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Abstract—Modular multilevel converter (MMC) has become the
most promising converter technology for high-voltage direct cur-
rent (HVdc) transmission systems. MMC submodule (SM) topolo-
gies with dc fault ride-through capabilities are emerging which
are suitable for overhead line applications. The hybrid SM design
of each converter arm can get the compromise of higher capabil-
ity of handling dc fault and lower capital investments and losses.
In this paper, the initial hybrid SM numbers design method for
supporting the dc-link voltage and riding-through dc faults and
the optimized hybrid SM redundancy configuration strategy for
effectively increasing the reliability of MMC are proposed and
calculated. In contrast with the previously proposed redundancy
configuration for MMC with the single SM topology, this approach
solves the curvature of three-dimensional surface to calculate the
recommended redundant hybrid SM numbers which takes both the
semiconductor device utilization rate and the reliability of MMC
into consideration.

Index Terms—Hybrid submodule (SM), modular multilevel
converter (MMC), redundancy configuration, reliability analysis,
three-dimensional (3-D) surface.

I. INTRODUCTION

ODULAR multilevel converter-based high-voltage

direct current (MMC-HVdc) transmission is gaining in
popularity as a dc power transmission option [1]-[4]. Compared
with the conventional two- and three-level voltage-sourced con-
verters (VSC), the MMC topology offers more advantages such
as [1], [2]:

1) its modular design permits easier scalability to any desired
voltage and power levels simply by including a larger or
smaller number of modules;

2) output voltage waveform with negligible ripple content
which eliminates the need for ac filters;

3) no common dc-link capacitor is required;

4) lower switching losses which leads to high efficiency.

In future, the widespread use of the MMC-HVdc transmission

is anticipated [5]. However, the lack of the dc fault ride-through
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capability imposes major restrictions on half-bridge MMC
(H-MMC) used in overhead line (OHL) transmission fields.

The dc circuit breakers (DCCB) are supposed to be the best
choice for the use of H-MMC in large-scale dc grid. However,
high-voltage and large-current DCCBs are not yet put into prac-
tical applications [6]. The alternative choice under this situation
is to use the MMC topologies with built-in dc fault handling
capability, mainly including the full-bridge MMC, the clamp-
double MMC, and the MMC using hybrid converter arm de-
sign which contains no less than two different submodule (SM)
topologies and at least one of them can interrupt the dc-side
short-circuit fault current.

In 2010, ALSTOM proposed hybrid multilevel converter
topologies at CIGRE [7], and the hybrid converters combine
the characteristics of two-level VSC and MMC. The hybrid
cascaded multilevel converter (HCMC) and alternate-arm mul-
tilevel converter (AAMC) are two specific topologies of these
hybrid converters which can ride-through severe dc fault. How-
ever, HCMC and AAMC are in relation to the press-packed
series technology of insulated gate bipolar transistor (IGBT),
while in this paper, only the universal three-phase symmetrical
MMC topology and the different SM configurations are dis-
cussed.

Qin et al. [8] proposed two new SM topologies as well as
a hybrid design methodology using the proposed SMs to em-
bed the dc fault handling capability into MMC. For large-scale
dc grid with multiple MMC converters, hundreds of SMs in
each phase arm should be equipped with a certain number of
redundant SMs to increase the operation reliability of the HVdc
system. However, Qin et al. [8] considered the topology design
only and did not include the reliability analysis and redundancy
configurations of the hybrid MMC.

In the previous research, Zhao et al. proposed the dc fault
ride-through capability index (DFRTI) [9] for the purpose of
evaluating the dc fault current suppressing capability of the
MMC using different SM topologies, and the DFRTI index will
be a basis of this paper to design the initial hybrid SM numbers
and the redundancy configuration.

The authors also proposed an effective reliability analysis
method for calculating the SM redundancy configuration of the
MMC with single SM topology in [10]. Similarly, MMC with
hybrid SM topologies should guarantee the basic dc fault ride-
through capability and high operation reliability at the same
time. However, more redundant SMs will bring higher reliabil-
ity as well as higher capital investments and losses. To save cost,
it is important to evaluate the redundancy efficiency of a single
semiconductor device, and this is defined as the semiconduc-
tor utilization rate of IGBTs which will be introduced in later
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Fig. 1.  Schematic diagram of a three-phase MMC.

sections. The authors have studied the dc fault ride-through
capability and reliability analysis of the MMC with single SM
topology and achieved certain results. This paper will further
extend the previous research to the MMC with hybrid SM
topologies and propose the corresponding reliability and re-
dundancy configuration method of hybrid MMC followed by
the recommended redundant number of SMs for engineering
design.

