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Asymmetrical Reactive Power Capability of Modular

Multilevel Cascade Converter Based
STATCOMs for Offshore Wind Farm
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Abstract—Modular multilevel cascade converters (MMCCs) are
becoming attractive solutions as high-voltage Static Synchronous
Compensators (STATCOMs) for power plants in renewable en-
ergy generation, in order to satisfy the strict grid codes under
both normal and grid fault conditions. This paper investigates
the performances of four potentially used configurations of the
MMCC family for the STATCOM in large-scale offshore wind
power plants, with special focus on asymmetrical low-voltage ride
through capability under grid faults. The specifications and the siz-
ing of components of each type of practical 80-MVar/33-kV-scaled
MMCC-STATCOM are carefully designed and compared. The to-
tal cost and volume are compared based on the total power semi-
conductor chip area and the total energy stored in the passive com-
ponents. Asymmetrical reactive power delivering operation of the
MMCC family considering the dc-link capacitor voltage-balancing
method is solved mathematically in order to quantitatively under-
stand the performance limitations and behaviors. The electrother-
mal stress of the power modules used in each type of the MMCC
for a practical 80-MVar/33-kV-scaled STATCOM is analyzed. The
asymmetrical reactive power capability of the MMCC solutions is
compared under different scenarios of grid faults, while consider-
ing the device temperature limits as well as voltage saturation. It
is found that the MMCC configuration with double-star bridge
cells becomes the most attractive circuit configuration for the
STATCOM application based on the obtained results.

Index Terms—Asymmetrical grid faults, modular multilevel
cascade converter (MMCC), reactive power, static VAR com-
pensators, Static Synchronous Compensator (STATCOM), wind
power generation.

I. INTRODUCTION

T HE capacity of renewable energy generation has continued
to grow in the last decade, and it will reach 2.5 TW in
2020 [1]. In accordance with the construction of large-scale
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renewable energy generation systems such as solar photovoltaics
(PV) and wind power plants, stricter grid codes under both
normal operation and grid fault conditions are demanded by
transmission system operators (TSOs) in most countries [2].

Offshore wind power plants have become one of the major re-
newable energy sources in Europe with strong wind conditions
because of the advantages such as constant and high wind ve-
locity as well as extensive offshore area. However, the generated
electrical power has to be transmitted to the point of common
coupling (PCC) onshore by long-distance submarine cables,
which produce a large amount of reactive power if medium-
to high-voltage alternative current (MVAC-HVAC) transmis-
sion system is selected. In order to compensate enough reactive
power and satisfy the grid codes, static var compensator (SVC)
or Static Synchronous Compensators (STATCOMs) have to be
installed on the onshore side of the wind power plant.

The modular multilevel cascade converters (MMCCs) family
could be suitable solutions in the case of the high-voltage and
high-power STATCOM application. They have significant ad-
vantages, compared to the conventional two-level or three-level
voltage source converters that have series-connected bipolar-
power semiconductor devices, such as lower harmonic distor-
tions, transformerless configuration at medium-voltage level,
and modular/redundancy design. Nevertheless, voltage balanc-
ing for a large number of dc-link capacitors in converter cells is
still challenging to be achieved for MMCCs, especially under
asymmetrical grid faults [4]-[7].

MMCC solutions with single-star bridge cells (SSBC) and
single-delta bridge cells (SDBC) have been reported to be used
for STATCOM and battery energy management system appli-
cation [8], [9]. They can keep operating under an asymmetrical
grid fault by activating the voltage-balancing control methods
for converter cells such as zero-sequence ac voltage injection
method for SSBC [10], [11] and zero-sequence ac current in-
jection method for SDBC [12]. However, in order to avoid the
voltage saturation and over junction temperature, these voltage-
balancing methods could result in increased voltage and current
stress of the converters, and thereby, they may compromise the
reactive power delivering capability of the MMCCs when they
are practically designed for wind farms.

MMCC solutions with double-star chopper cells (DSCC) and
double-star bridge cells (DSBC) have been reported to be used
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in back-to-back converters such as medium-voltage motor drive
and high-voltage direct current (HVDC) transmission applica-
tions typically, but they can also be used for a STATCOM ap-
plication. They can keep operating under asymmetrical grid
faults by activating the voltage-balancing control using circu-
lating dc current having two degrees of freedom [13]-[15]. This
voltage-balancing method also results in increased current stress
of the converters. However, this method may have higher reac-
tive power delivering capability compared with an SSBC and
SDBC because of more flexibility in the circulating dc current.

Numerous authors have proposed many useful control
schemes and design methods for each type of MMCC solu-
tion until now. However, the optimum MMCC solution for the
STATCOM application is still an open question because a com-
prehensive comparison between the four types of MMCC so-
lutions has not been done yet [16], [17], [28], [29]. In addition
to the total cost and volume of the MMCC solutions, the asym-
metrical reactive power delivering capability under grid faults
becomes much important for the STATCOM application.

This paper clarifies the performances of potentially used
four configurations of the MMCC family with SSBC, SDBC,
DSCC, and DSBC for the STATCOM in large-scale offshore
wind power plants, with a special focus on asymmetrical low-
voltage ride through (LVRT) capability under grid faults. In
Section II, the system configuration of typical offshore wind
power plant and system grid fault scenarios are summarized. In
Section III, specifications and the component sizing of each
type of practical 80-MVar/33-kV-scaled MMCC-STATCOM
are carefully designed and compared. The total cost and vol-
ume are compared based on the total power semiconductor
chip area and the total energy stored in the passive compo-
nents. In Section IV, the mathematical formulation for the
STATCOM based on the MMCC solutions under asymmet-
rical compensation operation is developed, which contributes
to quantitative understanding of the performance limitations
and circuit behaviors under the asymmetrical compensation. In
Section V, the electrothermal stresses of actual power modules
used in each type of the MMCC with practical controls are
analyzed in detail. The asymmetrical reactive power capacity
focusing on the MMCC solutions is compared under different
scenarios of grid faults, with the consideration of device tem-
perature limits and voltage saturations. Finally, in Section VI,
most attractive MMCC solution for the STATCOM application
is suggested based on the results we obtained.

II. TypPICAL OFFSHORE WIND PLANT AND
SYSTEM FAULT SCENARIOS

A. System Configuration for Analysis

Fig. 1 shows the system configuration of a typical offshore
wind power plant and an MMCC-based STATCOM. The gener-
ated active power from the offshore wind farm needs to be pro-
vided to the PCC as Bus A (400 kV in this case) by an HVAC
transmission system (220 kV in this case) with long-distance
submarine cables. Reactive power induced by the submarine
cable is compensated by the full-scale converters of wind tur-
bines, the shunt reactor, and the STATCOM connected to Bus B
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Fig. 1. Typical offshore wind power plant with an MMCC-STATCOM.
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Fig. 2. Reactive power requirements of large-scale generating plants under

grid fault. (a) LVRT requirement by different countries. (b) Additional reactive
current requirement during LVRT.

via a delta—star transformer. Other power generators and loads
beside the wind power plant may also be connected to Bus A.

