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Neutral-point-clamped hybrid multilevel converter with DC
fault blocking capability for medium-voltage DC transmission pu §

Xinyu YU' @, Yingdong WEI', Qirong JIANG', Xiaorong XIE',

Yuquan LIU?, Ke WANG?

Abstract This paper proposes a novel hybrid multilevel
converter with DC fault-blocking capability, i.e., the
neutral-point clamped hybrid multilevel converter (NHMC).
By employing two types of unipolar full-bridge submodules
along with director switches, which are composed of series-
connected insulated-gate bipolar transistors, the NHMC
combines the features and advantages of the neutral-point
clamped converter and the modular multilevel converter.
The basic topology, operating principles, modulation
scheme, and energy-balancing scheme of the NHMC are
presented. The DC fault-blocking capability of the NHMC is
investigated. The number of power electronic devices used
by the NHMC is calculated and compared with other mul-
tilevel converters, showing that the proposed NHMC can be
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an economical and feasible option for medium-voltage DC
transmission with overhead lines. Simulation results
demonstrate the features and operating scheme of the pro-
posed NHMC.

Keywords Neutral-point-clamped hybrid multilevel
converter (NHMC), Unipolar full-bridge submodule
(UFBSM), DC fault blocking capability, Modulation
scheme

1 Introduction

In the past few decades, several voltage source con-
verters (VSCs) have been developed for medium- and high-
voltage DC transmission [1], such as the two-level con-
verter (TLC), the neural-point clamped converter (NPC)
[2], the modular multilevel converter (MMC) [3], and so
on. As analyzed in [4] and [5], these converters fall into
two distinct groups: the controllable switch converter,
which consists of insulated-gate bipolar transistors (IGBTs)
in series (such as the TLC and NPC); and the controllable
voltage source converter, which consists of submodules
(SMs) in series (such as the MMC). As a typical control-
lable voltage source converter, the MMC offers significant
advantages over the controllable switch converter, such as
high modularity, low dv/dt, low switching frequency and
power loss, and reduced current harmonics [3, 6]. As a
result, the MMC has been widely studied and applied in
many medium- and high-voltage applications [6-8], espe-
cially in VSC high-voltage DC (HVDC) transmission.

However, the MMC has inherent drawbacks. One of the
main drawbacks is that the MMC employs a large number
of IGBTs, thereby increasing the cost and scale of the
converter. Another drawback that cannot be ignored is that
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the MMC that employs half-bridge SMs (HBSM-MMC)
lacks DC fault-blocking capability [9, 10]. When a pole-to-
pole DC fault occurs, the arm currents and DC fault current
of the HBSM-MMC increase at a very fast speed and
might damage the freewheeling diodes. Although
employing another kind of SM, such as full-bridge SMs
(FBSMs) and clamp-double SMs (CDSMs) can solve this
problem [11-13], the cost and scale of the MMC increases
significantly.

To overcome the drawbacks of the MMC, a new type of
VSC called a hybrid multilevel converter has been pro-
posed in recent years [14, 15]. The hybrid multilevel
converter combines features and advantages of the afore-
mentioned two groups of VSCs and employs IGBTs and
SMs in series. The alternate arm converter (AAC) proposed
in [14] and the hybrid cascaded multilevel converter
(HCMC) proposed in [15] are two typical hybrid multilevel
converters that can be regarded as hybrids of the TLC and
MMC. By employing IGBTs in series as director switches
(DSs) in place of some SMs, the AAC and HCMC employ
fewer SMs, and therefore can reduce the number and cost
of power electronic devices. By using FBSMs as SMs, the
two converters are capable of blocking the DC fault current
during a pole-to-pole DC fault [16]. Under normal condi-
tions, the DSs in the AAC operate at the fundamental
frequency (i.e., 50/60 Hz), thereby reducing the switching
loss of the DSs. However, as analyzed in [14], the AAC
needs to operate at the “sweet spot” to maintain the energy
balance of stacks; thus, the modulation range is limited
[17]. Compared with the AAC, the HCMC reduces the
number of power electronic devices [16]. By employing a
symmetrical modulation scheme [18, 19], the modulation
range of the HCMC can be [0, 4/n], which is wider than
that of the AAC. However, in the symmetrical modulation
scheme, the DSs in the HCMC switch at a higher frequency
[18, 19]; thus, the switching loss is higher than for the
AAC. In [5] and [20], asymmetrical modulation methods
for the HCMC are investigated to reduce the switching
frequency and thereby the switching loss of the DSs. The
asymmetrical modulation schemes are suitable for the
HCMC for operation with a high modulation index but
cannot be applied to the HCMC when the modulation index
is lower than 2,/3/x [5].