The rest of this paper is organized as follows. Section II in-
troduces the topologies of MMC and several SMs. Section III
studies the initial critical SM number configuration of hybrid
MMC. Section IV presents the reliability analysis and redun-
dancy configuration method. Section V verifies the proposed
approach. Section VI provides some discussions and Section
VII concludes this paper.

II. MMC AND SM TOPOLOGIES

This section introduces the MMC topology and different types
of SM structures, including those which have the ability to ride-
through severe dc-side fault. Latter section will show how these
SMs are effectively and economically configured to interrupt
the short-circuit currents and increase the reliability of MMC.
The fully detailed MMC model shown in Fig. 1 is comprised
of three phase units and each unit consists of upper and lower
phase arms. Each phase arm includes N identical SMs and an
arm reactor L. The controller shown in [11] is used to suppress
the circulating second harmonic current among the phase units.

The SMs are the basic building blocks of MMC, Fig. 2, re-
spectively, represents the half-bridge SM (HBSM) [12], the full-
bridge SM (FBSM) [13], the clamp double SM (CDSM) [14],
the clamp single SM (CSSM) [15], and the improved hybrid SM
(IHSM) [16]. All SMs are comprised of IGBTs, diodes, and dc
storage capacitors. Note that Fig. 2 also shows the fault current
paths (see dotted lines in Fig. 2) after the IGBTs are blocked
(shadow areas), which are the preparations for the later initial
SM numbers design in the hybrid MMC.

In Fig. 2, except the HBSM, all the other four SM topologies
permit the MMC to ride-through the dc fault simply by blocking
all the valves after the dc fault detected.

2721

i
1l D1 |
+ s
CcZ_ Uc —
|
T2 D2 E
_________ y

D2 S D4

D2 D5 T4 D4

Vv — ol

Fig. 2. Structures and fault current paths of SMs. (a) Structure of HBSM. (b)
Fault current path of HBSM. (c) Structure of FBSM. (d) Fault current path of
FBSM. (e) Structure of CDSM. (f) Fault current path of CDSM. (g) Structure of
CSSM. (h) Fault current path of CSSM. (i) Structure of IHSM. (j) Fault current
path of IHSM.
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Fig. 3. Diagram of dc fault in the MMC-HVdc system.
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Fig. 4. Principle diagram of DFRTI.

Previously, the DFTRI was proposed to evaluate the dc fault
current clearing capabilities of MMC [9]. DFRTI is defined as
(1) and illustrated in Figs. 3 and 4

S5 ttFT F(t)dt )

Sy [T G(tydt

In (1) and Figs. 3 and 4, the following symbols are defined:

ILinort: the instantaneous dc pole-to-pole short-circuit current
shown in Fig. 3;

tr: the time when dc fault occurred;

tp: the time when MMCs are blocked;

Ip: the value of I, at tp;

F(?): Inort curve under dc fault without blocking MMCs;

G(1): Ishort curve under de fault with MMCs blocked at ¢

S1: area under curve F(f) from ¢ty to tp shown in Fig. 4;

S area under curve G(f) from ¢y to t7 shown in Fig. 4;

I : the maximum value of Igp o3

tas: the time when I, reaches its maximum value;

tr: the time when 3-phase ac breakers are tripped.

Using the simulation data, DFRTI values of MMCs with dif-
ferent SM topologies can be obtained by numerical integration,
and the comparison results are as follows:

DFRTI (FBSM) = DERTI (CSSM) > DERTI (CDSM)
— DFRTI (IHSM) >> DERTI (HBSM).

The results above show the dc fault blocking capabilities of
the five different SMs, which corresponds with the analysis of
the fault current paths illustrated in Fig. 2.

For each SM, the required device numbers are, respectively,
shown in Table I, note that this is not the final required device
number comparison under the same dc-link voltage because
CDSM and IHSM undertake twice of the dc capacitor voltage
as compared with the HBSM, FBSM, and CSSM.

From the DFRTI index and device number compar-
isons above, CSSM and CDSM seem to be the relatively
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TABLE I
DEVICE NUMBER OF SMS

SMtype IGBT  Diode  Capacitor
HBSM 2 2 1
FBSM 4 4 1
CDSM 5 7 2
CSSM 3 4 1
IHSM 5 6 2

promising choices for the OHL MMC-HVdc transmission
systems. HBSM-based MMC-HVdc cannot ride-through dc
faults. Hence, the expensive underground or undersea ca-
bles are required. However, CSSM uses 50% more IG-
BTs and CDSM uses 25% more IGBTs compared with
HBSM.

Therefore, the hybrid MMCs with different SM topologies
are emerging as shown in [17]-[19], and normally the HBSM
is selected as the fundamental SM topology to support the dc-
link voltage and the other SMs with higher DFRTI values are
responsible for cutting off the dc fault currents.