B. Reactive Power Requirement Under Grid Fault

Besides the normal operation, TSOs in different countries
have issued strict grid supporting requirement for the growing
large-scale renewable power plant such as the offshore wind
power plant under grid fault, which is specified in Fig. 2 [18],
[19]. According to the grid codes, the offshore wind power
plant has to keep the operation regarding the voltage sag under
grid fault, as shown in Fig. 2(a), and in the case of German
and Danish codes it should be able to inject additional reactive
current to support the recovery of grid voltage sag, which is
also shown in Fig. 2(b). The reactive current reference is only
defined as positive-sequence component because recent grid
codes do not require negative-sequence current to compensate
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TABLE I
PHASOR DIAGRAM AND VECTOR DEFINITIONS OF DIFFERENT
FAULT SCENARIOS ON PCC (Bus A)
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TABLE II
SEQUENCE VOLTAGE AMPLITUDE DEFINITION OF DIFFERENT GRID FAULTS
SCENARIOS ON Bus C (V Is THE RATED VOLTAGE ON Bus C)

Phasor diagram .
Fault types diffinitions Vecter deffinitions
VSu,pu =D
(a) 1 V3
Three-phase- Vso pu 50-j5D
to-ground fault 1 V3
VSW pu = E D+ ] TD
Vsu pu = D
(b) 1 43
Single-phase- Vsopu=—5="J5
to-ground fault 1 3
VSw,pu - E +J 7
k.‘ VSu,pu =1
© V3
Phase-to-phase Vsv_pu 575D
short-circuit fault 3
» VSW pu — E +J TD
k\ VSu,pu 1
(d) Vi Voo 1. 43
Two-phase- ) Vsvpu = ED -J TD
to-ground fault Vs, 1 V3
¥ Vswpu = =50 +j= D

the asymmetrical grid fault voltage recovering. However, this
feature may become a future requirement [20]. In this paper, the
positive sequence reactive current injection capabilities of each
type of MMCC solution under grid faults are analyzed.

C. Grid Fault Scenarios

Table I shows the representative grid fault voltage phasors
and vectors corresponded to three-phase-to-ground fault, single-
phase-to-ground fault, phase-to-phase short-circuit fault and
two-phase-to-ground fault [21], [22]. It is assumed that the
short-circuit faults happen somewhere on a feeder with the line
impedance Zr to Bus A (PCC) in Fig. 1. The line impedance
from the PCC to the grid with a higher voltage level is Z;. A
voltage dip severity D is determined by the ratio of Z; and Zp
with positive-, negative-, and zero-sequence impedance. In or-
der to simplify the grid fault scenarios, D is considered as a real
part only, and more details are explained and classified in [23]
and [24].

In this paper, three asymmetrical grid fault scenarios are cho-
sen, as shown in Table I (b), (c), and (d), respectively. It is noted
that where the asymmetrical grid fault voltage on Bus A is prop-
agated to Bus B, the Bus A and Bus B voltages do not appear
significantly different due to the used neutral point grounded
wye—wye—delta transformer TR1. However, the voltage on Bus
B shows different characteristics, when it is propagated to Bus
C, which is seen by the STATCOM due to the used delta—wye
transformer TR2. Table II shows the asymmetrical grid fault
scenarios on Bus C corresponding to each grid fault. V:;I, V:ijl,
and V' are positive-, negative, and zero-sequence components
of the voltage, respectively, which are defined as scenarios used
in this paper.

Fault types Each sequence voltage vector
D 2
(b) Via 3%3
Single-phase- Vag|=Vs|D 1 /D 1
to-ground fault [VO } 6 6 +tJ (ﬁ - ﬁ)
0 |
D 1
(© Vdq 272
Phase-to-phase Vig|=Vs| D 1 V3D 3
short-circuit fault [V” ] 2tz T <— = T)
0
2 1
%) Viq 3P*3
Two-phase- Vag| = Vs 1 D 1
to-ground fault Vo 6 + 6 +J (_ 23 + m)
0 ]

III. SPECIFICATIONS OF THE MMCC-STATCOMS FOR STUDY

An 80-MVar/33-kV case study for a practical STATCOM
application is selected in this paper. Fig. 3 shows circuit config-
urations of the STATCOM based on MMCC with SSBC, SDBC,
DSCC, and DSBC. Table III shows the specifications, the cell
numbers, and key components. The design procedure is given
in the following subsections.

A. Basic Structure and Power Semiconductor Device

The rated dc-link voltage Vi 4. of each converter cell in the
four types of the MMCC solutions is designed to be the same
at 2600 Vdc where widely used 4.5-kV insulated gate bipolar
transistor (IGBT) modules are selected for each converter cell in
this case study. The nominal output ac voltage of each converter
cell in the SSBC, SDBC, and DSBC is designed to be 1450
Vrms with the nominal modulation factor o, = 0.8. The margin
of the modulation factor (0.2) is determined by the voltage drop
of the output impedance, current control dynamics, pulsewidth
limitation due to dead time, and modular redundancy. However,
the circuit configuration of the converter cell for the DSCC
is a chopper converter, which cannot output negative voltage.
Because +/— output voltage is also required for the DSCC-
based STATCOM, the output voltage in each chopper converter
cell is superimposed with the half-value of the rated dc-voltage
(i.e., 1300 Vdc). When the above-mentioned design guideline
is followed, the nominal output ac voltage each converter cell in
the DSCC becomes ac 725 Vrms with the nominal modulation
factor for ac component being «,, = 0.8.

The cell converter counts N of the MMCC solutions with
SSBC, SDBC, DSCC, and DSBC are expressed by the equations
in Table I'V. The total number of switching devices N, for each
MMCC topology is derived by each cell circuit type and Ncgj.

Rated output currents I, in each cell among the MMCC solu-
tions are also expressed by the equations in Table IV. The current
ratings of the IGBT modules in each of the cell converter among
the MMCC solutions are selected depending on I,.. It is worth
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Fig. 3.  Circuit configurations of the MMCC family for a STATCOM applica-
tion. (a) SSBC. (b) SDBC. (c) DSCC. (d) DSBC.

noting that Ny, and N, are different among the MMCC solu-
tions. However, the equivalent total power semiconductor chip
area calculated by the total IGBT module counts, the current
capacity of each IGBT module, and the rated voltage of each
IGBT module, which strongly influences the total cost of the
STATCOM, have approximately same values.