This paper proposes a novel hybrid multilevel converter
with DC fault-blocking capability, i.e., the neutral-point
clamped hybrid multilevel converter (NHMC). Compared
with the HCMC, the proposed NHMC replaces the TLC
stage with a three-level NPC stage and replaces the FBSMs
with two types of unipolar full-bridge SMs (UFBSMs)
[21], thereby reducing the number of IGBTs and the cost of
the converter. The special hybrid design offers the pro-
posed NHMC the capability to control the DSs to switch
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the fundamental frequency while working in a wide mod-
ulation range.

The rest of this paper is organized as follows. Section 2
presents the topology and operating modes of the proposed
NHMC. Section 3 analyzes the operating principle, mod-
ulation scheme, and energy-balancing scheme of the
NHMC during normal operation. Section 4 presents the
DC fault-blocking scheme of the NHMC and compares
between the NHMC and other multilevel converters. Sec-
tion 5 demonstrates the features and operation scheme of
NHMC through PSCAD/EMTDC simulation results. Sec-
tion 6 concludes the paper.

2 Topology and operation modes

The NHMC is a hybrid topology that combines the
features of the three-level NPC and the MMC. Figure 1
depicts the circuit configuration of an NHMC, which
consists of three phases and two DC capacitors. Each phase
of the NHMC consists of four director switches (DSs), two
clamp switches (CSs), one stack, and one inductor. The DS
and CS are composed of IGBTs and diodes in series,
respectively, as shown in Fig. 2. The DSs can be switched
on and off to conduct currents and withstand voltages,
respectively. The neutral point of the whole circuit, i.e.,
point N, as shown in Fig. 1, is clamped by the CSs in each
phase.

The stack in each phase is composed of two types of
SM. The first type of SM is a UFBSM, which was first
proposed in [18] as shown in Fig. 3a. This type of SM can
work as an FBSM to provide bipolar voltages when the
current that flows through it is negative; therefore, it is
referred to as negative UFBSM. The second type of SM in
the stack is modified from the negative unipolar UFBSM,
as shown in Fig. 3b. It can work as an FBSM to provide
bipolar voltages when the current that flows through it is
positive; therefore, it is referred to as positive UFBSM. The

i director
i switch

,,,,,,,,,

Fig. 1 Circuit configuration of a NHMC
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Table 1 Operating states of the two types of UFBSM

- UFBSM type Current UFBSM T, T, Tz usm
4& direction state
” |:> 5 ?§ |:> : Negative ism <0 positive 1 0 1 +U.
UFBSM
4 bypassed o 1 1 0
negative o 1 0 -=U.
o o blocked o 0 0 -U.
(a) Circuit of DS (b) Circuit of CS isp > 0 positive 10 1 +4U.
- ek + bypassed 0 1 1 0
- blocked 0O 0 0 +U.
ﬂ " N Positive ism <0 negative o 1 1 -U.
I s UFBSM
| Positive | | Positive | | Negative | | Negative | «—— bypassed 1 o0 1 0
UFBSM UFBSM UFBSM UFBSM )
blocked 0O 0 0 -=-U.
N, SMs in series N, SMs in series ism >0 positive 1 0 0 +U.
bypassed 1 0 1 0
(c) Circuit of stack P .
negative o 1 1 -=U.
Fig. 2 Circuit of DS, CS and stack blocked 0O 0 0 +U.
D,
Ism Table 2 Operating states of two types of UFBSMs
Mode States of DSs States of
D, stacks
Usm + - Usm + Normal mode Sai=1,80=1,83=0, Wave shaping

(a) Negative UFBSM (b) Positive UFBSM

Fig. 3 Circuits of a negative UFBSM and a positive UFBSM

operating states of the positive and negative UFBSMs are
shown in Table 1. Each stack is composed of N series-
connected positive UFBSMs and N, series-connected
negative UFBSMs, as shown in Fig. 2.