In this paper, two hybrid MMC topologies are considered;
the first topology is the hybrid of HBSM and CSSM, and the
second topology is the hybrid of HBSM and CDSM. Next sec-
tion will calculate the initial critical number ratio of the two
SM topologies in the hybrid MMC and later section will show
the proposed reliability analysis and redundancy configuration
methods, which are the main contributions of this paper.

III. INITIAL CRITICAL MODULE NUMBER CONFIGURATION IN
THE HYBRID MMC

Section II introduces several SM topologies of the MMC;
hence, based on the combination of these topologies, hybrid
MMC may have many different variants. To reduce the invest-
ments, hybrid MMC with HBSM and another SM topology
should be the first priority. Meantime, it is necessary to block
the MMC after dc fault occurs, so the second SM topology
should possess the dc fault ride-through capability. To guaran-
tee the dc fault handling capability of the hybrid MMC, the
least number of SMs with higher DFRTI should be constrained.
It is worth noting that the various SM topologies have identical
steady-state characteristic, hence the function of supporting the
entire dc-link voltage can be simply calculated by adding all
inserted SM capacitor voltages together.

As described previously, the first hybrid MMC (defined as hy-
brid MMC1) in this paper is composed of HBSM and CSSM, and
the short-circuit-current path of hybrid MMC1 under blocked
state is shown in Fig. 5.

The numbers of the HBSMs and CSSMs in the same arm
are Ny and Ncg, respectively. The SM capacitor voltage Uc,
dc-link voltage Uy, and ac voltage have the following relation-
ship, in which m is the modulation ratio (m < 1), and Uy}, and
Uy, are the phase and line-to-line voltage amplitudes of the sec-
ondary side of the transformer. Since this is the initial critical



XU et al.: RELIABILITY ANALYSIS AND REDUNDANCY CONFIGURATION OF MMC WITH HYBRID SUBMODULE TOPOLOGIES

[ | + [

z
Nesi ! 5
°l& Upper
: arm of
phase B T
Nur) | HBSM,
L L
]
o A B
° 7 C  Pole-pole fault
L
Lower Lower N i
cs I
arm of arm of N
phase A phase B %E
o {

Fig. 5. Arm current path of the hybrid MMCI under blocked state.

SM number design, the redundant SMs are ignored
Ude = (Nu + Ncs)Uc
Upn = 2mUqe = 2m(Nu + Nes)Uc ()
Up =V3Upy, = @m(NH + Nes)Uc.

As shown in Table I, the CSSMs require more IGBTs than
HBSMs; hence, to find the minimum ratio of CSSM in the phase
arm, it is necessary to study the worst dc fault scenario of the
MMC-HVdc system, which is the pole-to-pole short-circuit fault
[9]. For hybrid MMC1 with HBSM and CSSM, only CSSM can
cut off the fault current, as can be seen from Fig. 2. In Fig. 5, fault
current flows between upper arm and lower arm of two different
phase units, and taking the upper arm of phase A and lower
arm of phase C as an example, there are two Ncg capacitors
connected in series to withstand the peak value of the line-to-
line ac voltage. To guarantee the dc fault ride-through capability
of the hybrid MMC1, the number of CSSM in an arm should
meet the requirement as

2NesUc > Up. 3)
Substituting (2) into (3), we obtain
N
@m < __es <1. 4)
4 Ny + Ncs

[X] is the ceiling function. The value of m is usually between
0.85 and 0.9 in normal operation. To insure that the hybrid
MMCI can cut off dc fault currents in all circumstances, m = 1
is selected. Thus, the minimum proportion of Ncg in an arm
is 0.43 approximately, and the above analysis can be applied to
the hybrid MMC with HBSM and FBSM as well.

As for CDSM, it is different from FBSM and CSSM. It can be
seen from Fig. 2 that a CDSM is equivalent to two HBSMs under

2723

[ | A

== [ cosMyen |
IV i :
& Upper
arm of
phase B !
o { i
% L DL
)
————A
[ B .
i 7 & Pole-pole fault
N
T
Lower Lower fVes
arm of arm of
phase A phase B
NH{ :
5
| )
Fig. 6. Arm current path of the hybrid MMC?2 under blocked state.

the steady-state operation. While under a blocked state, its two
capacitors are in paralleled connection. Therefore, the effective
clamped voltage of the two capacitors in one CDSM is still Ug,
as shown in Fig. 6. Similarly, the SM capacitor voltage Uc, dc-
link voltage U, and ac voltage have the following relationship:

Ud(: - (NH + 2NCD)UC
Upn = mUqc = m(Nu + 2Nep )Uc 5)
Up = 30Uy = Em(Ny + 2Nep)Uc.