B. Modulation Type and Frequencies for Pulsewidth
Modulation (PWM)

Phase-shift PWM is chosen because of the advantage that
the electrothermal stresses of the IGBT modules and capaci-
tors are equally distributed among the cells in the same cluster
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(or arm). The equivalent switching frequency of the MMCC
feqsw is designed to be the same at 10 kHz. In this result, the
carrier frequencies f. of the MMCC solutions with SSBC and
SDBC are 380 and 215 Hz, respectively. The carrier frequencies
fe of the MMCC solutions with DSCC and DSBC are the same
at 190 Hz. It is noted that f,. of each MMCC solution should not
be an integer multiple of the fundamental frequency in order to
avoid diverging the capacitor voltages among the cells when f.
is below several hundred hertz [25], [26].

C. Interconnection Inductance

In this case study, L, is designed as 6% of the normalized
impedance Z,, based on 33-kV and 80-MVar operating con-
dition of the converter. In this design rule, L,. of the MMCC
solutions with SSBC, SDBC, DSCC, and DSBC is calculated
by equations given in Table IV. The total energy stored in the
whole interconnection inductor E'; has the same value among
the MMCC solutions in this designed case, which will strongly
influence the total volume of the STATCOM.

D. DC-Link Capacitance

The dc-link capacitance of each cell C, is designed as ca-
pacitor voltage ripple scaled by the rated dc-link voltage V, 4
(2600 V). The voltage ripple AV, ,, is designed to be 10%
below nominal rated operation. The relationship between the
voltage ripple and the capacitance C,, of the MMCC solutions
with SSBC, SDBC, DSCC, and DSBC is also expressed by
equations given in Table IV based on an averaging model [12],
[32]. Here, o is a modulation factor of a cell, which is settobe 1,
assuming the largest voltage ripple in this case study. The total
energy stored in all dc-link capacitors E- among the MMCC
solutions can be expressed as

Nccll
2

After Ny, C,, and I,., as shown in Table IV, are substituted
in (1), the E- among the MMCC solutions is updated to the
formulation shown in Table IV. It is noted that E~ for SSBC,
SDBC, and DSBC is the same. However, E,. of the DSCC is four
times larger than those of the others because of the used chopper
cells. As an example, when E¢ of the DSCC is compared with
the DSBC, both N and C, of the DSCC become twice higher
than those of DSBC because of the used chopper cells with the
output voltage being superimposed with the half-value of the
rated dc-voltage Vi gc. It should be noted that E¢ depends
greatly on the total volume of the STATCOM.

Eeo =

C’.TVCQ,(IC' (1)

IV. THEORETICAL OPERATION OF THE MMCC FAMILY UNDER
ASYMMETRICAL REACTIVE POWER COMPENSATION

In this section, the theoretical operation of each MMCC solu-
tion is solved by a mathematical formula, focusing on the asym-
metrical reactive power compensation. This analysis contributes
to understanding the limitation of the asymmetrical compen-
sation capability of the MMCC solutions. The asymmetrical
three-phase systems are solved by using vector representation,
where the method seems the simplest way to do it according to
previous works [27]-[29].
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TABLE III
MMCC SPECIFICATIONS FOR THE CASE STUDY
Circuit type of MMCC SSBC SDBC DSscCC DSBC
Rated power O +80 MVA
Rated line-to-line voltage V; 33 kVrms (Source angular frequency @, : 2mx50 rad/s)
Rated DC-link voltage each cell V4 2600 Vdc
Nominal output voltage each cell AC 1450 Vrms ACT725 Vms AC 1450 Vims
P g DC 0 Vdc DC 1300 Vdc DC 0 Vdc
Equivalent switching frequency foq s 10 kHz (with Phase Shift PWM)
39 69 156 78
Number of total cells Nea ( 13 cells/cluster ) (23 cells/cluster ) (26 series/arm) (13 series/arm)
Number of total switching devices N, 156 276 312 312
Rated output current of each cell 7. 1400 Arms 808 Arms 700 Arms 700 Arms
Carrier frequency f. 380 Hz 215Hz 190 Hz 190 Hz
Total energy stored in 15kJ 15kJ 15kJ 15kJ
interconnection inductor £, (Lie=2.6mH) (Lee=78mH) (Lie=52mH) (Le=52mH)
Total energy stored in 1.6 MJ 1.6 MJ 6.3 MJ 1.6 MJ
de-link capacitor E¢ (C,=12mF) (C,=7.0mF) (C=12mF) (C=6.0mF)
IGBT module MBNI1500FH45F MBN900D45A MBNS00H45E2 MBNS00H45E2
(4500V/1500A ) (4500V/900A ) (4500V/800A ) (4500V/800A )
TABLE IV
KEY EQUATIONS FOR THE DESIGN OF THE MMCC SOLUTIONS
SSBC SDBC DSCC DSBC
The cell converter counts NG/ 3V2V, 4/6V, 276V,
Neet an VC,dC an VC,dc an VC,dc an VC,dc
Rated output current of each Q- Qr Q-
cell 7, V3V, 3V, 2V3V,
The interconnection Zp Vi 37,V 27,V
inductance L. wsQ, wsQ, wsQy
The DC-link capacitance of V2aQ, V2aQ, V20, V2aQ,
cach cell G ZﬁwsAVc,pu VeacVs 6wsAVepuVeacVs 2‘/§wsAVc,pu VeacVs 4\/§w5AVC,pu VeacVs
Total energy stored in dc-link aQ, 20, aQ,
capacitor Ec 20, AV py w5 AV s 20, AV py s

A. Definition of the Grid Fault Voltage and Current on Bus C

The grid voltages and currents on Bus C are defined as

vgu = Vg sin (wgt) + Vg sin (wst + ¢yn)
g,y = Vg sin (wgt — 2F) + Vg sin (wst + dvn + 2F)
VS w = V; sin (wst + 2%) + V57 sin (wSt + ¢Vn - T)

igu = I3 sin(wst + @) + Ig sin (wst + din)
i5,0 = I; sin (wSt + ¢ip — 2?7) + Ig sin (wgt + O + 27")
iSw = I; sin (wst + dip + 27") + I sin (wgt + oin — 27”)
(3)

where V; is the amplitude of positive-sequence voltage, V¢ and
¢vn are the amplitude and phase angle of negative-sequence
voltage, I ; and ¢, are the amplitude and phase angle of
positive-sequence current, and I and ¢y, are the amplitude and
phase angle of negative-sequence current, respectively. After a
dq transformation of (2) and (3), the grid voltage VSJr dg> std g
can be expressed as

‘_./Sdeq = VSfd +jVSth

S,dq — VS,d +J S,q*

“

VSJf & V; e .Vsjd, and VS’,q are detected by a dual-frame
dq transformation scheme in an actual current controller [30].
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It is noted that st , has a zero value because the standard phase
is set at the d-axis of the positive-sequence grid voltage by the
phase-locked loop (PLL).