Table 1 shows that the positive UFBSMs altogether in
one stack can generate voltage levels from —N,U. to
+N,U. when the AC-side current is positive, and can be
bypassed when the AC-side current is negative. On the
other hand, the negative UFBSMs altogether in one stack
can generate voltage levels from —N,U,. to +N;U, when
the AC-side current is negative and can be bypassed when
the AC-side current is positive. Therefore, all the positive
and negative UFBSMs can work together to generate
voltage levels from —N,;U,. to +N,U. regardless of the AC-
side current direction, as is the case with N; series-con-
nected FBSMs. Under fault conditions, when all the posi-
tive and negative UFBSMs in one stack are blocked, they
can generate reverse voltage levels as high as 2N,U,, again
as can 2N, series-connected FBSMs.

The NHMC has two operating modes: the normal
operating mode and the DC fault-blocking mode. The
working states of the DSs and the stacks in phase a in each
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Saa =0
Sa1=0,80=1,83=1,
Saa =0
Sa1=0,80=0,83=1,
Saa=1
DC fault blocking Sy = 0, S;p = 0, Si3 = 0, All SMs
mode S =0 blocked

operating mode are listed in Table 2, and the operating
principles of the NHMC in the two modes are explained in
detail in the following two sections.

3 Normal operating scheme

The operating principle of the NHMC in the normal
mode is similar to the HCMC [15] where the NPC stage is
controlled to generate the fundamental component of AC
grid voltages, while the stacks are controlled to attenuate
the voltage harmonics produced by the NPC. However,
owing to the differences between the NPC and the TLC,
some obvious differences exist between the operating
schemes of the NHMC and the HCMC. As discussed in the
following subsection, the DSs in the NHMC switch at the
fundamental frequency (50 Hz or 60 Hz) which helps to
reduce the switching loss of the DSs.

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE
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3.1 Modulation scheme of the DSs

The three phases of NHMC are symmetrical, and phase
a can be taken as an example to explain the modulation
scheme of the DSs and stacks as shown in Fig. 4.

Table 2 shows the three different operating states of the
DSs in phase a in the normal mode. To reduce the
switching frequency of the DSs, a fundamental frequency
modulation scheme is applied to the DSs to generate the
fundamental component of the AC voltage of phase a
(Ua).

Figure 5 shows how the operating states of the DSs
change at 04, 0,, 05, and 6,, and the switching frequency of
each DS is the same as the frequency of u,, i.e., the fun-
damental frequency.

To balance the conducting time of the DSs, the fol-
lowing equations should be satisfied:

02:7'[701
03=7T+01 (l)
94:27'5—91

The voltage generated by the NPC stage can be
expressed as:

1 [0, 0
“Up 1|22
2 Lo’ o
[0 0, 0 04 2
upn(1) =4 0 te 0,£>U[£,£>u[ﬁ,£>
1 05 0
—=Usg te€ —3,—4)
2 Lo’ ®

(2)

where @ = 27/T, T denotes the period of AC grid voltage,
and Uy, denotes the DC-link voltage. Therefore, based on
(1) and (2), the amplitude of the fundamental voltage
generated by the NPC can be calculated as follows:

2 (7 2
Uant = f/ ua n(t)sin(wt)dr = - Uy cos 0y (3)
0

The AC voltage and current of phase a are given as:

STATE GRID

U, sin(wt)
L, sin(wt — @)

u(t) =
{ i) = (4)
where ¢ is the power factor angle. The power flowing from
the stack into the AC grid can be calculated as:

1 T
Psiog = ?/ Upsin(wt)L,sin(wt — ¢)dt
’ (5)

1
= = Unln
3 cos @

The power flowing from the NPC into the stack can be
calculated as:

1 T

?/ Ua nisin(ot),sin(ot — @)dt
0

1

=5 Uaniln cos @

Ppios =

(6)

To ensure the energy of the stack is balanced, Ppys
should be equal to Pg;,g. Therefore, based on (3), (5), and
(6), 0, can be calculated as follows:

U
0, = arccos <;U ) (7)

dc

Then 0,, 65 and 0, can be solved simply by substituting
(7) into (1), and the energy balance of each stack is
achieved independently of the power factor angle ¢. As a
result, the switching states of DSs can be determined
according to (1), (7) and Fig. 5.

