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Abstract—Modular multilevel converter (MMC) is a well-proved
circuit topology in voltage-source converter-based high voltage di-
rect current (VSC-HVdc) transmission systems. As is known, the
conventional half-bridge submodule (HBSM)-based MMC-HVdc
is not suitable for overhead line transmission applications. In ad-
dition, high energy storage requirements, i.e., large capacitance is
inevitable. The conventional design of the full-bridge submodule
(FBSM)-based MMC usually does not utilize the negative volt-
age state of FBSM in normal operation. Considering the same dc
voltage as with the HBSM case and utilizing the negative voltage
state of the FBSM, this paper presents the design method of the
power transmission capability of a single FBSM. Meanwhile, an
optimized energy storage capacitance design method of the FBSM
is proposed. With this method, the capacitance of FBSM can be
reduced significantly. The correctness and effectiveness of the pro-
posed method is verified by the simulation of a =160 kV VSC-HVdc
MMC and the comparison results of the dc short fault blocking and
ride through capability are also provided.

Index Terms—Full-bridge submodule (FBSM), low energy stor-
age requirements, modular multilevel converter (MMC), optimiza-
tion design method.

I. INTRODUCTION

N HIGH voltage direct current (HVdc) transmission applica-
I tions, voltage-source converter (VSC) is superior to conven-
tional line commutated converter in terms of constant dc voltage
polarity, independent control of active and reactive power, no
problem of commutation failure and so on [1], [2]. Modular
multilevel converter (MMC) which was first presented by Mar-
quardt in 2003 [3] is a promising converter topology. Compared
to the conventional two-level or three-level converters, MMC is
an attractive circuit topology in high voltage and high power ap-
plications, due to its low harmonics, scalability, high reliability,
and high efficiency [4]-[7]. Hence, MMC is widely adopted in
many VSC-HVdc transmission projects [8].
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Fig. 1.  Simplified schematic diagram of H-MMC.

The simplified schematic of the half-bridge submodule
(HBSM)-based MMC (H-MMC) in HVdc systems is presented
in Fig. 1. When dc short-circuit fault occurs, the voltage of
dc positive and negative voltage becomes almost zero. Low
impedance leads high ac currents to flow through the free-
wheeling diodes from the ac side to the dc side even when
all power devices are turned off [9]. The arm currents increase
rapidly causing serious damage to the MMC. Hence, how to
deal with the dc short-circuit faults is one of the main concerns
in HVdc transmission systems, especially in the overhead line
applications. Generally, there are two methods about handling
the dc short-circuit faults in order to ensure safety operation of
the MMC. The first one is the ac or dc circuit breaks (CBs)
employed so as to disconnect the MMC from the fault point or
ac-side grid. The response of the conventional ac CBs is not fast
enough for faultisolation [10]. The power devices bear excessive
current stress during the responding time. Several solid-state dc
CBs have been proposed in [11]-[13] which can cut off fault
current in a very short period of time. However, the dc CBs
are extremely expensive and the on-state operational losses are
significantly high owing to the power devices in the current path
[14]. Hence, the dc CB is still very far from the wide range of
applications.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Different types of SM topology.

The second method is embedding the dc fault handing capa-
bility converter topology. Employing antiparallel thyristors at
the SM terminal shown in Fig. 2(a) has been proposed in [15]
for protecting the freewheel diodes. But it does not achieve fault
isolation. Replacing every HBSM with full-bridge submodule
(FBSM) presented in Fig. 2(b) [16], [17] can provide fault ride
through capability which is operated as a STATCOM when dc
short circuit happens. It is also able to block fault current if
all power semiconductors are turned off when dc short-circuit
faults occur. However, FBSM-based MMC (F-MMC) utilizes
twice number of insulated-gate bipolar transistors (IGBTs) than
H-MMC which leads to higher conduction losses. In [18], a
new submodule provided in Fig. 2(c) called clamp double sub-
module (CDSM) was proposed employing which can block fault
current. But this topology cannot support ac grid during dc short-
circuit faults. In Fig. 2(d), the principle of the unipolar-voltage
FBSM proposed in [19] is the same as the CDSM. In order to
trade off power losses and fault ride through capabilities, a new
hybrid MMC topology mixed with HBSMs and FBSMs was
proposed in [19]. This topology can achieve fault ride through
capability [20]-[22] with less cost of power semiconductors and
lower losses. Its design and operation principles with utilizing
the negative voltage state of FBSMs were presented in [23].