Similarly, the grid current I;f dg> I 5.dq ON Bus C can be ex-
pressed as

’I;,dq = I;d +j];'_q (5)

Ig,dq = ;,d +j[§q
Ig 4 Ig s Is 4, and g are supplied by the STATCOM,
which values are considered to be the same as these reference

+ + — -
values IS,d.ref’ IS,q,ref’ IS,d,rv’sf7 and IS,q.ref as

+ _ 7+
ISﬁd - ISA,d,ref

+ _ 7+t
ISA,q - IS.q,ref

IST.d = IS.d,ref

(6)

Ig-,q = Ib?-,q.,rcf

Here, I; drer 18 set to have a zero value because of reactive
power compensation operation. [ S* goref is given from the central
control of the wind power plant under normal operation. In
this result, the STATCOM has two operating modes, namely,

inductive operation in the case of ; gret < 0 and capacitive
operation in the case of | ; gret > 0. When a grid fault happens,
the additional amount of [ g’ re
published grid code of TSOs. I ; ., and I . are set to have
a zero value according to the mentioned recent grid codes.

¢ may be required due to a recent
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between the clusters in the MMCC-SSBC. This phenomenon
is used for the dc-link capacitor voltage balancing control be-
tween the phase-clusters under asymmetrical grid fault condi-
tions, whose value is solved as follows.

Each phase-cluster voltage of the MMCC-SSBC including
the back electromotive forces (EMFs) of the interconnection
inductor L,. can be expressed as

VS Jun VS U
VS,vn VS,U + VO (7)
VS ,WN VS Jw

where Vg,u, Vg,u, and Vsﬁw are the grid voltage on Bus C, and
V0 is the zero-sequence voltage of the MMCC-SSBC, which is
the voltage difference between the point n and M, as shown in
Fig. 3(a). V* is defined as
V? = zgspc + jyssse (3)

where xsspc is the real part of Vo, ysspc 18 the imaginary part
of V0. VS"U, Vg_yr, and VS#, can be expressed as (9) shown at
the bottom of this page.

The grid currents I.S,u, I.s,u, and I'S,w at Bus C can be ex-
pressed as (10) shown at the bottom of this page.

The instantaneous active powers p,, p,, andp, of each
phase-cluster of the MMCC-SSBC including the L,. can be
expressed as

L[
B. MMCC-SSBC With Zero-Sequence AC Voltage Du el [VS-“” IS’“}
When the zero-sequence ac voltage with the same frequency Do | = %?R {Vg"m I s,u} (11)
as the phase-cluster current is injected, the zero-sequence volt- / . . .
age and the cluster current formulate the different active power ‘ 7R [Vg,u; no L S,w]
Vs Vi + Vg (VSJZJ + Vde) +J (VS_,(])
v Vi e I3 4 Vg, el?m/3 (—3Veu = $Vou—BVe,) +i (- 8V + BV - 15, ) | ©
S S.dq S,dq 2Vs.a ~2Vs.a T 2 Vs.q) T 2 Vsd T2 Vsd T 2V,
; Tt ed2m/3 L Yo e—i2m/3 1 1y — 31— (V3 31— 11—
Vs Vsiaa© tVoaq® (fivsfd AT T\FVS,J +J (T\FVSZ - Pvg, - §V5,q)
I.Sﬁu I.;:.dq + j;,dq (I;d) +'7 (I;fq + I§Q>
jSA,v - ‘[.;‘r,rl(lff'j27r/3 + I.;‘dqej?w/3 (@ng - %Ig,d - @LEJ]) +J (7%I§q + @I;d o %IS_WI) (10)
o T+ _j27/3 F— —j2n/3 - _ T . T _
Isw Is .44 + 1544 (—@I;,q —3l5.+ @IS,q) +J (—%ng — B - %Is,q)
_ VS-‘:d (IAST’dIEA,d - IS_'.qIS_',q - Ig,qIS_‘,q) + VSidI;_\q (I;,q + IS_',q> + VS_,q[;,qIS_“,d
(I;q[;q - Ig,dlg,d - I;,qlg',q)
LV (Il + Tsalsy = TET5a) + VT, (Tsg — 1) + VeulZ, Tsa -
J

(I:{quq o Ig-,dlg,d - Ib:-,qjg,q)
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where Vbi‘ﬁw is the complex conjugate of the Vsﬁun,. By using

(11), V9 in order to make Pu = Py = Pw can be solved by (12)
shown at the bottom of the previous page.

Each phase-cluster converter output voltage V,m, V,,,,,,, and
V“," can be expressed as

Vun VS,un VL,u
v;;n VS.rn - VL,U (13)
Vw n VS ,wn VL W

where VL,U, VL_T, and VL,w are the back EMFs of L.
Vi, Vi, and Vg, can be expressed as

VL‘,u jS,u
VL,?) = ijLac jS,?; (14)
VL,'u,' I S,w

where the resistance of L, is neglected because the resistance is
much smaller than the total impedance given by the inductance.
Then, maximum phase-cluster peak voltage Viyaxpu between
the three-phases standardized by peak-rated phase-grid voltage
\/2/3 Vs can be expressed as

max ( Vun ) an ) an, )
V;na‘x,pu = . (15)

The maximum phase-cluster rms current I i, pu between the

three phases normalized by the rated phase current v/21,. of the
STATCOM can be expressed as

max(ju | | L )

Imax -pu \/5_[7« . (16)

The line graphs in Fig. 4 show the calculated result of the nor-
malized maximum phase-cluster peak voltage and rms current
of the MMCC-SSBC under the different types of the grid fault
scenarios as a function of the voltage dip severity D using (15)
and (16). [ ;“ is set to be the rated phase current value as v/21,..
The grid voltage is given in Table II. The normalized inductance
of L, is set to be 6% with reference to the model mentioned
in Table III. In the case of a single-phase fault, the maximum
phase-cluster peak voltage reaches the voltage saturated level
of the designed STATCOM when D = 0.45. On the other hand,
the maximum phase-cluster rms current does not increase as a
function of grid fault conditions. The marks in Fig. 4 indicate
simulation results using PLECS software, whose conditions are
shown in the next section. The calculated values correspond
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ing to various grid fault scenarios. (a) Maximum phase-cluster peak voltage.
(b) Maximum phase-cluster rms current.

reasonably well with the PLECS simulations based on the given
STATCOM configurations.

C. MMCC-SDBC With Zero-Sequence AC Current

When the zero-sequence ac current with the same frequency
as the cluster output voltage is injected, the zero-sequence cur-
rent and the cluster output voltage formulate the different ac-
tive power between the clusters in the MMCC-SDBC. This
phenomenon is used for the dc-link capacitor voltage-balancing
control among the phase-clusters under asymmetrical grid fault
conditions, whose values are solved as follows.