3.2 Modulation scheme of the stacks
As previously analyzed, the stacks are controlled to
work as a series-active power filter to attenuate the har-

monics generated by the NPC stage. Moreover, similarly to
the symmetrical modulation scheme of the HCMC [18, 19],

ug N0

N

0, 0> \93 04

Uye/2

U2 S B
Sa1=0 Sa=1 Sa1=0 Sa1=0 Sa=0 ot
S=1 S=1 Sa=1 S22=0 Sa=1
Sa3=1 S:3=0 Sa3=1 Sa3=1 Sa=1
Sa4:0 Sa4:0 Sa4:0 Sa4:1 Sa =0

Fig. 5 Waveforms of voltage generated by the NPC stage and its
fundamental component
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a third-harmonic voltage us,(f) is injected to reduce the
number of UFBSMs needed in each stack as shown in
Fig. 6.

The injected third-harmonic voltage can be expressed
as:

uz(t) = Usy sin(3t) (8)

Therefore, the stack voltage of phase a can be calculated
as:

tsa () = 10, (1) — (1) + 103, (1)

1 . . 01 0,
3 Ugc + Uspsin(3owt) — Uysin(wt) 1€ [5,5>

= 1 05 0
_EUdC + Uz sin(3wt) — Upsin(wt) t€ {53,54)
Uspsin(3wt) — Uysin(wt) else

©)

As analyzed in Section 2, the stack voltage generated by
the positive and negative UFBSMs together, i.e. ug,(?),
should satisfy the following equation:

_NYUC S u.s‘a(t) S NsUc (10)
At time r = 0/w, (10) can be expressed as:
1
{ ~NoUe < 5 Use + Usyin(301) — Upsin 0y <N,U,
7NS‘UC S U3h Sin(301) - UmSln 91 ngUc
(11)

From (11) the following equation can be derived:
1
5 Ute 2N, (12)

Therefore, the minimum N, needed to satisfy (11) can be
calculated as:

where ceil(X) equals the smallest integer which is no less
than X.

The following equation can be obtained by substituting
(13) into (11):

1
Unsin 0y = — = Uy (14)

U3h sin(391) — 4

From (14), Uz, can be solved as:

Use 2msin 0 — 1 i
Ui =4 “snoy V1€ (0, 2} (15)

where m denotes the modulation index of the NHMC and is
defined as:

Um
m =3
jUdc

(16)

Based on (7), (15), and (16), the absolute value of Usy,
becomes quite large when 0, is very close to zero, or when
m is very close to 4/m (approximately 1.273). This
condition indicates that the NHMC cannot operate when
m is very close to 4/x. Table 3 lists m, 0, and Us;, when m
is larger than 1.23, and shows that the absolute value of Uy,
does not exceed Ugy/4 as long as m is no greater than 1.25.
Therefore, the modulation range of the NHMC can be
0 < m < 1.25, which is slightly narrower than for the
HCMC (0 < m < 4/n) and is wider than for the MMC
(0 <m <2/v/3) [22] and AAC (m = 4/m at the “sweet
spot” [14]).

The voltage generated by the stack of phase a, i.e. u,(7),
can be determined by (9). By applying the nearest level
modulation (NLM) scheme [23], the voltage level number
generated by the stack of phase a, i.e. Ny, (f) can be cal-

culated as follows:
sa t sa t
if ceil (”—()) _uall) o
U, U,

ceil (u%(:))

Udc N(1) =
N, = ceil 13 sa U (1
’ <4Uc (13) ceil 1)) _ 1 else
Ue
(17)
v ug M(0) .
U2 |- Although the voltage level number of the stack is
determined, the operating states of the SMs in the stack
U4 | u(d) usa(d) remain undetermined. Through the SM capacitor voltage
balancing scheme described in Section 3.3, the operating
usi() states of the SMs in the stack can be obtained, and then the
0 ! ! control signals for the IGBTs in the stack can be
| . : determined according to Table 1.
“Ugeld | --- ! Uy, msin(w?) '
N 3/ S - Lo Table 3 A list of m, 0;, and Us,
0 6 0, m 6 60y 2m ot m 1.23 1.24 1.25 1.26 1.27
Fig. 6 Waveforms of the voltage generated by the NPC stage us (1), 01(rad) 0.261 0229 0.191 0.144 0.071
the AC grid voltage u,(%), the injected 3rd harmonic voltage us(1), U3l (Uqc/4) 0.395 0.689 0.969 1.52 3.87
and the stack voltage u,(f)
STATE GRID
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3.3 Voltage balancing scheme of SM capacitors