The total voltage of the capacitors under blocked state in the

arm current path is 2 NcpUc. To cut off the dc fault current,
the total voltage of capacitors in hybrid MMC2 should satisfy

2NcpUc > Uy. (6)

The proportion of N¢p in an arm can be concluded from (5)
and (6), as

{ vim Ws Moo o, ™
4—/3m Ny + Nep

To ensure the dc fault ride-through capability, m = 1 is se-
lected. In this case, the minimum proportion of N¢p is 0.76
approximately.

Once the proportion of the number of CSSM or CDSM in
the hybrid MMC is obtained, the initial critical SM number is
determined, which can ensure the basic dc fault ride-through
capability of the hybrid MMC. However, the final number of
the SMs will be decided in latter section considering the SM
redundancy configuration schemes.
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with HBSM and CSSM. (b) Hybrid MMC2 with HBSM and CDSM.

IV. RELIABILITY ANALYSIS AND
REDUNDANCY CONFIGURATION

For an MMC equipped with redundant SMs, the redundant
SMs can substitute those faulted SMs as long as the number of
faulted SMs is not more than the number of redundant SMs.
However, the reliability analysis and redundancy configuration
of a hybrid MMC is more complicated than an MMC with a
single SM topology. As in some cases, the redundant SMs with
higher DFRTI (i.e., CSSM) can be used to substitute the faulted
HBSM, and this is not the case for CDSM, since it has two
capacitors in each SM. Similarly, the redundant HBSMs cannot
be used to substitute the faulted CSSM or CDSM to guarantee
the dc faults handling capability of the hybrid MMC, as shown
in Fig. 7.

Because of the symmetry of MMC, reliability of an arm can
represent the reliability of the MMC to some extent. This sec-
tion will mainly focus on the analysis of the reliability of the
hybrid MMC:s and provide the entire framework of the analysis
procedures.

In Fig. 7, Nu, Nc¢s, and Nc¢p are the initial critical numbers
of HBSM, CSSM, and CDSM, respectively, under steady state,
as previously illustrated in Section IIl. Ny, Nocs, and Nocp
are the corresponding redundant numbers of HBSM, CSSM, and
CDSM, respectively. Fig. 7(a) represents the hybrid MMC1 with
HBSM and CSSM, in which the red arrow means that redundant
CSSMs can substitute the faulted HBSMs and CSSMs, the blue
arrow means that redundant HBSMs can only substitute faulted
HBSMs. Fig. 7(b) shows the hybrid MMC2 with HBSM and
CDSM, in which the red arrow means redundant CDSMs can
only substitute the faulted CDSMs and the blue arrow means
redundant HBSMs can only substitute the faulted HBSMs.

A. Reliability Analysis of Hybrid MMC

All the SM topologies of MMCs are mainly composed of
several IGBTSs, diodes, and capacitors (ignoring the protective
switches). Hence, the reliability of MMC, which can be defined
as continuously reliable working in a certain time period, is
mainly decided by these devices. If the reliabilities of IGBT,
diode, and capacitor are defined as R;, Rp, and R, respec-
tively, according to the number of devices shown in Table I,
reliabilities of HBSM, CSSM, and CDSM can be calculated as

Ry = RIR}Rc (8)
Recs = R}R}, Re )
Rcp = RIRLRZ. (10)
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If the numbers of the faulted HBSMs and CSSMs in an arm are
1y and icg, respectively, as described previously, the calculation
of the MMC reliability should include the following two parts:

1) ¢y is not more than Ny, while icg is not more than N¢g,

the reliability of the hybrid MMCl is R;, which is shown
in (11), and in this situation, there is no substitution be-
tween HBSM and CSSM. Therefore, the maximum of
faulted CSSMs is only limited by the redundant number

of CSSMs
Non  Nocs ) ) v )
R’y = Z |: Z OJZ\I;H+N0H (1 - RH)Z“ RﬁﬂﬁLNﬂHiZﬂ
ig=0 “ics=0
XC;\?§s+Nocs (1 _ Rcs)ics R]CVé:s+Nocs—ics (11)

2) iy is more than Ny, and in this case ics must be not more
than Nig + Ncg — if, the reliability of hybrid MMCI1 is
R, as shown in (12). While in this case, the maximum of
faulted CSSMs is limited because iy is greater than Ny
and some redundant CSSMs are used to substitute faulted

HBSMs
Non+Nocs Non+Nocs—in
_ in o ig
fo = |: CNH +Non (1 RH)
in=Non+1 ics=0
Nu+Non —in ovics _ ics
xRy CN('erNncs (1 - Res)