For the configuration of MMCC-SDBC, the phase-cluster
current IU vy Lyw, Tyycan be expressed as (17) shown at the
bottom of the previous page. Where [ 0 is the zero- sequence
current circulated in the MMCC-SDBC. I° can be expressed as

I’ = zspBe + jyspee

jm; 1 j;dqejﬂ/6 +I.§,dq€_jﬂ/6
juw = ﬁ I; 67jﬂ/2 + jg,dqejﬂ/Z + jO =
/ + 5m/6 r— —95 5
Ly IS(!] el o +IS,dqe aom/6

<~TSDBC
<1'SDBC

(18)
I .
NI ” >+](beB(‘+

Is.
2v3
fl‘ I V3Ig
(CL’SDBC + =52 -5 ") +J <ySDBC + 391>

s, Is , I; I, Is Is.a
_m+2\/§ +37 ySDBC_T_T_2\f
a17)
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where xsppc is the real part of I 0, and ysppc 1s the imaginary
part of 1°. Each line-to-line Voltage Vsuus Vsows Vo.wa of the
MMCC-SDBC including the back EMFs of L, can be expressed
as (19) shown at the bottom of this page.

19 in order to make the instantaneous active powers between
the phase-clusters to have the same value can be expressed as
follows [24]: (20) shown at the bottom of this page.

Each phase-cluster converter output voltage Vu v VU“,, Vu,u
of the MMCC-SDBC can be expressed as

‘./;1 v VS L, v VL SV
‘./v w| — "/S oW VL JUw (2 1)
Vw U VS , WU VL ,WU

where V1, v, Vi ow, and Vg 4, are the back EMFs of L.
Viuvs Vi,ow,and V7, 4, can be expressed as

VL.u v ju v
VL,’Uw = ijLac Ly (22)
VL R Iwu

where the resistance of L, is neglected. The maximum phase-
cluster peak voltage and rms current of the MMCC-SDBC can
be calculated in the same way as the MMCC-SSBC.

The line graphs in Fig. 5 show the normalized maximum
phase-cluster peak voltage and rms current of the MMCC-SDBC
under different types of the grid fault scenarios with respect to
the voltage dip severity D. I ; is set to be the rated phase cur-
rent value as v/2I,.. The grid voltage is given in Table II. The
normalized inductance of L,. is set to be 6% with reference
to the model mentioned in Table III. It is noted that the maxi-
mum phase-cluster peak voltage does not increase with regard
to grid fault conditions. The maximum phase-cluster rms cur-
rent increases rapidly when D < 0.5 under the phase-to-phase
short-circuit fault and two-phase-to-ground fault, and reaches
the over current level (1.25) decided by over junction temper-
ature of the IGBT model, which will be discussed in the next
section. When D approaches 0 under these faults, the current
approaches to an infinite value, while the denominator of (20) is
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Fig. 5. Maximum phase-cluster output of the MMCC-SDBC correspond-

ing to various grid fault scenarios. (a) Maximum phase-cluster peak voltage.
(b) Maximum phase-cluster rms current.

close to zero. When D is zero under these fault voltages, there
is no solution of the zero-sequence current, and it is claimed to
be the major problem of the MMCC-SDBC for the STATCOM
application [9], [29]. The marks in Fig. 5 indicate simulation
results using PLECS software, and the condition is shown in the
next section. The calculation values correspond reasonably well
with the PLECS simulation values based on the practical scaled
STATCOM model.

V3 {(\/3st11 + \/gvsjd + ﬁVqu) + 7 (std Vi \/?:VS_,{])}

VS,UU ‘:/:;quejﬂ'/e + VsjdqeijW/ﬁ
VS,'um = \/3 V.S'que_]ﬂ/2 + ‘/.5'7.¢i(]€j7r/2 = \/g {_Vsiq +-7 (_ng + V37d> }
VSJ('L 7t eibm/6 77— ,—jbm/6 . B )
W Vs aq€ + Vs a4 \QF {(VS p \/:;std - \/?:st.d) +J (VSTd —Va— \/:;Vs,q)}
(19)
o T (Ve = VaaVila = Vi Vo) + 15 Vi (Vi = Vo) = 15V,
V3 (VSid Vi = VeidVsa+Vs, VSiq)
N I, (Vs iVoq T VsaVe, + Vs Vs q) + 154V (VS 4T Vs d) —I5,VsaVs, 20)
J

V3 (stdvid —ViaVsa+ Vs, stq)
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D. MMCC-DSCC With Circulating DC Current and DC
Voltage Between P and N Terminals

The DSCC has two neutral points P and N in each single
star connection. The differential voltage Vpn between P and
N is normally 50% of the rated dc-link voltage in each con-
verter cell in the DSCC in order to output ac voltage using
the chopper converter cells. When the circulating dc current is
injected in each leg of the DSCC, the circulating current and
the Vpy formulate the independent active power between the
legs in the MMCC-DSCC. This phenomenon is used for the
dc-link capacitor voltage-balancing control among the legs un-
der asymmetrical grid fault conditions, whose value is solved as
follows.

The instantaneous active power on 30 frame pg o, Ps.3,
ps,0 of the MMCC-DSCC arising from asymmetrical reactive
power supply can be expressed as

tplys o f u]
Ps.a L -3 -3 2%[w“‘ 5
pso| =5 [0 B IRV, ds] | @)
1 1 1 . .
Ps.0 B %% [VS*,w .[va}

where Vs,“, Vs,u, and Vg_w are the same as in (9), and
1.571,, 1.5_,14,, and I.S’“, are the same as in (10). It is noted that
Ds.« and pg s are the instantaneous active power imbalances
among the phases. pg o denotes the instantaneous active power
of the three-phase MM CC-DSCC. Normally, each converter cell
of the MMCC-DSCC has injected dc-bias voltage with 50% of
modulation factor in order to output ac (+/—) voltage using
chopper cells in which the dc-bias voltage appears to be the
differential voltage Vpn between P and N terminals. Vpy can be

expressed as
2
VPN =2 g‘/samgn

where g, 18 the ratio between maximum converter output
voltage and rated grid voltage and is used as a design margin.
The circulating currents of each of leg . ,, % ,, and ¢. ,, can
be expressed as

(24)

iz,u Zuu + iul
lzw | = % | bou + 21 (25)
12w Lwu T wl

Based on (23) and (24), the circulating currents to cancel
out the instantaneous active power imbalance among the phases
arising by the asymmetrical reactive power output operation can
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be expressed as
i 1 0
-Z.,u 1 G PS.u
R el B S (26)
i Pl g | U
2 772

The ac component of each arm output voltage Vpu ac, VPV ac»
Vpw acs WNU acs VNV ,ac, and Vw ac can be expressed as

VPU,&C —*VS‘,u_ VL,uu-
VPV,ac _VS,U VL,vu
VoW ac _ *_Vs,w | Vewu 27
VUN,ac ‘./Sw VL,wu
VVN,ac ‘_/S-,v VL,vl
_VVVN.,EL(:_ L VS,w | _VL;wl i

where VL,uu» VL,’UU7 VL,wua VL.uly VLml; and VL,wl are the
back EMFs of Lac- VL,uu’ VL,vu, VL,wus VL,ul, VL,vla and VL,url
can be expressed as

‘:/L,ul ‘:/L,uu wst I:S.u ‘:/L.,u

VL,M = - VL,UU :J 9 I.SJJ =35 VL,L‘

VL,u‘l VLﬁwu IS;w VL,w
(28)

where the resistance of L, is neglected. VL,,,,, VLJ,, and VLW
are given in (14). The maximum arm output peak voltage Viyax pu
between the arm converters normalized by rated grid voltage
\/2/73‘/5 can be expressed as (29) shown at the bottom of this
page.