In HVdc scenarios, each arm of MMC often contains hun-
dreds of SMs. Huge number of power devices and capacitances
are necessary for power transmission. Moreover, large capac-
itance of SM capacitor which is bulky and costly is needed
considering voltage ripples especially when the rated power is
high. In [24], amethod to estimate the capacitance was presented
combining voltage ripple with energy variation. The relationship
between circulating currents and SM voltage ripples was ana-
lyzed in detail in [25]. The direct relation between the energy
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stored in SM capacitors and the power transferred by MMC
was derived and the minimal energy storage requirements of
SM capacitance were analyzed in different power factor angles
situations in [26]. In [27], the dimensioning of SM capacitors
in MMC was derived based on analytical equations and the
minimal energy storage requirements of SM capacitance were
also presented. In addition, authors in [28] and [29] provided
a strategy by circulating current injection in order to minimize
the SM capacitance. Picas et al. [30] proposed a closed-loop
discontinuous modulation technique for SM capacitor voltage
ripples reduction based on zero-sequence injected to the original
modulation signals. In [31], another circulating current injection
method was proposed in terms of increasing modulation index
and it achieved about 25% relative ripple reduction.

So far, few studies have investigated the power transmission
capability of the F-MMC without and with using negative volt-
age state of FBSMs under the same RMS of arm currents and
dc voltage conditions. Besides, circulating current and zero-
sequence injection are the main two methods to minimize SM
capacitance according to previous depiction. Even though some
studies have considered the negative voltage state of FBSMs,
fewer literatures have focused on how it will affect capacitor
voltage ripples. In this paper, the power transmission capability
of a single FBSM of the F-MMC with and without using the
negative voltage state is analyzed comparatively under the same
dc voltage and RMS of arm currents conditions. The optimal
method is provided according to which the power transmission
capability will reach the maximum. Furthermore, the FBSM
voltage fundamental frequency and second-order harmonic fluc-
tuations are also studied comparatively. It is found that the fun-
damental frequency fluctuations are almost suppressed with neg-
ative voltage state generated by FBSM when the power factor
of the converter is close to one. Thus, the FBSM capacitance is
reduced significantly and the optimization method is also pre-
sented. In terms of these two optimization methods, the main
contribution of this paper is to reduce the FBSM capacitance
which aims to provide a space-saving and cost-effective con-
verter for HVdc transmission systems.

The rest of this paper is as follows. The basic operation of the
F-MMC utilizing negative voltage state of FBSM is introduced
in Section II. In Section III, the comparative power transmission
capability of a single FBSM of the F-MMC with and without
utilizing the negative voltage state is derived under the same dc
voltage and RMS of arm currents conditions. This is followed
by an optimized method for reducing FBSM capacitance in
Section IV. The FBSM capacitor voltage fundamental frequency
and second-order harmonic fluctuations resulted by circulating
currents and the arm inductor design are presented in Section V.
In Section VI, computer simulation results are provided with the
comparative research of a =160 kV F-MMC rectifier. Finally,
the conclusions are drawn in Section VIIL.

II. OPERATION PRINCIPLE OF F-MMC

The simplified schematic of the F-MMC is shown in Fig. 3.
The F-MMC consists of three phases, each formed by the upper
arm and the lower arm. Each arm is composed of a number of
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Fig. 3. Simplified schematic diagram of F-MMC.
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Fig. 4. Arm reference voltage and dc voltage of F-MMC.

series-connected FBSMs and an inductor. As known, the arm
reference voltage of H-MMC is composed of dc and fundamen-
tal frequency components. The components of F-MMC’s arm
reference voltage are similar to H-MMC while the amplitude
of the ac-side voltage of F-MMC is greater than H-MMC with
utilizing negative voltage state of FBSMs if they have the same
dc voltage. Taking the upper arm of the F-MMC shown in Fig. 3
as an example, the F-MMC with the relation curve between the
arm reference voltage and the dc voltage presented in Fig. 4(a) is
named as F1-MMC. Correspondingly, defining F2-MMC is the
one with the curve depicted in Fig. 4(b). It needs to be added that
F1-MMC has no significant difference with H-MMC in terms of
SM voltage balancing for its arm reference voltages which are
always greater than zero. Positive arm current charges FBSM
capacitor if inserted while it is discharged with negative arm
current according to the current direction definition in Fig. 3.
Therefore, FBSMs with the lowest voltages are selected to be
inserted when arm current is positive and the highest ones are
chosen to be triggered with negative arm current. However, there

are some differences for FBSM voltage balancing of F2-MMC.
It is the same as FI-MMC when the arm reference voltage of
F2-MMC is positive. For negative parts, it is opposite. That is
to say the FBSM capacitor is discharged with positive arm cur-
rent and it is charging by negative arm current if inserted. Thus,
FBSMs with the highest voltages should be inserted in case of
positive arm current while the lowest ones are selected when
arm current is negative.