XRg§s+Nocsi(ts:|_ (12)
Therefore, the overall reliability of the hybrid MMCI1 can be
obtained by adding (11) and (12), as

Rynvicr = R+ Ro. (13)

For hybrid MMC2 with HBSM and CDSM, CDSM is equiv-
alent to two HBSMs under steady state, and there are no sub-
stitutions between redundant HBSMs and CDSMs. Hence, the
reliability of the hybrid MMC2 can be directly obtained by (14),
in which iy and i are the numbers of the faulted HBSMs and
CDSMs in the hybrid MMC arm, respectively

Nou Nocp
i i Ny +Nog —1
Ryivico = E |: E Ci\l;ﬁ+4w()ﬁ (1 _ RH) I RHH 0H —H
in=0 “icp=0
ics _ icp pNcp +Nocp —icp
XCNCD +Nocp (1 RCD) RCD .

(14)

In this section, the possible substitution between SMs with
different dc fault blocking capabilities is addressed, which is the
major point of concern when deducing the reliability equations
and actually it does make the equations relatively complicated.
The reliabilities of the hybrid MMCs increase with the num-
ber of redundant SMs growing and the changing rates of the
three-dimensional (3-D) curves can be calculated by first-order
differences and further the critical points of the redundancy
configurations can be obtained for optimal selection.
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B. First-Order Difference of the Reliability of the
Hybrid MMC

For hybrid MMC1 with HBSM and CSSM, to simplify the
calculation, values of Ryvcp are put into matrix Rjysq. The
elements in Ry, are shown in (15), where Nyy,, and Nycsm
are the maximum values of Ny and Nycg

Ry (4, 5) = Ranvic | Now=j—1,Npes —i—1

(i=1,2,....,Nocsm +1,  j=1,2,..., Nopm +1).
(15)

For hybrid MMCI, to reveal the mathematical rules of
Ryivicr changing with Ny and Nycs, it is necessary to cal-
culate the first-order differences of Ny and Nycg separately.
For discrete data, first-order difference can represent the chang-
ing rate of Ryvc1 to Nop and Nyc approximately. Specifi-
cally, when the Ny (Nycs) is fixed, the first-order difference
of Nycs(Non) is calculated. Because Nog (Nocs) has many
values, for ease of calculation, the first-order difference of Ny
(Nocg) 1s put into a matrix D as well.

Note that the first-order difference method used in this paper
is backward difference. The matrices of first-order differences
of Nog and Nycs are Dy and Dcg, respectively. Calculation
formulas of Dy and D¢g are

Dy (i,7) = Rar1 (3,5 + 1) — Rar1(4,5)

(16)
(i:1727-'~7NOCSm+17 j:172a'~'aN0Hm)

Dcs(i,7) = Rari (i +1,5) — R (4, 5)

. , (17)
(121727"'7N()C8m7 j:1727"’7NUHm+1)'

It is easy to understand that the value of Ryryic increases
with Ny and Nycs growing, however the changing rate of
Ryinvcer varies. Hence, there should be a critical point and if
Non or Nycg is larger than the threshold value, the changing rate
of Ryvc1 becomes fairly small, and it is of great importance
to find these critical points. A threshold value ¢ is set and the
method to select the critical points is

Dy(i,j) >t and Dy(i,j+1) <t (18)
(i:172,...7N0CSm, j:1,2>~~7N0Hm_1)
Dcs(i,j) >t and Des(i+1,5) <t

(19)
(i=1,2,...,Nocsm — 1, j=1,2,..

. 7N0HIII)'

Similarly, the reliability matrix R0 of hybrid MMC2 with
HBSM and CDSM is shown in (20), in which Ny, and Nocpm
are the maximum values of Nyy and Nycp

Rara (i, ) = RvnMc2 | Now=j—1,Noep —i—1

(iZl,?,...,NOCDm—Fl, jZl,Q,...,NOHm—i-l).
(20)

For hybrid MMC2, Dy and Dcp are

Dy (i,5) = Ry2(i,5 + 1) — Rara (4, ) @

(iZl,Q,...,NOCDm—Fl, jZl,Q,...,NOHm)
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Dcp (i,5) = Raa(i 4+ 1,5) — Rara (4, )

22
(i=1,2,.. (22)

j:1a2a---aN0Hm+1)-

The rules for selecting the critical points of redundant SM
numbers are

Dy(i,j) >t and Dy(i,j+1) <t
(i=1,2,.. j=1,2,..

