Type) = OC
(MMC_Type) Ssem(HB-MMC) ExiMc@EB-MMO)

N(MMC_Type)

+ (17)
e Nup-Mmmo)

Ssem(MMC_Type) Enxmvmcamc_Type)

+ Bv

ViuMc_type) = av

Ssem(HB-MMC) Envic(HB-MMO)

Narvc_Type)

+wv (18)

NmuB-MMe)

where the subscript “MMC_Type” indicates a certain topol-
ogy of MMC, including HYB-MMC, UC-FB-MMC, UC-CD-
MMC, and UC-HYB-MMC. ac, B¢, and ¢ denote the weight
coefficients that the semiconductors, capacitors, and accessory
components account for the total cost, respectively, and vy, By,
and vy denote the weight coefficients that the semiconductors,
capacitors, and accessory components account for the total
volume, respectively. The following relationship should be met:

ac + fc +vc = av + By + v = 100%. (19)

The values of 1, ac, B¢, Yo, @y, Bv, and vy may vary in
different dc projects because the voltage and power levels, SM
structure designs, and market prices of the devices may change.
In this case study, the weight coefficients are obtained based
on the empirical data according to the parameters of the case
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study and are set as n = 80%, ac = 40%, fc = 37.5%, and
Yo =22.5%, and ay = 30%, fv = 55%, and yv = 15%.

As given in Table I, compared with the conventional HB-
MMC and HYB-MMC with bidirectional arm currents, the
unidirectional-current MMCs must increase the rated ac voltages
to ensure unidirectional arm currents. However, increasing the
rated ac voltage is double edged. The positive effect is that
it helps to suppress the energy fluctuations in the converter
arms by increasing the modulation index, which has an optimal
value of 1.414 at the unity power factor [9], thereby greatly
reducing the energy storage requirement. As given in Table I,
the energy storage requirement can be decreased from 34.54 to
14.76 kJ/MVA by employing the unidirectional-current MMCs,
thereby contributing greatly to reducing the costs and volumes of
MMC:s. By contrast, the negative effect of increasing the rated
ac voltage is that the required quantities of SMs and IGBTs
are increased. As given in Table I, the existing UC-FB-MMC
technique [19] requires 562 SMs and 6744 IGBTs, increased by
approximately 40% compared with the HB-MMC. Although
the semiconductor usages defined in (14) are similar in the
HB- and UC-FB-MMCs because the rated arm current of the
UC-FB-MMC decreases with the increase in the ac voltage, the
increased quantities of SMs and IGBTs still offset the reduction
in the valve cost and volume.

The proposed UC-CD-MMC can overcome the negative ef-
fects brought by the increased ac voltage. Compared with the
existing UC-FB-MMC [19], the proposed UC-CD-MMC can
reduce the quantities of SMs and IGBTs by 50% and 25%,
respectively. Therefore, the UC-CD-MMC has similar quantity
of IGBTs to the HB-MMC, and the semiconductor usage is
further lower given the decreased rated arm current, as illus-
trated in Table I. Given that the energy storage requirement,
semiconductor usage, and quantity of SMs in the UC-CD-MMC
are all lower than those in the HB-MMC, the cost the volume
can be reasonably reduced by using UC-CD-MMC. As listed
in Table I, the cost and volume of the UC-CD-MMC solution
are 0.68 and 0.61 p.u., respectively, which are the lowest in the
studied solutions.

As analyzed in Sections II and III, the main limit of the
UC-CD-MMC is the limited adjustable dc voltage range. For
example, the adjustable dc voltage range of the UC-CD-MMC
is [256 kV, 640 kV], which limits its application in the scenarios
that require the dc voltage being able to decrease to zero or even
a negative value. In these application scenarios, the proposed
UC-HYB-MMC combining the UC-CDSMs and UC-FBSMs
can be employed to extend the dc voltage range. As analyzed in
Section III, the required quantities of IGBTs and SMs increase
with the increase in the hybrid rate kr. Therefore, the hybrid
rate can be designed as small as possible under the premise that
the expected adjustable dc voltage range is fulfilled. In this case
study, the hybrid rate is designed as 29% to obtain an adjustable
range of [0, 640 kV]. Thus, the quantity of SMs in each arm is
increased from 281 to 362, and the total quantity of IGBTs is
increased from 5058 to 5544 compared with the UC-CD-MMC.
However, the quantities of required SMs and IGBTs in the
proposed UC-HYB-MMC are still much fewer compared with
the existing topologies with dc voltage adjustability, such as
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Fig. 10. Comparison of the power losses of different topologies of MMCs.
Light bars represent the existing topologies, and dark bars represent the proposed
topologies.