In HVdc systems, dc voltage is an important indicator which
relates to line losses. Assuming that the F1-MMC and the F2-
MMC have the same dc voltage which is marked as Ug.. The
modulation index and their FBSM reference voltages are both
m and U,. According to Fig. 4(b), the following expression can
be achieved:

U02 + USC

—°2f 2 1
NQU(: mn ( )

Ude

; = U,y — NoU, )

where U,» is the amplitude of ac-side phase voltage for F2-
MMC and N, is the number of FBSMs per arm. Additionally,
Nj is the ratio of the negative maximum value of the arm ref-
erence voltage shown in Fig. 4(b) to U.. It is defined that the
variable « is equal to Ny/N3. Solving (1) and (2), the dc-side
voltage and the amplitude of ac-side phase voltage are

Ud(: = (m - O[)NQU(; (3)
(m+a)
2

The ac-side three-phase power and the dc-side power sat-
isfy the following equation according to power conservation
neglecting the converter losses. That is given by

U02 = NQUc' (4)

3
Uchd(: 2 = QU()[OQCOS 2 (5)

where ¢ is the power factor angel for F2-MMC. 1.2 and 1,2
are the amplitude of the dc-side current and the ac-side current
of F2-MMC, respectively. Substituting (3) and (4) into (5), the
dc-side current and the amplitude of ac-side current should meet
the following criteria:

3
Iy = ZkIUZCOS ¥ (6)

where k is defined as follows:

k:m+o¢

N

m—a
Formulas (1)-(7) demonstrate that the voltage and current of

the dc and ac side of F2-MMC also depend on the variable o if
both F1-MMC and F2-MMC have the same modulation index.

III. OPTIMIZATION OF PARAMETER FOR
TRANSMISSION CAPABILITY

According to Fig. 4(a) and (b), the number of FBSMs per arm
and the ac-side voltage of the F2-MMC should be greater than
the F1-MMC if they have the same dc voltage and FBSM av-
erage voltage. It is necessary to analyze the maximum capacity
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of the F2-MMC compared with the F1-MMC under the same
modulation index and RMS of arm current conditions. Both
F1-MMC and F2-MMC have the same dc voltage according to
previous assumption. The following equation must be satisfied:

(m — a)NoU, = N, U 8)

where N, is the number of FBSMs per arm for FI-MMC. The
proportion of the number of FBSMs per arm of F2-MMC and
F1-MMC can be achieved from (8). That is given by

N. 1
=== ©)

N m—a

Ui

Formula (9) demonstrates that the number of FBSMs per
arm of the F2-MMC increases with the variable o increasing
under the same dc voltage constraints. Only dc and fundamental
frequency components are considered in the arm currents since
the amplitude of circulating current is often small. If the RMS
of arm currents of the FI-MMC and F2-MMC are equal, the
following equation can be derived:

( Lo )2 + (kIOQ COS(p)Q _ ( 1o )2 + (mjol COS(,O)Q
22 4 22 4

(10)
where I, is the amplitude of the ac-side current for F1-MMC.

The proportion of 1,9 and I,; is acquired from (10) which yields

Ijo |2+ m2cos?yp (11
I\l 24 k2cos2p’

Hence, the proportion of the power transferred by the
F2-MMC and the F1-MMC is expressed as follows:

o UOQIOQ
Uollol )

In (12), U, is equal to mN; U, /2. Substituting (4), (9), and
(11) into (12), the expression of the power ratio of F2-MMC
and FI-MMC can be obtained. That is given by

m+ «

2 + m2cos?p
m(m —a) \| 2+ kZcos2p

It is defined as a function which consists of the power ra-
tio shown in (13) divided by (9). The function investigates the
F2-MMC power transmission capability of a single FBSM com-
pared with the F1-MMC. The expression of the function is writ-
ten in the following form:

m—+a |2+ m2cosyp
m 2+ kZcos2p

It is concluded that the F2-MMC power transmission capa-
bility of a single FBSM is higher than the F1-MMC if the value
of the function is greater than one. It is lower when the value is
smaller than one.