. 7NOCDIIH

(23)

'aNOCDnu ~7N0Hm *1)

Dcs(i,j) > tand Des(i+1,7) <t

24)
(i:172a"'7NOCSm_1a (

j:172a"'7N0Hm)-

C. Optimal SM Redundancy Configuration of the
Hybrid MMC

As for the optimal redundancy configuration of the hybrid
MMC, the individual device utilization ratio should be consid-
ered to ensure that each redundant SM provides the largest reli-
ability increase to the hybrid MMC. For this purpose, this paper
also considers the economic factor and proposes the redundancy
efficiency of the IGBTsS in the redundant SMs.

For hybrid MMCl1, similar to the reliability analysis, the
effective number of IGBT in redundant SMs is calculated in
(25)—(27). In fact, in (27), Q is mathematical expectation of the
effective number of IGBT in redundant SMs. The definition of
the IGBT utilization rate in redundant SMs is shown in (28)

Nou  Nocs . .
Q1 = Z { Z (2in + 3ics)CN, 4y, (1= Bu)™
in=0 “ics=0

Nu+Nou —iu yics ics
xRy ONC5+NUCS (1 - Res)

XRéV§S+Nocs—ics} (25)
Nou+Nocs Nou+Nocs —in ‘
Q2 - I: Z (2iH + 3icS)C]Z\If{H +Nonu
in=Nou+1 ics=0
(1 — Ry)™m Ry tNon i gres o (11— Res)'©s
XRgé‘S"'Nucs—ics] (26)
Q= Q1+Q 27)
m = @ (28)

2Non + 3Nocs

For hybrid MMC?2, there is no substitution between HBSM
and CDSM, hence the effective number and utilization rate of
IGBT in redundant SMs are shown in

Nouw  Noco _ ‘
Q= Z |: Z <2ZH + 5iCD)CXJII+Nun (1 o RH)ZH
ig=0 “icp=0

Nu+Non —in ¥icp _ icD
x Iy CNL‘T)JFNUCD (1= Rep)

XRéV]gn+Nucni(7D:| (29)
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Fig. 8. Flowchart of the proposed optimal redundancy configuration of the
hybrid MMC.
Q
= (30)

2Non + 5Noep

In order to process the optimal design of the redundancy
configuration, for both hybrid MMC1 and hybrid MMC2, the
object function proposed in this paper is defined as

€19}

in which both the MMC reliability and IGBT utilization rate
are taken into consideration, and w; and wy are the weighting
factors. Calculation of F' uses the values of Nyg and Nycgs (or
Nycp) obtained from (18) (or (23)) and (19) (or (24)). Nyu
and Nycs (or Nycp) referring to the maximum value of F are
the optimal redundancy configuration of the hybrid MMC. The
flowchart of the proposed optimal redundancy configuration of
MMC with hybrid SM topologies is shown in Fig. 8.

Fig. 8 includes the main procedures of the proposed redun-
dancy configuration method and will be validated step by step in
later section using examples of both hybrid MMC1 and hybrid
MMC2.

F = w Ryvic + wan

V. VALIDATIONS

The previous section introduces the proposed method of
calculating the optimal SM redundancy configuration of hy-
brid MMC. For more vivid expression, numerical examples are
shown in this section. The calculation is accomplished in MAT-
LAB.

A. Hybrid MMC1 With HBSM and CSSM

In this example, Ny = 220, Ncg = 180, and the proportion
of N¢g in hybrid MMCl1 is 0.45 (larger than 0.43, for the ease
of calculation). This proportion can fulfil the requirement of
cutting off dc fault currents. Ny is selected not to be more than
20% of Ny, and Nycg is not more than 20% of N¢p, which
means Nop, = 44 and Nycgy, = 36. Assuming the values of
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TABLE II
RELIABILITY OF THE HYBRID MMCl1

Now
Raivict 11 12 13 14 15
NOCS
11 0.5224 0.5227 0.5228 0.5228 0.5228
12 0.6320 0.6323 0.6324 0.6324 0.6324
13 0.7291 0.7294 0.7295 0.7295 0.7295
14 0.8095 0.8097 0.8098 0.8098 0.8098
15 0.8719 0.8721 0.8721 0.8722 0.8722

the reliabilities of the single IGBT, diode, and capacitor are
known, then according to (8)—(10), the calculated values are
RH = 0.98 and RCS =0.94.

The first step is to calculate the reliability of the hybrid
MMCI. Fig. 9 shows the 3-D surface of Ryyc changing with
Non and Nycs, and part of the values of Ryiyc are shown in
Table II.

The results of the first-order differences of Ryyic1 are shown
in Fig. 10, Dy and Dcg are the first-order differences of Nyg
and Nycgs, some of the values of Dy and Dcg are shown in
Tables I and I'V.