The modulation scheme of the DSs can ensure that the
total energy of each stack is balanced. However, the energy
balance inside the stack, i.e. the voltage balance of the SM
capacitors, is not ensured. In the MMC and the HCMC,
sorting strategies [5, 6, 23] are used to balance the SM
capacitor voltages and obtain operating states of SMs. In
fact, in the MMC and the HCMC, the SMs inside one stack
can produce the same voltage levels; thus, their capacitor
voltages can be sorted together to determine the operating
states of the SMs. In the NHMC, however, each stack is
composed of two different types of UFBSM which may
produce different voltage levels. As a result, in some sit-
uations, the SM capacitor voltages of the NHMC cannot be
sorted together to obtain the operating states of the SMs;
thus, the existing sorting strategies cannot be simply
transplanted to the NHMC. This paper proposes a modified
sorting strategy for the NHMC to balance the SM capacitor
voltages inside each stack. Taking the stack of phase a as
an example, the proposed sorting strategy depends on the
direction of the AC-side current i, and the voltage level
number N, as follows.

Situation 1: When i, >0 and Ny, > 0, the capacitor
voltages of the positive and negative UFBSMs are sorted
together, and then the UFBSMs with the lowest capacitor
voltages whose sorted serial numbers are 1, 2, ..., N, are
positively inserted for charging, and the other UFBSMs
whose sorted serial numbers are Ny, + 1, Ng, + 2,..., N;
are bypassed.

Situation 2: When i, >0 and Ny, <0, the negative
UFBSMs are bypassed, and only the capacitor voltages of
the positive UFBSMs are sorted. The positive UFBSMs
with the lowest capacitor voltages whose sorted serial
numbers are 1, 2,..., Ny — N, are bypassed, and the other
positive UFBSMs whose sorted serial numbers are N; —
Ny + 1, Ny — Ny, + 2, ..., N, are negatively inserted for
discharging.

Situation 3: When i, <0 and N, < 0, the capacitor
voltages of the positive and negative UFBSMs are sorted
together, and the UFBSMs with the lowest capacitor volt-
ages whose sorted serial numbers are 1, 2, 3,..., Ny, are
negatively inserted for charging, and the other UFBSMs
whose sorted serial numbers are Ny, + 1, Ny, + 2,..., N,
are bypassed.

Situation 4: When i, <0 and Ny, > 0, the positive
UFBSMs are all bypassed, and only the capacitor voltages
of the negative UFBSMs are sorted. The negative UFBSMs
with the lowest capacitor voltages whose sorted serial
numbers are 1, 2, ..., Ny — N, are bypassed, and the other
negative UFBSMs whose sorted serial numbers are
Ny — Ny + 1, Ny — Ny, + 2, ..., N, are positively inserted
for discharging.

STATE GRID

As explained, the key feature of the modified sorting
strategy is to maintain the capacitor voltage balance of the
positive UFBSMs and the capacitor voltage balance of the
negative UFBSMs separately in situations 2 and 4, and to
achieve the capacitor voltage balance of the two types of
UFBSMs in situations 1 and 3. The energy balance of the
stack is ensured by modulating the DSs, and the SM
capacitor voltages can be maintained around the nominated
value by using the proposed modified sorting strategy.

3.4 Energy balancing scheme of DC capacitors

Similar to the conventional NPC, the energy balance of
the DC capacitors is also an issue that requires attention.
As analyzed in [24], in the fundamental period 7, the
energy difference between the two DC capacitors is mainly
determined by the neutral line current iy(¢). To maintain the
energy balance of the DC capacitors, the following equa-
tion should be satisfied according to [24]:

T
/iMO:O (18)
0
As illustrated in Fig. 3, ip(¢) can be calculated as:
iN(l) = laN(l) =+ ibN(t) + iCN(t) (19)
while i,(f) can be expressed as:
0
. 0 re B 02 [0 s
ian (1) = [OR0) [OR0)

I, sin(wt — @) else
(20)

The following equation can be proved when 60, 0,, 03 and
0,4 satisfy (1):

/Zwmzo (21)
0

Therefore in(f) satisfies (18) because of the symmetry of
ian(1), ipn(t) and (7). Thus, the energy balance of the DC
capacitors can be achieved.