In HVdc systems, the power factor is very close to one, es-
pecially in high-power applications. Taking the actual project
of £350 kV/1044 MVA MMC for a back-to-back HVdc sys-
tem interconnecting two 500 kV ac power grids in south China
[32] as an example, the rated active and reactive power of the

12)

13)

’y:

I = (14)
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Fig. 5.  F2-MMC power transmission capability of a single FBSM compared

with the F1-MMC.

converter is 1000 MW and 300 M Var, respectively. The power
factor is as high as 0.96 under rated condition. Therefore, it is
reasonable that cos ¢ in (14) is considered to be one approxi-
mately. Generally, the modulation index often ranges from 0.8
to 1. The maximum of the variable « is consider as 0.33 for the
dc-side voltage of F2-MMC should not be too low according to
(3) in Section II. Hence, the function is considered as a function
of m and « and its 3-D surface is depicted by MATLAB which
is shown in Fig. 5.

Fig. 5 demonstrates that the F2-MMC power transmission
capability of a single FBSM is very close to the F1-MMC when
the modulation index is greater than 0.9. The power transmis-
sion capability is higher when the modulation index is higher
than 0.95 according to Fig. 5. The value of the function in (14) is
0.99 when the modulation index m and the variable « are sat as
0.9 and 0.15, respectively. It is also concluded that the value of
the function increases first with the variable « increasing. Then,
the proportion decreases if o continue to increase. However,
the function does not increase obviously with the modulation
index m increasing while it varies significantly with the vari-
able .. Furthermore, the function always reaches the maximum
when « ranges from 0.1 to 0.2 under different modulation in-
dex conditions. Hence, the proportion can be seen as a function
about single variable a considering that the power factor is one.
Formula (14) is rewritten in the following form which is given

by
m-+a [2+m?
Tr = . 15
Calculating the derivation of the function in (15), that is
dl’
(@) _,, (16)
da

Substituting (7) into (16), the value of the variable o which is
expressed as follows can be achieved when the function reaches
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the maximum:

A
a—erlm. (17

Formula (17) demonstrates that the F2-MMC power transmis-
sion capability of a single FBSM reaches the maximum when
the amplitude of the negative voltage is 0.115m of the sum of the
voltage generated by all FBSMs in one arm. Furthermore, the
power transmission capability of a single FBSM of F1-MMC
and F2-MMC has almost no difference if the modulation index
is equal to or greater than 0.9. This conclusion is drawn under
the unity power factor conditions. In case of nonunity power
factor situations, the function is closer to one according to (14).
Hence, the F2-MMC is particularly suitable to be operated with
high modulation index in order to achieve high power trans-
mission capability in case that the dc voltage and RMS of arm
currents are the same as F1-MMC.

IV. OPTIMIZATION OF FBSM CAPACITANCE

In this section, the FBSM voltage fundamental frequency and
second-order harmonic fluctuations of the F2-MMC are ana-
lyzed in comparison with the F1-MMC. The arm currents of the
F2-MMC are similar to the FI-MMC which are mainly com-
posed of dc and fundamental frequency components. Taking the
upper arm of phase A as an example, the relationship between
the dc-side current and ac-side current of the F2-MMC is ac-
quired according to (6) and the direction definition of the current
in Fig. 3. Supposing that the upper arm currents of the F2-MMC
and FI-MMC are 44,2 and 7,,1 which yields

Iom+ «

. 102
= 9z . T0% L a _ 1
Tau2 1 s + 5 €O (wt — ) (18)
1, 1,
Taul = Tlm cosp + 71005 (wt — ) (19)

where [, is the amplitude of ac-side current of F1-MMC. Sim-
ilarly, the equivalent switching function of the upper arm of
phase A of the F2-MMC and the F1-MMC is

o . Uﬁ‘“ — U,ycos wt
au2 — NQUC
= ma<1—m+acoswt> (20)
2 m—«
Yse _ Ucoswt 1
L % =3 (1—mcoswt). (21)

Assume that all FBSM voltages are always balanced well.
It is defined that the FBSM voltage of the upper arm of the
F2-MMC and F1-MMC is U¢ay2 and ucay1 - It is easily achieved
that by integrating the arm current and the equivalent switching
function yields
(22)

Ucqu2 =

1 )
U. + 5/Sau22au2dt

Ucqul = (23)