From (18) and (19), many critical points are found, and some
of them are presented in Table V.

Since both the MMC reliability and economic issues should
be considered, without loss of generality, both w; and wy are
set to be 0.5 in this example. It is worth noting that the val-
ues of Nyi and Nycg correspond to the maximum F in (31).
Therefore, using these data, the optimal hybrid SM redundancy
configuration can be found, which is as follows.

Table VI shows the optimal redundant numbers of HBSMs
and CSSMs, which are, respectively, 8 and 19 (with Ny =
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Fig. 10.  First-order differences of Noyi and Nocgs (a) Dy (b) Dcg
TABLE III
FIRST-ORDER DIFFERENCE OF Ny
Nou
Dy 4 5 6 7 8
Nocs
11 0.0641 0.0480 0.0316 0.0185 0.0098
12 0.0693 0.0508 0.0329 0.0191 0.0010
13 0.0698 0.0501 0.0319 0.0182 0.0094
14 0.0660 0.0462 0.0290 0.0164 0.0084
15 0.0588 0.0403 0.0248 0.0138 0.0070
TABLE IV
FIRST-ORDER DIFFERENCE OF N (g
NOH
Dcs 4 5 6 7 8
Nocs
11 0.0995 0.1047 0.1075 0.1088 0.1093
12 0.1001 0.1007 0.0999 0.0989 0.0981
13 0.0948 0.0910 0.0872 0.0842 0.0823
14 0.0849 0.0777 0.0717 0.0675 0.0649
15 0.0722 0.0630 0.0558 0.0511 0.0483

220, Ncg = 180, and SM reliabilities Ry = 0.98 and Rcg =
0.94). The reliability of the hybrid MMCI1 is 0.9815, which is
large enough for the normal operation of MMC, and = 0.5972
indicates that more than 50% of the redundant IGBTs in hybrid
MMCI1 are effectively utilized to cut-off the dc short-circuit
fault current.
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TABLE V
CRITICAL POINTS FOR THE HYBRID MMC1

Non Nocs  Rawct 1 F

9 18 0.9691 0.5924 0.7808
8 19 0.9815 0.5972 0.7894
8 20 0.9898 0.5835 0.7866
7 21 0.9937 0.5814 0.7876
7 22 0.9967 0.5646 0.7807
6 23 0.9977 0.5603 0.7790
5 24 0.9981 0.5556 0.7768
4 25 0.9982 0.5507 0.7744

TABLE VI

OPTIMAL REDUNDANCY CONFIGURATION OF THE HYBRID MMC1

Nouw  Nocs  Rmuct 1 F
8 19 0.9815 0.5972 0.7894
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Fig. 11.  Reliability of the hybrid MMC?2. (a) Ry c2 changes with Ny and

Nocp . (b) Ryivce changes with Nopp. (¢) Ry o2 changes with Nycp .