TABLE I
POWER L0OSS DISTRIBUTION AMONG SEMICONDUCTORS IN UC-CD- AND
UC-HYB-MMCs

UC-CDSM
UC-CD-MMC S, S, S; D, Dy Ds Dy
5%  36% 5%  24% 3% 3%

UC-CDSM
S S S; D, Di Ds D

3% 24% 3% 15% 2% 2% 15%
UC-HYB-MMC UC-FBSM

Sy Sy D, D;

12% 12% 6% 6%

HYB-MMC and UC-FB-MMC, resulting in a much lower cost
and volume. In fact, even if compared with the conventional
HB-MMC, the UC-HYB-MMC only uses 15% more IGBTs,
but the valve cost and volume are much lower due to the greatly
reduced energy storage requirement and quantity of SMs. As
given in Table I, the cost and volume of the UC-HYB-MMC are
0.75 and 0.66 p.u., respectively, which are only slightly higher
than that of the UC-CD-MMC and are much lower than other
MMC solutions.

Although the case studies in Table I are based on the high-
voltage MMCs, the proposed UC-CD- and UC-HYB-MMCs can
also reduce the valve costs and volumes in the middle-voltage
applications because of their relatively low semiconductor us-
ages, low energy storage requirements, and few SMs. Therefore,
the proposed UC-CD- and UC-HYB-MMC:s are also attractive
to middle-voltage applications.

B. Loss Evaluation

The losses of different MMC topologies when transmitting
the rated active and reactive powers are calculated using the
discrete power loss model [27]. The conduction losses are
calculated on the basis of the voltage drops and current flows,
and the switching losses are calculated on the basis of the
switching energies at each time point in the discrete model.
Many modulation methods can be used, such as the nearest level
modulation (NLM), phase shift modulation [28], and tolerance
band modulation [29]. Given that the NLM is relatively simple to
cope with hundreds of voltage levels, it is used when calculating
the power losses in this study. Fig. 10 shows the evaluation
results of the losses. The conventional HB-MMC certainly has
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Fig. 11.  Diagram of simulation model.
TABLE III
PARAMETERS OF SIMULATIONS
Terms Values
Rated active power/ MW 1000
Rated reactive power/Mvar +500
Rated dc voltage/kV 640
Rated dc current/kA 1.5625
Rated ac voltage/kV 348
Rated SM voltage/kV 1.6
Quantities of UC-CDSMs per arm 200
Quantities of UC-FBSMs per arm 162
SM capacitance/mF 3.82

the lowest loss because it has the simplest topology and the
fewest switching devices. Other MMC topologies, which are
improved to provide more optimal characteristics, such as lower
energy storage requirements, dc voltage adjustability, and dc
fault blocking capability, have higher losses mainly due to more
semiconductor devices. However, the proposed UC-CD-MMC
and UC-HYB-MMC have lower power losses due to the reduced
quantities of switching devices compared with the HYB-MMC
and UC-FB-MMC. As shown in Fig. 10, the power losses of the
UC-CD-MMC and the UC-HYB-MMC are 0.75% and 0.82%,
respectively, which are only higher than that of the HB-MMC
and are still acceptable in real applications. Table II presents the
power loss distribution among the semiconductors in the UC-
CD- and UC-HYB-MMCs. Sy, Do, and Dg in the UC-CDSMs
have much higher losses than other semiconductors, and thus,
their heat sinks must be carefully designed to avoid possible
damage caused by overheating.