Each arm OUtPUt rms current Z.u u,rms>» ivu,rms’ 7:wu,rms’ 7:ul,rms,
Ty1,rms> and %47 rms Can be expressed as

V) ()

Lyu,rms Lul,rms B

. , _ |IS'.U| iy 2
Lyu,rms yl,rms | — NG + 5
Lwu,rms Lwl,rms

s \* ) (i )?
) (30)

The maximum arm output rms current /.y pu Normalized by
the rated arm current of STATCOM 1/21, can be expressed as

T - max (iuu,rmsa 'L'Lvu,rmsv Z.wu,rms) (31)
max _pu — .
1./2

The line graphs in Fig. 6 show the calculated result of the
normalized maximum arm output peak voltage and rms current
of the MMCC-DSCC under different types of grid fault scenar-
ios with regard to the voltage dip severity D by using (29) and
3. 1 ; is set to be the rated phase current value as v/21,.. The
grid voltage is given in Table II. The normalized inductance of

VpN + max (‘VPU,ac

) ‘VPV,ac

)

VVN,ac ) ’VYVVN.ac

) )VP\V,ac ) ’VUN,ac

Vinax pu —

) (29)
2y,
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Fig. 6. Maximum arm output of the MMCC-DSCC corresponding to various

grid fault scenarios. (a) Maximum arm output peak voltage. (b) Maximum arm
output rms current.

Ly is set to be 6%; g is set to be 1.127 with reference to
the practical scaled model mentioned in Table III. It is noted
that the maximum arm output peak voltage and rms current
do not increase significantly under different grid fault condi-
tions. The marks in Fig. 6 plot the simulation result using the
PLECS software, whose simulation conditions are shown in the
next section. The calculated values correspond reasonably well
to the PLECS simulation values based on the practical scaled
STATCOM model.

E. MMCC-DSBC With Circulating DC Current and DC
Voltage Between P and N Terminals

The operation principle of the MMCC-DSBC is almost the
same as that of the MMCC-DSCC. The only difference is the
amplitude of Vpn. In the case of the MMCC-DSBC, each of
the arms is able to supply ac (4+/—) voltage without Vpy be-
cause of the used H-bridge converter cells. However, due to
the voltage-balancing control, VP’N is required, which can be
expressed as

Von = apspc Ven (32)

where apgspc 1s the amplitude ratio of the differential voltage
between P and N terminals of the DSCC to the DSBC. The
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Fig. 7. Maximum arm output of the MMCC-DSBC corresponding to various
grid fault scenarios. (a) Maximum arm output peak voltage. (b) Maximum arm
output rms current.

injectable apgpc is normally less than 20% in order to avoid
the voltage saturation when the DSBC is designed practi-
cally. The maximum value of apggc considering the grid fault
condition can be expressed as (33) shown at the bottom
of this page, where Vo ac, Vov,acs VoW .acs ViNacs VAN acs
and VWN_M are mentioned in (27). It is noted that the circulating
dc current of the DSBC becomes larger than that of the DSCC
because Vpy for the DSBC becomes smaller than that for the
DSCC. The maximum arm output voltage and current can be
solved in the same way as that of the MMCC-DSCC.

The line graphs in Fig. 7 show the calculated result of the
normalized maximum arm output peak voltage and rms current
of the MMCC-DSBC under different types of grid fault scenar-
ios with respect to the voltage dip severity D. [, q* is set to be the

rated phase current value as v/21,. The grid voltage is given in
Table II. The normalized inductance of Ly is set to be 6%; atmen
is set to be 1.127 with reference to the practical scaled model
given in Table III. The marks are the practical scaled simula-
tion results, whose test conditions will be shown in the next
section. It is noted that the maximum arm peak voltage tracks
1 p.u. by the injected Vpy as the designed maximum value. The
maximum arm rms current increases moderately with respect
to D but reaches the over current level (1.07), which is decided

%V;amgn — max (’VPU.HC ‘7 ‘ VPV,ac ‘7 ‘ VPV\',ac ‘7 ‘ VUN.aC ‘7 | VVN,ac |; | VVVN,&C

)

(33)

ADSBC =

2
\/;V; alllgn
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by the over junction temperature of the IGBT module, which
is shown in the next section. The arm current becomes larger
than the DSCC because of the lower V3. The over current level
becomes lower than that of the SDBC because the current distri-
bution between the IGBT modules in a converter cell increases
by injected dc voltage and current for the capacitor voltage-
balancing method. The marks in Fig. 7 show the simulation
result using PLECS software, whose conditions are given in the
next section. The calculated values correspond reasonably well
to the PLECS simulation values based on the practical scaled
STATCOM model.

V. PERFORMANCE BENCHMARK OF MMCC SOLUTIONS

A. Electrical and Thermal Simulation Modeling

In this paper, the LVRT capability of a STATCOM that is
based on the MMCC with SSBC, SDBC, DSCC, and DSBC
is simulated by using the PLECS software. The three types of
grid fault voltage are given by the voltage vector mentioned in
Table II. The voltage is applied at the Bus B side of TR2, as
shown in Fig. 2 and as discussed in Section II. In order to fix the
standard voltage vectors applied to the MMCC, the impedance
of TR2 is neglected. The specifications of the MMCC with
SSBC, SDBC, and DSCC are assembled based on the param-
eters given in Table III. The reactive current reference is set to
rated 1 p.u. of the positive-sequence only, as recent grid codes
do not require negative sequence current to compensate for the
asymmetrical grid voltage.