1
Uc + 5/Sauliau1dt-

Substituting (18) and (20) into (22), the expression of the
FBSM voltage of the F2-MMC is obtained as follows if the
FBSM capacitance is C:

m—a | (m+a)lscosp
U. + — sinwt
2C dw(m — )

Ucqu2 =

(m+ ) Lo

+102 . ( " )
9w TR TGS (m— )

sin (2wt — )
(24

Correspondingly, the FBSM voltage of the FI-MMC is
achieved by substituting (19) and (21) into (23):

1 m?21,; cosyp
Uequ1 = Ue + - S1

2C 4w nwt

IO . Io .
—1—2—;8111 (wt — ) —W;wl sin (2wt — )| . (25)
Assume thate ;1 and €y are the fundamental frequency ripple
factors of the F1-MMC and F2-MMC, respectively. Calculating

the fundamental frequency fluctuations of the FBSM voltage in
(24) and (25), they are given by

I, \/(m2 +a? — 6ma)26052gp +4(m — a)Qsin%
8(m — a)wCU.

Efa2 =

(26)

I, \/(2 — m2)?cos?p + 4 sin?p
€1 = el . 27

According to (11), the proportion of the FBSM voltage funda-
mental frequency fluctuations of the F2-MMC and F1-MMC is
obtained as the following expression considering that the power
factor is equal to one approximately:

\/2_|_W\/(m2 + a2 — 6ma)’
TN R (m—a)(2-m2) °

The proportion of the FBSM voltage fundamental frequency
fluctuations which can be seen as a function of modulation index
and the variable « is similar to the aforementioned analysis
in Section III. Its 3-D surface which is presented in Fig. 6 is
depicted by MATLAB with the same method.

According to Fig. 6, the function of the proportion has al-
most no noticeable change when the modulation index varies.
However, a dramatic change of the function with the variable
« is obvious. Furthermore, the function of the proportion exists
a zero point which is the root of the quadratic equation in the
denominator of (28). Solving the quadratic equation, the rela-
tionship of the variable o and the modulation index is given in
(29). The FBSM voltage fundamental frequency fluctuations in
F1-MMC would be almost eliminated completely if the variable
« and the modulation index satisfy (29) in F2-MMC. Thus, the
FBSM capacitance of F2-MMC can be reduced significantly
due to that the fluctuations of FBSM voltage mainly contain

(28)
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fundamental frequency component:
a=(3-2v2)m.

Similarly, the second-order harmonic fluctuations of the
FBSM voltages of the F2-MMC and F1-MMC can be achieved
from (24) and (25). Supposing that the second-order harmonic
ripples of the FBSM voltages of the F1-MMC and F2-MMC are
€21 and g9 59, respectively. They are presented by the following
expression:

(29)

B (m+a)l,,
2127 TeuCU, (30)
mIol
— ML 1
21 T6wCl. @1

The proportion of the FBSM voltage second-order harmonic
fluctuations is obtained by inserting (11) in (30) and (31) under
approximate unity power factor conditions. That is

_m+a [2+mPcos’p
2=y 2 + k2cos?p

The function of the proportion of the FBSM voltage second-
order harmonic fluctuations is the same as (14). So its 3-D
surface depicted by MATLAB is illustrated in Fig. 5 accord-
ing to which the FBSM voltage second harmonic fluctuations
of FI-MMC and F2-MMC scarcely change. Hence, the second
harmonic fluctuations of F2-MMC are considered to be the same
as that of F1-MMC due to its small amplitude in FBSM voltage
fluctuations. In summary, the FBSM capacitance of F2-MMC
will research the minimum in case that (29) is satisfied. As is
known in HVdc applications, large amount of module capaci-
tances are bulky and extremely expensive. So, reducing FBSM
capacitance significantly has great benefits to HVdc systems.
Meanwhile, the variable o nearly has no influence on the power
transmission capability of the F2-MMC when it ranges from
0.115m to 0.172m. Hence, the F2-MMC operated with (29) is
considered as the optimal design with low energy storage re-
quirements for HVdc transmission systems.