4 DC fault blocking scheme and comparison
with other multilevel converters

4.1 DC fault mechanism

When the NHMC is applied to DC transmission using
overhead lines, the DC fault protection scheme becomes an
important concern. Generally, two types of DC-side short-
circuit faults exist in the NHMC-based HVDC system, the
pole-to-pole short-circuit fault and the pole-to-ground
short-circuit fault. The mechanisms of these two types of
faults are analyzed as follows.
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When a pole-to-pole DC fault occurs, the DC capacitors
of the NHMC are discharged rapidly, and thus the DC-link
voltage drops to zero, and the DC current increases to a
high level at a fast speed. The discharging current of the
DC capacitors does not flow through the DSs or stack, and
therefore does not cause damage to the IGBTs or diodes.
However, if the stacks do not provide reverse voltages
against the AC-side currents, then the AC-side currents
flow directly into the DC fault site because of the free-
wheeling effects of the anti-parallel diodes, and the DC
fault turns into an AC-side short circuit fault, as shown in
Fig. 7. The increasing AC-side short-circuit fault current
flows through the stacks and DSs and might damage the
power electronic devices.

The mechanism of the pole-to-ground fault is similar to
that of the pole-to-pole fault. The positive pole-to-ground
fault is taken as an example. After the DC fault occurs, the
upper DC capacitor is discharged and the positive-pole DC
current increases rapidly to a high level, as shown in Fig. 8.
The discharging current of the upper DC capacitor does not
flow through the DSs or stacks; thus, it will not cause
damage to the IGBTs or diodes. On the other hand, the AC-
side currents flow through the stacks and DSs and into the
DC fault site. If the stacks do not provide reverse voltages,
the AC-side currents increase rapidly and might damage
the power electronic devices.

@ Springer
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4.2 DC fault blocking scheme

To block the current paths between the AC side and the
DC fault site, the NHMC should be switched to the DC
fault-blocking mode in which all IGBTs in the DSs and
stacks are switched off. According to Table 1, when all the
SMs are blocked, the SM capacitors are charged and each
stack provides reverse voltage as high as 2N;U,. to oppose
the current that flows between the two sides of the NHMC,
regardless of the current direction.

During a pole-to-pole fault, as shown in Fig. 7, the
following condition should be satisfied to ensure that the
current can be eliminated and will not reignite:

Ulm S 4NSU(' (22)

where Uy, is the amplitude of the AC grid line-to-line
voltage, and satisfies the following equation:

3
Unn = V3U, = 2t (23)

Based on (22) and (23), the minimum N, needed to block
the pole-to-pole DC fault can be calculated as:

3mU,
c

On the other hand, as shown in Fig. 8, during a pole-to-
ground fault, the number of UFBSMs in each stack should
satisfy the following condition to block the AC-side
currents:

(24)

1
Ulm - 5 Udc < 4Ns Uc (25)

Based on (23) and (25), the minimum N, needed to block
the pole-to-ground DC fault can be derived as:

—1 c
Nsﬁng = ceil (w>

As Ny, is smaller than N 5, the minimum N, needed
to block both pole-to-pole and pole-to-ground faults is
given by (24). From (13) and (24), the minimum N, needed
in the normal and DC fault-blocking modes can be derived
as follows:

(V3mUq. 2 4
ceil| ——— whenm € |—,—
N — 8U., V3'r

ceil Ude
4U,

4.3 Comparison with other multilevel converters

(26)

(27)

when m € {O,

3)

Several multilevel converter topologies have been pro-
posed in previous studies for medium- or high-voltage DC
transmission, such as the HBSM-MMC, FBSM-MMC,
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CDSM-MMC, hybrid FBSM-MMC, hybrid CDSM-MMC,
hybrid UFBSM-MMC, AAC, HCMC, and so on, as
described in Section 1. The number of power electronic
devices employed in these converter topologies is com-
pared to the proposed NHMC in Table 4. The table shows
that among the multilevel converters with DC fault-
blocking capability, the proposed NHMC uses the smallest
number of IGBTs. Compared with the AAC, the proposed
NHMC can work over a wide modulation range. Compared
with the HCMC, the DSs of the NHMC switch at the
fundamental frequency; thus, the switching loss can be
reduced.

Attention should be paid to the hybrid multilevel con-
verters, such as the AAC, HCMC, and the proposed
NHMC, in which DC filters are essential to attenuate DC
current harmonics. As the cost and volume of the addi-
tional DC filters increase rapidly with the DC-link voltage,
the hybrid multilevel converters might not be economical
when the DC-link voltage increases to a high level.
Therefore, the proposed NHMC is likely to be more suit-
able for medium-voltage DC transmission with overhead
lines.