VI. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

The UC-CD-MMC is considered to be a special case
of UC-HYB-MMC. Therefore, a simulation model of the
UC-HYB-MMC was built in MATLAB/Simulink, as shown in
Fig. 11, to verify the feasibility of the proposed MMC topologies
and control schemes. The equivalent models of the MMCs were
built by using a technique similar to those in [30] and [31]. A
UC-HYB-MMC, controlling the dc voltage, and a UC-FB-
MMC, controlling the dc current, were connected with two
separate power grids. The parameters of the UC-CD-MMC are
shown in Table III. The start-up process, active power rising
and reactive power stepping-up, and dc fault clearing were
simulated.

The start-up process is divided into uncontrollable and con-
trollable charging stages. The uncontrollable charging stage of
the UC-HYB-MMC is the same as the conventional HB- and
FB-MMCs, so the waveforms are not demonstrated in this study.
Fig. 12 shows the waveforms of the UC-HYB-MMC during the
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Fig. 12.  Simulation results during controllable charging of UC-HYB-MMC.
(a) DC current. (b) AC current. (¢) Summed capacitor voltages and dc voltage.
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Fig. 13.  Simulation results during active power rising and reactive power step.
(a) DC current and voltage. (b) Active and reactive powers. (¢c) Arm currents.

controllable charging stage, before which the summed capacitor
voltage was already around 600kV (approximately 0.67 p.u.). At
0.5 s, the system was deblocked. The dc current was controlled
to 0.2 p.u. (approximately 300 A), as shown in Fig. 12(a). As
shown in Fig. 12(c), the dc voltage was around zero, so there was
no power transmission between the two MMCs. The capacitor
voltages increased in the controllable charging stage until they
reached the rated value, 899 kV (1.6 kV per capacitor).

Fig. 13 shows the waveforms during active power rising
and reactive power stepping-up. The system retains a rated dc
current, as shown in Fig. 13(a). The UC-HYB-MMC increased
the dc voltage with a slope from 1to 1.2 s. As shown in Fig. 13(b),
the active power increased following the dc voltage. The reactive
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Fig. 14.  Simulation results during dc fault clearance. (a) DC current. (b) DC
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TABLE IV
PARAMETERS OF EXPERIMENTS

Terms Values
Rated active power/ W 2000
Rated dc voltage/V 250
Rated ac voltage/V 137
Rated SM voltage/V 84
Quantities of UC-CDSMs per arm 1
Quantities of UC-FBSMs per arm 2
SM capacitance/mF 1.17

power stepped up at 1.3 s. During the entire process, the arm
currents were always negatively unidirectional, as shown in
Fig. 13(c).

Fig. 14 shows the simulation results during active clearance
of dc fault. The rated capacitor voltages were 1.6 kV, and thus,
the rated summed capacitor voltages were 899 kV. Before 1.7 s,
the MMC was operating normally. A dc short-circuit fault at
1.7 s was created in the simulation. The dc current suddenly
increased, and the dc voltage fell to zero, as shown in Fig. 14(a)
and (b), respectively. When the fault was detected, the MMC was
blocked. Fig. 14(c) shows that the summed capacitor voltages
increased to absorb the fault energy, and the fault was cleared.
In real projects, the fault energy must be carefully calculated
based on the specific projects, and the SM capacitance must be
carefully designed to avoid overvoltage.

B. Experimental Results

A250V/2000 W experimental platform was built to verify the
feasibility of the proposed MMC topologies and control schemes
using hardware. Fig. 15(a) and (b) shows the photograph and
diagram of the experimental platform, respectively. Two UC-
FBSMs and one UC-CDSM are present in each arm of the UC-
HYB-MMC. Table 1V lists other parameters of the UC-HYB-
MMC.
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Fig. 15. (a) Photograph and (b) diagram of the experimental platform.

Fig. 16.

Steady-state experimental results of UC-HYB-MMC.