(32
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V. CIRCULATING CURRENT ANALYSIS AND ARM
INDUCTOR DESIGN

A. Circulating Current Analysis

Circulating current especially the second-order harmonic
component has a significant impact on FBSM capacitor voltage
fundamental frequency and second-order fluctuations despite its
small amplitude. Therefore, it is necessary to analyze the circu-
lating currents of FI-MMC and F2-MMC. Assuming that the
circulating currents of F1-MMC and F2-MMC are i5 71 and 4 r2
and their amplitude are Iy and Iy o, respectively. Thus, (18)
and (19) are rewritten as follows:

I,om+ «

102 .
= g8 + — cos (Wt — @) + 12y, (33)

lau?2

Iol

I, .
lgul = — mcos ¢ + 71005 (Wt — ) + 1oy, . (34)

Neglecting the arm equivalent resistance, the upper and the
lower arm voltages should meet Kirchhoff’s voltage law with
the definition that the arm inductor is L. That is given by

diyy
dt

Substituting (20)—(23), (29), (33), and (34) into (35), the cir-
culating currents of the F2-MMC and F1-MMC are derived
under unity power factor condition. That is

(3v2 — 4) m*I,»

NSauucau + NSalucal +2L = Udc~ (35)

by = l6w2LC _ (81-56v2)m? G0
Ny 3
I (3m — m3)
IZfl - 64w? LC am? \ (37)
= 4 (1 + T)

According to (36) and (37), the ratio of the amplitude of cir-
culating currents of F2-MMC and F1-MMC is nonlinear about
arm inductor and FBSM capacitance. The FBSM capacitor volt-
age fundamental frequency fluctuations resulted by circulating
currents mainly come from the circulating currents multiplied
by the dc components of equivalent switching function. Mean-
while, its second-order harmonic fluctuations mainly come from
the circulating currents multiplied by the ac components of
equivalent switching function. So, the FBSM capacitor volt-
age fundamental frequency fluctuations of F2-MMC are smaller
than F1-MMC while its second-order harmonic fluctuations are
largerif Inyo = I5y; according to (20) and (21). Therefore, the
FBSM capacitor voltage fundamental frequency and second-
order harmonic fluctuations produced by circulating currents
can be considered as the same since the amplitude of circulat-
ing current is small. The amplitude of the circulating currents
of FI-MMC and F2-MMC can represent the FBSM voltage
fluctuations.

B. Arm Inductor Design

The analyses about RMS of arm currents in Section III do not
contain the circulating currents. Hence, the following constraint
condition should meet by selecting appropriate arm inductor
and FBSM capacitance in order to guarantee the same current
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TABLE I
MAIN CIRCUIT PARAMETERS OF F1-MMC AND F2-MMC

MMC configuration F1-MMC F2-MMC
Rated apparent power [MVA] 412 544
Rated active power [MW] 400 528
Rated reactive power [M Var] 100 132
DC voltage [kV] +160 +160
AC voltage (rms) [kV] 176 277
Number of FBSMs per arm 200 268
FBSM capacitance [mF] 12 6.5
Arm inductance [mH] 55 66
FBSM average voltage [kV] 1.6 1.6
stress of F1-MMC and F2-MMC:
Ly = Iyy,. (38)

VI. SIMULATION RESULTS

In order to verify the validity of the analyses in Sections III
and IV, the full-scale simulations of F1-MMC and F2-MMC
have been implemented. A simplified schematic diagram of the
simulated system is shown in Fig. 7. Employing the Thevenin
equivalent circuit method for reducing simulation time with-
out affecting accuracy [33], the main circuit parameters of the
F1-MMC and the F2-MMC are presented in Table I in which
the modulation index and the variable o are 0.9 and 0.155,
respectively. So, the number of FBSMs per arm of F2-MMC
is 34% more than that of FI-MMC according to (9). Mean-
while, the power transferred by F2-MMC is 32% higher than
the F1I-MMC which is calculated from (13). The number of
FBSMs per arm and rated power of the F2-MMC are 268 and
544 MVA presented in Table I. The FBSM voltage fundamental
frequency fluctuations of F2-MMC are almost eliminated under
unity power factor condition according to (29). The FBSM volt-
age second-order harmonic fluctuations introduced in Sections

100 F1-MMC FBSM voltage fluctuations by FFT(V)

-4— 89.8
80
60
-— 442

40
20
0

0 500 1000 1500 2000

Frequency(Hz)
Fig. 8. Amplitude of the fundamental frequency and second-order harmonic

of the F1-MMC FBSM voltage fluctuations by FFT.