The modulation schemes for the MMCC with SSBC, SDBC,
DSCC, and DSBC are selected on the basis of widely used
phase-shift PWM, as mentioned in Section III.B. The output cur-
rent is controlled by a dual-frame control scheme with sequence
decoupling using a notch filter [30]. The capacitor voltage con-
trol method for SSBC is selected [11] using a zero-sequence ac
voltage injection method. The capacitor voltage control method
for SDBC is selected [12] using a zero-sequence ac current in-
jection method. The capacitor voltage control method for DSCC
is selected [13] using a circulating ac current injection method.
The capacitor voltage control method for DSBC is selected [15]
using a circulating dc current injection method.

The electrical losses and junction temperatures on each power
semiconductor module are simulated by thermal simulation
function on the PLECS. The electrical losses of the power semi-
conductor modules consist of the conduction loss of the IGBTs,
turn ON/OFF loss of the IGB TS, conduction loss of the diodes, and
recovery loss of the diodes in the power modules. The electrical
loss parameters depending on the flowing currents, applied volt-
ages, and junction temperatures are selected from the datasheets
for the power modules mentioned in Table III [31]. The thermal
network between the power semiconductor chip and heatsink
for power module is constructed by a Foster RC network, as
shown in Fig. 8. Here, pg is the power loss of the IGBT chip;
pp is the power loss of the diode chip; T ; is the junction tem-
perature of IGBT; T'p ; is the junction temperature of the diode;
T, is the case temperature in the power semiconductor mod-
ule; 7, is the heat sink temperature; Rg(j — cn), 7p(j — cn),
Rs(j — ¢n), and 7p (§ — cn) are the thermal parameters for the
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Fig. 8. Thermal network between power semiconductor chip and heat sink on
each cell converter.

Foster RC network of the power semiconductor module (n =
1-4). The thermal impedances of the power modules are also
selected from the datasheets. The heat sink temperature based
on the liquid cooling system is considered as a constant value
at 60 °C in this simulation model because the temperature of
the heatsink is normally much lower and more stable compared
with the junction temperature in a properly designed converter
system.

B. Electrical and Thermal Simulations of the MMCC-SSBC

Fig. 9 shows the key waveforms of the MMCC-SSBC un-
der the single-phase-to-ground fault with the dip severity D of
0.5 p.u. It can be seen that the peak value of the reference voltage
increases by 22% maximum on w phase cluster under the single-
phase-to-ground fault in order to inject zero-sequence voltage
Uzero to balance the dc-link capacitor voltages of the converter
cells. Here, the injected zero-sequence voltage is expressed by
the following equation when all capacitor voltages are balanced:

* * *
* o vul + Uﬂl + Uu;l

Vzero = 3

(34)

Fig. 10 shows the junction temperatures of four IGBTs and
diodes in cells u1, v1, and w1 under the same simulation con-
ditions. The peak junction temperatures of the IGBT and diode
are the same, 115 and 109 °C, respectively, among the different
cluster cells. The temperatures are below the limit of 128 °C
by considering a 15% margin for the IGBT modules with the
absolute maximum rating of the junction temperature defined
by the manufacturers.

Fig. 11 shows the maximum peak voltage command and the
peak junction temperature of the IGBT and diode among the
cells with respect to the dip severity D under various grid fault
scenarios. It can be noted that the peak voltage command satu-
rates with the single-phase-to-ground fault at D = 0.5 p.u. The
maximum peak junction temperatures of the IGBT and diode
are approximately 115 and 109 °C, respectively, regardless of
the grid conditions.
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Fig. 10. Thermal distribution of the MMCC-SSBC under single-phase fault

with dip severity D of 0.5 p.u. (a) ul cell. (b) v1 cell. (c) wl cell.

C. Electrical and Thermal Simulations of the MMCC-SDBC

Fig. 12 shows the simulated key waveforms of the MMCC-
SDBC under the phase-to-phase fault with the dip severity D
of 0.4 p.u. It can be noted that the peak value of the cluster
current increases by maximum 52% at v and w clusters under
the phase-to-phase fault in order to inject zero-sequence current
15er0 to balance the dc-link capacitor voltages of the converter
cells. Here, the injected zero-sequence current is expressed as

pero = W . 35)

Fig. 13 shows the junction temperatures of four IGBTs and
diodes in ul, vl, and wl cells under the same conditions.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 6, JUNE 2019

5
£
=
=
<
£
£
S
@
&
2 03t A Single-phase fault
% 0.2 | | oPhase-to-phase fault
& 0.1 r | xTwo-phase-to-ground fault

0.0 1 1 1 1 1 1 1 1 1

0 01 02 03 04 05 06 07 08 09 1
Voltage dip severity: D [p.u.]
(2

130
?) 120 | Temperature limitation 7,,,,.: 128°C (=150°C X 0.85)
e & e " & &
£ 110 ; ---- e Qv—\\*--g -....‘_g,..____I
5 IGBT i
g* 100 Diode
]
= 9
it
5
£ 80 | oPhase-to-phase fault
E 70 % Two-phase-to-ground fault
& A Single-phase fault

60 1 1 1 1 1 1 1 1 1

0 01 02 03 04 05 06 07 08 09 1

Voltage dip severity: D [p.u.]
(b)

Fig. 11.  Electrical-thermal simulations of the MMCC-SSBC at different dip
severities. (a) Peak voltage command. (b) Peak junction temperature.

The peak junction temperatures increase to maximum 121 and
114 °C at the diodes and IGBTs of vl and wl cells. These
temperatures are over the limit of 106 °C by considering a 15%
margin for the IGBT modules with the absolute maximum rating
of junction temperature defined by the manufacturers.

Fig. 14 shows the maximum peak voltage command and peak
junction temperature among the cells for different dip severities
D under various grid fault scenarios. It can be noted that the peak
voltage command does not saturate under various grid fault sce-
narios. The peak junction temperatures increase quickly under
phase-to-phase fault and two-phase-to-ground fault conditions
and reach an upper limit temperature of 106 °C when the voltage
dips are 0.55 and 0.45 p.u., respectively.

D. Electrical and Thermal Simulations of the MMCC-DSCC

Fig. 15 shows the simulated key waveforms of the MMCC-
DSCC under the phase-to-phase fault with the dip severity D of
0 p.u. It can be noted that the arm currents (i.e., tyy» tul> tvus
Tul» Twu, and i,,;) contain both half-value of the output phase
current and the circulating dc current ., ¢.,, and ¢, for the dc-
link capacitor voltage balancing under asymmetrical grid fault
conditions. Here, the circulating current is defined as

fou F il twu + i

iu ut Z.ul . iv . u

Ta 1Zv = 9 y WZw :T (36)
It is noted that the rms value of the arm current increases by
only a few percentages under the phase-to-phase fault.