Fig. 16 shows the experimental results in steady states. The
capacitor voltages of a UC-FBSM and a UC-CDSM were over-
laid on the top of the screenshot. Given that both the UC-FBSM
and UC-CDSM can output negative voltage levels, no evident
voltage divergence was observed between them. The proposed
sorting and capacitor voltage balancing algorithm enabled them
to have similar capacitor voltage waveforms. The arm voltages
were presented in the middle of the oscilloscope screenshot.
There were both positive and negative voltage sections. The
proposed sorting and capacitor voltage balancing algorithm
decided which capacitors to be inserted. The arm currents were
put at the bottom of the screenshot. The arm currents were
kept negatively unidirectional, creating a prerequisite for the
UC-CDSM to output the negative voltage level.

Fig. 17 shows the experimental results during dc voltage
decreasing. The dc voltage decreased from 250 to 0 V, as shown
on the top of Fig. 17. As shown in the middle of Fig. 17, the
dc components of the arm voltages decreased correspondingly.
The converter arms output three negative voltage levels at most.
During the entire process of dc voltage decreasing, the arm
currents were always kept negatively unidirectional.

An experimental platform was built to verify the dc fault clear-
ing capability of the UC-HYB-MMC. Fig. 18 shows the diagram
and Table IV tabulates the parameters. The UC-HYB-MMC
was operating with R; on the dc side, which has a resistance
of 100 €2 (3.2 p.u.). The resistor R, which has a resistance of
11 ©(0.35 p.u.), was switched into the circuit to simulate a short

3409
dc voltage 200V/div
L1 amm voltages 200V/div o
TR AR AR AR
arm currents SA/div »
T T I EEC e e e
Fig. 17. Experimental results of UC-HYB-MMC during dc voltage
decreasing.
grid
simulator 1 UC-HYB-
MMC al N
100Q 11Q

Fig. 18 Experimental circuit of dc-side short-circuit fault clearance.
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Experimental results of UC-HYB-MMC during dc fault clearance.

Fig. 19.

circuit fault. Fig. 19 shows the experimental result. As soon as
the MMC had detected that the dc current exceeded the preset
value, 12 A (1.5 p.u.), the MMC was quickly blocked to clear
the dc fault. The dc current quickly decreased to 0, indicating
that the fault was cleared.

VII. CONCLUSION

The proposed asymmetrical UC-CDSM, developed by com-
bining two UC-FBSMs using a shared switching device, only
uses three switching devices to output voltage levels of 2, 1, 0,
and — 1. The quantities of SMs and switching devices of the UC-
CD-MMC can be significantly reduced, and the UC-CD-MMC
still has various advantages brought by utilizing the negative
voltage states of UC-CDSM, such as low capacitor usage, dc
fault clearing capability, and wide-range dc voltage adjustability.

Although the UC-CD-MMC can adjust the dc voltage in
a wide range, a lower limit that is slightly higher than zero
exists because of the asymmetrical voltage output of UC-CDSM.
This study further presents a UC-HYB-MMC composed of
UC-CDSMs and UC-FBSMs to enhance the negative voltage
capability of the converter arms, thereby extending the dc voltage
adjustable range. Increasing the hybrid rate can enlarge the
range of the dc voltage, but causes increases in the SM and
semiconductor quantities. The hybrid rate can be designed by
considering the tradeoff between the expected dc voltage range
and the quantities of SM and switching devices.
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The proposed UC-CD-MMC can be understood as a special
case of the UC-HYB-MMC, whose hybrid rate is 0. A universal
sorting and capacitor voltage balancing algorithm is proposed
for the UC-CD- and UC-HYB-MMCs. A preprocessing algo-
rithm is added to the conventional sorting algorithm, which
helps to select the capacitors in the UC-CDSMs and balance
the capacitor voltages in different SM topologies.

Detailed evaluations and comparisons are conducted on the
designs and valve costs and volumes between various typical
MMC topologies and the proposed UC-CD- and UC-HYB-
MMCs. The results indicate that the proposed UC-CD- and UC-
HYB-MMC:s can reduce the valve cost by approximately 32%
and 25%, respectively, and volume by approximately 39% and
34%, respectively, compared with the conventional HB-MMC.
The feasibility of the proposed UC-CD- and UC-HYB-MMC:s,
and the control scheme are verified by the simulation and exper-
imental results. The experimental results also indicate that no
evident divergence is observed between the capacitor voltages
of UC-FBSMs and UC-CDSM:s.
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