IV and V have almost no change seen from (32) and (38). More-
over, the FBSM voltage fundamental frequency fluctuations are
about two times of second-order harmonic fluctuations. This is
shown in Fig. 8 which is achieved by fast Fourier transform
(FFT) of the upper arm FBSM average voltage of phase A.
Considering a small amount of fundamental frequency fluctu-
ations resulted by circulating currents, the FBSM capacitance
of the F2-MMC can be smaller than half of the FBSM capac-
itance of the F1-MMC. However, the reactive power which is
not concerned in Sections IV and V can result in fundamental
frequency fluctuations. So, the FBSM capacitance of F2-MMC
is a little more than half of the FBSM capacitance of the F1-
MMC in order to achieve the same fluctuations. Therefore, the
FBSM capacitance of the F1-MMC is 12 mF while the F2-MMC
FBSM capacitance is 6.5 mF. Additionally, the arm inductor of
the F2-MMC can be calculated as 66 mH from (38).

A. Normal Operation

The simulation results of the F1-MMC during normal opera-
tion are shown in Fig. 9. In this simulation, the operating appar-
ent power of the F1-MMC is 412 MVA which is composed of
400 MW and 100 MVar. The dc-bus voltage and dc-side current
are depicted in Fig. 9(a) and (b), respectively. The amplitude of
ac-side current which is presented in Fig. 9(c) is close to 2 kA.
Fig. 9(d) and (e) shows the upper arm and the lower arm currents
which range from —1158 to 818 A. The RMS of arm currents are
about 821 A. The FBSM average voltages of the upper arm are
depicted in Fig. 9(f) while the average voltages of the lower arm
are provided in Fig. 9(g). The FBSM average voltages change
from about 1475 V to around 1725 V.

Fig. 10 shows the steady-state simulation results of the F2-
MMC operated with 528 MW active power and 132 M Var reac-
tive power. The dc-bus voltage is the same as the F1-MMC while
the dc-side current is bigger; see Fig. 10(a) and (b). The ampli-
tude of ac-side current described in Fig. 10(c) is about 1600 A
owing to the higher ac-side voltage compared to the F1-MMC.
As shown in Fig. 10(d) and (e), the upper arm and lower arm cur-
rents of the F2-MMC range from —1210 to 605 A. The positive
maximum is smaller than that of F1-MMC while the negative
maximum is bigger since the smaller FBSM capacitance leads
to larger circulating current. The RMS of arm currents are about
825 A which is almost the same as that of the F1-MMC. In
Fig. 10(f) and (g), the FBSM average voltages of the upper and
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Fig. 9. Simulation results of the FI-MMC in normal operation.

the lower arm are presented, respectively. The average voltages
change from around 1471 V to about 1723 V which is very
close to that of the F1-MMC. See Fig. 10(f) and (g); the FBSM
average voltages mainly include second-order harmonic fluctua-
tions which coincides with the analyses in Section IV compared
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Fig. 10.  Simulation results of the F2-MMC in normal operation.

to Fig. 9(f) and (g). However, the FBSM average voltages still
contain fundamental frequency fluctuations which mainly come
from two parts. The first one is that the circulating currents
ignored in Section IV multiplied by the equivalent switching
function can result in fundamental frequency fluctuations. The
second one comes from that the reactive power of the F2-MMC
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is 132 MVar. The reactive power would lead to fundamental
frequency fluctuations in FBSM voltages according to (26).

B. Fault Blocking Capability

Fig. 11 presents the simulation results of the dynamic per-
formance of the F1-MMC when a pole-to-pole dc short-circuit
fault occurs. Before t = 1 s, the transmission systems of the
F1-MMC delivered 400 MW active power. At ¢t = 1 s, a dc
short-circuit fault happens and the short-circuit impedance was
set as 2Q2/0.1 mH. This is a temporary fault which continued
0.1 s. The dc-side current, dc positive and negative voltage of
the F1-MMC are always measured and the dc short-circuit fault
is consider to occur when the difference between dc positive
and negative voltage is lower than 200 kV and the dc-side cur-
rent is larger than 500 A at the same time. After a delay time
of 280 us, the FI-MMC turned all IGBTs off and the dc-side
current shown in Fig. 11(b) was reduced to zero quickly. The
ac-side current and the arm currents of the upper and the lower
arm also became zero due to the arm reverse voltages which are
depicted in Fig. 11(c), (d), and (e), respectively. The maximum
of the dc-side current was about 3800 A while the maximum of
the arm currents was around 2500 A during the failure time. In
addition, the FBSM voltages presented in Fig. 11(f) and (g) did
not change since the arm currents were reduced to zero during
the fault period. At ¢t = 1.1 s, the fault was cleared and the
system restarted to normal operation.