Ly =
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Fig. 16 shows the junction temperatures of IGBTs and diodes
in chopper converter cells uul, vul, wul, ull, vi1, and wil under
the same conditions. The junction temperatures are widely dis-
tributed among the arms compared with the other MMCC types
because the chopper converter cells are used with different mod-
ulation factors among the arms. The peak junction temperature
increases to maximum 104 °C at the diodes of ul cells. This
temperature is below the limit of 106 °C by considering a 15%
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Fig. 14.  Electrical-thermal simulations of the MMCC-SDBC at different dip
severities. (a) Peak voltage command. (b) Peak junction temperature.

margin for the IGBT modules with the absolute maximum rating
of junction temperature defined by the manufacturers.

Fig. 17 shows the maximum peak voltage command value and
peak junction temperature among the arms with regard to the
voltage dip severity D under various grid fault scenarios. It can
be noted that the peak voltage command does not saturate under
various grid fault scenarios. The peak junction temperature does
not reach the temperature limitation under various grid fault
scenarios.

E. Electrical and Thermal Simulations of the MMCC-DSBC

Fig. 18 shows the simulated key waveforms of the MMCC-
DSBC under the single-phase-to-ground fault with dip severity
D of 0.4 p.u. It can be noted that the arm currents and PWM
output voltage of each arm contain the dc component as well as
the DSCC. However, the amplitude of the PWM output voltage
with the dc component is smaller than the DSCC because it
avoids the voltage saturation of each cell output voltage com-
mand. In this result, the circulating dc current increases for the
capacitor voltage-balancing control.

Fig. 19 shows the junction temperatures of IGBTs and diodes
in chopper converter cells uul, vul, wul, ull, vi1, and wil un-
der the same conditions. The junction temperatures are widely
distributed among the arms compared with the MMCC-SDBC
because of the injected dc component with different modulation
factors among the arms. The peak junction temperature in-
creases to maximum 104 °C at the diodes of uul cells. This
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temperature is below the limit of 106 °C by considering a 15%
margin for the IGBT modules with the absolute maximum rating
of junction temperature defined by the manufacturers.

Fig. 20 shows the maximum peak voltage command value and
peak junction temperature among the arms with regard to dip
severity D under various grid fault scenarios. It can be noted that
the peak voltage command keeps the same value under various
grid fault conditions with different voltage dip severities because
Vpx 1s injected to a maximum value to minimize the amplitude
of the circulating dc current. The peak junction temperatures
exceed the limitation value when D is lower than 0.6. However,
the slope is moderate compared with that of the SDBC.

F. Performance Comparison Between the MMCC Family

Fig. 21(a) shows the reactive current compensation capabil-
ity for the MMCC solutions with SSBC, SDBC, DSCC, and
DSBC to enable a proper voltage balancing under different dip
severities D with various grid faults. The compensation capabil-
ity limits of MMCC family are determined by the modulation
saturation point and maximum junction temperature. Fig. 21(b)
and (c) plots the peak voltage command and peak junction tem-
perature of the IGBT modules in the whole converter cells cor-
responding to the operating conditions in panel (a). The peak
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voltage command and junction temperature are normalized by
instantaneous dc-link voltage of each cell converter and the
temperature limitation value decided by the manufacturers, as
mentioned in Section V.B—D. The MMCC family can continue
to supply the rated reactive current when the dip severity of
the grid voltage is higher than 0.7 p.u., but the reactive current
compensation capability shows different characteristics for the
dip severity lower than 0.7 p.u. as discussed in the following.

1) MMCC-SSBC: Tt reveals that the SSBC can supply the
rated reactive current under phase-to-phase fault and
two-phase-to-ground fault conditions regardless of the
dip severity. However, the reactive current capability de-
creases sharply at a voltage dip severity of 0.4 p.u. under
single-phase-to-ground fault, and it cannot operate any-
more even if the current derates because of the saturation
of peak voltage command by the zero-sequence ac voltage
injection. It seems that this characteristic is problematic
in practical use.

2) MMCC-SDBC: The SDBC can supply the reactive cur-
rent by a few percentages of reactive current derating
under single-phase-to-ground fault to avoid over junc-
tion temperature by slightly increased zero-sequence ac
current. The SDBC can also keep the operation under
phase-to-phase short fault and two-phase-to-ground fault
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due to a larger reactive current derating, which seems to
be a better characteristic than the SSBC. However, the
required zero-sequence current is dramatically increased
toward an infinite value when the voltage dip severity ap-
proaches zero under the phase-to-phase short-circuit fault
and two-phase-to-ground fault, as explained theoretically
in Section III.

3) MMCC-DSCC: The DSCC could be injected with circu-
lating dc current having two degrees of freedom to bal-
ance the dc-link capacitor voltages under asymmetrical
grid fault conditions. The amplitude of the circulating dc
current becomes smaller than the zero-sequence ac cur-
rent for the SDBC, which has only one degree of freedom.
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In this outcome, the DSCC can supply the reactive cur-
rent under all grid fault scenarios without reactive current
derating in this STATCOM case.

4) MMCC-DSBC: The dc-link capacitor voltage-balancing
method for the DSBC is similar to that for the DSCC.
However, the amplitude of the circulating dc current on
the DSBC attains a larger value compared with that of the
DSCC in compensation for a lower injectable dc voltage
capability between P and N terminals. The DSBC can keep
the operation under all grid fault scenarios with a maxi-
mum of 35% current derating to avoid the over junction
temperature, whose characteristics are worse than those
of the DSCC but much better than those of the SSBC and
SDBC.

VI. CONCLUSION

This paper investigates the performances of four configura-
tions of the MMCC family with SSBC, SDBC, DSCC, and
DSBC for the STATCOM in large-scale offshore wind power
plants, with a special focus on asymmetrical LVRT capability
under various grid faults. The sizing of the key components, the
number of cells, electrothermal analysis, mathematical analysis
under asymmetrical reactive power output condition by consid-
ering the dc-link capacitor voltage balancing control and the
reactive current capability of a practical 80-MVar/33-kV-scaled
MMCC-based STATCOM are presented.

The practically designed SSBC and SDBC have unavailable
LVRT operating conditions under some of the grid fault condi-
tions because of the dc-link capacitor voltage control. The DSCC
can keep the operation in all grid fault scenarios for the whole
voltage dip severity without any current derating. However, the
total volume of the MMCC-DSCC seems larger than those of
other MMCC solutions because the total energy stored in the
capacitors becomes larger by using chopper converter cells. The
DSBC can keep the operation in all grid fault scenarios for the
whole dip severity with a maximum of 35% current derating in
this case study. The total cost and volume of the DSBC seem
similar to those of SSBC and SDBC because of the similar to-
tal power semiconductor chip area and the total energy stored
in the passive components. The present result suggests that the
DSBC becomes the most attractive solution for the STATCOM
application on the MMCC family.

As a future work, the asymmetrical faulty grid voltage
recovering performance of the DSBC-based STATCOM by
using a negative-sequence reactive current injection method
will be studied, which becomes a most advanced requirement
emerging in a European country as an optional code.
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