B. Hybrid MMC2 With HBSM and CDSM

To make the two scenarios of hybrid MMC1 and MMC2 more
comparable, the hybrid converters are assumed to have the same
dc-link voltage, hence in this example, Ny = 54, Ncp = 173,
and the proportion of N¢p in an arm is approximately 0.76.
This proportion can fulfil the requirement of cutting off the dc
fault currents. Ny is not more than 20% of Ny, while Nycsg
is not more than 20% of N¢p, which means Nyy,, = 11 and
Nocsm = 35 (maximum values). Also, assume the values of Ry
=0.98 and Rcp = 0.92. According to Fig. 8, the first step is to
calculate the reliability of the hybrid MMC?2. Fig. 11 shows the
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TABLE VII TABLE IX
RELIABILITY OF THE HYBRID MMC2 FIRST-ORDER DIFFERENCE OF Nocp
Nou Nou
Ryvimcz 7 8 9 10 11 Dcp 6 7 8 9 10
Nocp Nocp
7 0.0212 0.0212 0.0212 0.0212 0.0212 6 0.0118 0.0118 0.0118 0.0118 0.0118
8 0.0425 0.0425 0.0425 0.0425 0.0425 7 0.0213 0.0213 0.0213 0.0213 0.0213
9 0.0768 0.0768 0.0768 0.0768 0.0768 8 0.0342 0.0343 0.0343 0.0343 0.0343
10 0.1266 0.1266 0.1266 0.1266 0.1266 9 0.0499 0.0499 0.0499 0.0499 0.0499
11 0.1930 0.1930 0.1930 0.1930 0.1930 10 0.0664 0.0664 0.0664 0.0664 0.0664
) TABLE X
First-order of NOH CRITICAL POINTS FOR THE HYBRID MMC2
DH changes with NOH
Nouw  Nocp  Rmwmce 2 F
4 28 09924 02465  0.6195
5 28 09974 03249  0.6611
6 28 09983 03827  0.6905
7 28 09985  0.4186  0.7085
8 28 09985 04367 07176
9 28 09985 04434 07210
10 28 09985 04437 07211
11 28 09985 04408  0.7196
NOCD %10 NOH
(a) TABLE XI
First-order of NOCD OPTIMAL REDUNDANCY CONFIGURATION OF THE HYBRID MMC2
Nouw  Nocp  Rmwmce 12 F
10 28 09985 04437 07211
Using these data, and based on (31), set w; = w; = 0.5,
then the optimal SM redundancy configuration can be obtained,
which is shown in Table XI.
Table XI indicates that for Ny = 54 and N¢p = 173, hybrid
NOCD 0o NOH MMC?2 requires much more redundant CDSMs as compared
(b) with the number of redundant CSSMs in hybrid MMCl, that is
‘ i . i because there are more IGBTs and diodes in CDSM which leads
Fig.12. First-order differences of Now and Nocp (@) Dy (®) Dep to lower SM reliability and the dc fault blocking capability of
the single CDSM (with two capacitors inside) is only the same
TABLE VIII as the single CSSM (only one capacitor inside), i.e., DFRTI
FIRST-ORDER DIFFERENCE OF Ny i (CSSM) > DFRTI (CDSM). Even Ryn\c is fairly satisfying
with the value of 0.99835, its IGBT utilization rate is only 0.4437
Now which is much smaller than that in hybrid MMCI. Therefore,
N Du 0 ! 2 3 4 the hybrid MMC1 with HBSM and CSSM is supposed to be a
0CD .
1 02381 0.1309 0.0489 00139 0.0032 preferable converter topology for the use in future OHL-based
12 0.2679 0.1473 0.0550 0.0157 0.0036 HVdc system.
13 0.2930 0.1612 0.0602 0.0171 0.0040
14 0.3133 0.1723 0.0643 0.0183 0.0043
15 03288 0.1808 00675 00192 0.0045 V1. DISCUSSION

3-D surface of Ryrvic changing with Ny and Nycp, and some
values of Rynvc are shown in Table VII.

The results of the first-order differences of Nyy and Nycs of
Rarvce are shown in Fig. 12, and some values of Dy and Dcg
are shown in Tables VIII and IX.

Based on (23) and (24), there are also many critical points,
and some of them are presented in Table X.

The reliability of the hybrid MMC increases with the number
of the redundant SMs growing. However, this leads to higher
complexity of the control system and larger investments. There-
fore, it is reasonable to believe that there is a compromise
(tradeoff) between the enough high reliability and relatively
low investments, and there should be an optimal hybrid SM
redundancy configuration by considering both of the converter
reliability and the utilization rates of IGBTs. Because IGBTs are
the most expensive devices in converter parts of the MMC-HVdc



XU et al.: RELIABILITY ANALYSIS AND REDUNDANCY CONFIGURATION OF MMC WITH HYBRID SUBMODULE TOPOLOGIES

systems, they are supposed to be representing the investments
of the hybrid MMC:s in a certain way.

When severe dc pole to pole short-circuit fault occurs, simply
by blocking all the IGBTs in hybrid MMCs, the healthy redun-
dant SMs with dc fault ride-through capability can enhance the
ability of the hybrid MMC when cutting off the fault currents
(the faulted SMs are bypassed and can no longer be inserted into
the fault current path). In addition, the SMs with higher DFRTI
is possible to substitute the HBSMs if the number of the faulted
HBSMs is more than the redundant SMs which is supposed to
increase the reliability of hybrid MMC in normal operations.

VII. CONCLUSION

This paper analyzed the initial proportions of the different SM
topologies in hybrid MMC:s on the precondition of handling the
dc pole-to-pole short-circuit fault currents. Beginning from the
initial SM configuration, this paper also proposes the approach
to calculate the optimal SM redundancy configuration of the
hybrid MMCs, in which the reliability of hybrid MMC and the
utilization rate of IGBTsS are considered.

Two hybrid MMCs which are respectively composed of
HBSM working with CSSM, and HBSM working with CDSM
are considered. The flowchart of the optimal SM number design
is provided for the engineers of this field which is supposed to
calculate the recommended values of the redundant SMs of hy-
brid MMC:s, not only suitable for the two examples presented in
this paper but also any multilevel converters with different SM
topologies. Meanwhile, given the same reliability values of the
IGBTs, diodes, and capacitors, calculation results show that the
hybrid MMC1 is more economical and has greater application
potentials than hybrid MMC?2 if taking both dc fault ride-through
capability and device utilization rate into consideration.
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