5 Simulation

To verify the operating scheme and features of the
NHMC, a detailed simulation model of the NHMC which
has the same configuration as shown in Fig. 1 has been set
up in PSCAD/EMTDC. The parameters of the simulation
model are listed in Table 5. The following cases are
simulated.

Table 5 Parameters of the simulation model of the NHMC

Parameter Value
Inductance of AC inductor 15 mH
Capacitance of SM capacitor 8000 uF
Number of IGBTs/diodes in each DS/CS 12
Number of positive/negative UFBSMs in each stack 6

Rated SM capacitor voltage 1.7 kV
Rated DC-link voltage 40 kV
Rated capacity of the NHMC 20 MVA
Inductance of DC inductor 16 mH
Capacitance of DC capacitor 600 pF

Table 4 Comparison between the proposed NHMC and other multilevel converters

Parameters Modular multilevel converters Hybrid MMCs Hybrid multilevel
converters
HBSM- CDSM- FBSM-  Hybrid FBSM- Hybrid CDSM- Hybrid UFBSM- AAC HCMC NHMC
MMC MMC MMC MMC MMC MMC

DC-link voltage (kV) 40 40 40 40 40 40 40 40 40

AC line-line RMS 22 22 22 22 22 22 4/m* 22 22
voltage (kV)

Modulation index 0.9 0.9 0.9 0.9 0.9 0.9 1.27 0.9 0.9

Rated SM capacitor 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
voltage (kV)

SM type HBSM CDSM FBSM FBSM and HBSM CDSM and UFBSM and FBSM FBSM UFBSM

HBSM HBSM
No. of SMs 144 72 144 66 FBSMs and 78 66 CDSMs and 12 66 UFBSMs and 90 36 36
HBSMs HBSMs 78 HBSMs

No. of DSs 0 0 0 0 0 0 6 6 12

No. of IGBTs in a DS - - - - - - 12 24 12

No. of IGBTs in total 288 360 576 420 354 354 432 288 252

No. of additional 0 72 0 0 132 66 0 0 108
diodes

Switching frequency  — - - - - - 50Hz >50Hz 50 Hz
of DSs

DC fault blocking No Yes Yes Yes Yes Yes Yes Yes Yes
capability

Are DC filters No No No No No No Yes Yes Yes
necessary

Note: * The AC line-line RMS voltage and the modulation index of the AAC is chosen to be higher so that the AAC can work at “sweet spot”

STATE GRID

@ Springer

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE



532 Xinyu YU et al.

5.1 Verification of normal operating principle t = 0.3 s, the reference values of the active and reactive
power are —16 MW and 8 Mvar, respectively. At

In case 1, the NHMC works in the normal operating  z = 0.3 s, the reference value of active power steps to
mode, and the rated AC-side line-to-line RMS voltage is 16 MW. At r = 0.4 s, the reference value of the reactive
set as 22 kV, i.e., the modulation index is 0.9. Before = power steps to —8 Mvar. Waveforms of the active and
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reactive power, AC-side currents, DC-link voltage, DC
current, DC capacitor voltages, and SM capacitor voltages
of phase a are shown in Fig. 9.

As illustrated in Fig. 9a, b, the NHMC is able to
transmit active and reactive power following the reference
value accurately with very low AC current harmonics. As
shown in Fig. 9c—e, the DC voltage and current of the
NHMC have six-pulse ripple which is effectively attenu-
ated by DC capacitors and inductors. The DC capacitor
voltages are also balanced and maintained around 20 kV.
The SM capacitor voltages are well balanced and main-
tained around 1.7 kV, as shown in Fig. 9f. The simulation
results shown in Fig. 9 verify the normal operating
scheme of the NHMC.

5.2 Verification of high modulation index operation

In case 2, the rated AC-side line-to-line RMS voltage of
the NHMC is 30.6 kV, i.e., the modulation index is 1.25.
The reference values of the active and reactive power are
set as —16 MW and +8 Mvar, respectively. Waveforms of
the active and reactive power, the AC-side currents, the
DC-link voltage, the DC current, the DC capacitor

voltages, the SM capacitor voltages of phase a, the AC-side
voltages, and the injected third-harmonic voltage are
shown in Fig. 10. It is evident that the NHMC can be
controlled well to follow the active and reactive power
references, and the AC-side currents have little harmonics.
The magnitude of the injected third-harmonic voltage is
approximately 10 kV, which is not extremely large com-
pared to the AC grid voltage. Simulation results in Fig. 10
verify that the NHMC can operate at a high modulation
index.