Correspondingly, the dynamic performance of the F2-MMC
is illustrated in Fig. 12. Both the F1-MMC and F2-MMC had
the same short-circuit impedance and the power transferred by
the F2-MMC was 528 MW. Besides, the dc short-circuit fault
detection method of the F2-MMC is the same as that of F1-
MMC. All IGBTs of the F2-MMC were blocked with the same
fault detection principle after the same delay time. The dc short-
circuit fault lasted for 0.1 s. The dc-side current, the ac-side
current, and the arm currents of the upper and the lower arm
are described in Fig. 12(b), (¢), (d) and (e), respectively. The
dynamic performance of the F2-MMC during fault period is
very similar to the FI-MMC. The maximum value the dc-side
current and the arm currents researched was 3800 and 2300 A.
The FBSM average voltages of the upper and the lower arm
are presented in Fig. 12(f) and (g). It is worth mentioning that
the FBSM average voltages of the F2-MMC range from about
1500 V to around 1705 V under pure active power conditions.
The fluctuations are smaller than that in Fig. 11(f) and (g).
The analyses in Section IV are verified that the greater the
power factor, the smaller the FBSM voltage fluctuations of the
F2-MMC. Then, the F2-MMC restarted to normal operation
with the short-circuit fault eliminated at ¢ = 1.1 s.

C. Fault Ride Through Capability

In this section, the dc short-circuit fault ride through capa-
bility of the FI-MMC and F2-MMC was demonstrated. The
simulation results of the dynamic performance of the F1-MMC
are presented in Fig. 13 under dc short-circuit fault conditions.
In normal operation mode, the power of the F1-MMC flowed
from the ac side to the dc side was 400 MW. At¢ = 1 s, thedc

Fig. 11.
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dc short-circuit fault conditions.

short-circuit fault which lasted for 0.5 s happened with the
short-circuit impedance sat as 4 /0.1 mH. The fault detection
method and the delay time of the F1-MMC and F2-MMC were
the same as that in Section VI-B. After 0.2 s of oscillation,
the dc-side current shown in Fig. 13(b) was reduced to zero.
During the fault period, the F1-MMC provided 100 MVar
reactive power to support the grid voltage which is presented
in Fig. 13(c). In Fig. 13(d) and (e), the arm currents of the
upper and the lower arm were provided while they became sine
waves during fault. The peak value of the dc-side current and
arm currents was about 3850 and 2666 A, respectively. See
Fig. 13(f) and (g); the maximum of FBSM voltage reached
1800 V while the minimum reached 1400 V during fault period.
Finally, the FI-MMC was recovered at ¢ = 1.5 s to normal
operation when the fault was cleared.

The simulation results of the dynamic performance of the
F2-MMC are presented in Fig. 14 under dc short-circuit fault
conditions. The power transferred by the F2-MMC was 528 MW
during normal operation. The fault continued 0.5 s and the short-
circuit impedance was also sat as 4 €2/0.1 mH. The dc-side cur-
rent depicted in Fig. 14(b) became almost zero with oscillation
for about 0.15 s. As shown in Fig. 14(c), 132 MVar reactive
power was provided by the F2-MMC in order to support grid
voltage. The peak value of the dc-side current reached about
3800 A while the maximum of arm currents was around 2500 A
which was illustrated in Fig. 14(d) and (e). In Fig. 14(f) and (g),
the maximum and minimum of the FBSM voltages were 1880
and 1360 V which were larger than that in Fig. 13(f) and (g).
This was mainly caused by small FBSM capacitance of the F2-
MMC. After the fault eliminating, the system of the F2-MMC
restarted to normal operation att = 1.5 s.

VII. CONCLUSION

This paper presents the analyses about theF-MMC utilizing
the negative voltage state of FBSM. The analyses demonstrate
that the power transmission capability of a single FBSM of
the F-MMC with using negative voltage state is very close to
that of the F-MMC without using the negative voltage state
if the modulation index is high. The optimization of parame-
ter for the power transmission capability of a single FBSM is
also proposed under the same dc voltage and RMS of arm cur-
rents conditions. In the meantime, the fundamental frequency
fluctuations of the FBSM voltage are inhibited obviously if the
F-MMC is operated under pure active power conditions. The
optimization of parameter presented in this paper indicates that
the FBSM capacitance can be reduced to nearly half of the orig-
inal. The design method is also provided. The F-MMC designed
in this paper can provide a space-saving and cost-effective con-
verter for HVdc transmission systems. Simulation results verify
the proposed parameter design method. Its dc short-circuit fault
blocking and ride through capability are also validated.
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