5.3 Verification of DC fault blocking capability

In cases 3 and 4, the rated AC-side line-to-line RMS
voltage of the NHMC is 22 kV, i.e., the modulation index
is 0.9. Before r = 0.35 s, the NHMC is working in the
normal operating mode to transmit an active power of
—16 MW and generate a reactive power of +8 Mvar. In
case 3, a pole-to-pole DC fault occurs at the DC port at
t = 0.35 s, and the NHMC is switched to the DC fault-
blocking mode when the absolute value of the DC fault
current exceeds the activating threshold of 1 kA. Wave-
forms of the active and reactive power, AC-side currents,
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DC-link voltage, DC-side current, DC capacitor voltages,
SM capacitor voltages of phase a, and currents flowing
through DSs are presented in Fig. 11. The currents flowing
through the first, second, third, and fourth DS of phase a are
denoted as iy, ia0, i3, and i, respectively.

Figure 11 shows that, after the DC fault occurs at
t = 0.35 s, the DC filters behave in a manner similar to an
RLC circuit, and the DC capacitors are discharged rapidly,
thereby resulting in a rapidly increasing DC fault current.
However, after being switched to the DC fault-blocking
mode, the NHMC is able to block the current path between
the AC and DC fault sites, and the AC and DC currents
decay to zero and do not reignite. The current flowing
through each DS is cleared quickly after the NHMC is
blocked, and therefore does not damage the power elec-
tronic devices.

In case 4, a pole-to-ground DC fault occurs at the DC
port at = 0.35 s, and the NHMC is switched to the DC
fault-blocking mode when the absolute value of the DC
current exceeds 1 kA. Waveforms of the active and reac-
tive power, AC-side currents, DC voltage, DC current, DC
capacitor voltages, SM capacitor voltages of phase a, and
currents flowing through DSs are reported in Fig. 12a—h,

I~

with currents denoted as in Fig. 11. Figure 12 shows that
the NHMC is capable of blocking the pole-to-ground fault
as well. The simulation results in Figs. 11 and 12 demon-
strate the DC fault-blocking capability of the NHMC.

5.4 Comparison with the HCMC

In case 5, a simulation model of the HCMC proposed in
[15] is presented for comparison with the NHMC proposed
in this paper. In the HCMC model, each stack is composed
of 12 FBSMs, and each DS consists of 12 IGBTSs. The rated
AC-side line-to-line RMS voltage is set as 22 kV, i.e., the
modulation index is 0.9. The other parameters of the
HCMC model are the same as those in Table 5. Before
t = 0.35 s, the reference values of the active and reactive
power are —16 MW and 48 Muvar, respectively. At
t = 0.35 s, a pole-to-pole DC fault occurs at the DC port,
and the HCMC is switched to the DC fault-blocking mode
when the absolute value of the DC fault current exceeds
1 kA. Waveforms of the active and reactive power, AC-
side currents, DC-link voltage, DC-side current, currents
flowing through the DSs of phase a, and SM capacitor
voltages of phase a are shown in Fig. 13.
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Fig. 13 Simulation results for the HCMC during a pole-to-pole fault

As illustrated in Figs. 11 and 13, the performance of the
NHMC is similar to that of the HCMC during a pole-to-
pole fault, and both converters are able to block the DC
fault current. However, as shown in Table 4, the proposed
NHMC uses fewer IGBTs. Comparing between Figs. 11g
and 13e also indicates that the switching frequency of the
DSs in the NHMC is lower than that of the DSs in the
HCMC; therefore, the switching power loss can be
reduced.

6 Conclusion

This paper proposes a new hybrid multilevel converter
for medium-voltage DC transmission, i.e., the NHMC. The
basic topology, operating principle, modulation scheme,
energy balancing scheme, and DC fault-blocking capability
of the NHMC were studied and presented. Compared to the
existing multilevel converters for medium-voltage DC
transmission, the main merits of the proposed NHMC are
its capability to operate the DSs at fundamental frequency
while working in a wide modulation range and its capa-
bility of blocking DC fault currents with a relatively small
number of IGBTs. Simulation results, including a com-
parison with an existing multilevel converter, demonstrate
the features and merits of the proposed NHMC and show
that it can be an economical and feasible option for med-
ium-voltage DC transmission with overhead lines.
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