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Asymmetrical Reactive Power Capability of
Modular Multilevel Cascade Converter (MMCC)
based STATCOMs for Offshore Wind Farm

Takaaki Tanaka, Member, IEEE, Ke Ma, Senior Member, IEEE,
Huai Wang, Senior Member, IEEE, Frede Blaabjerg, Fellow, I[EEE

Abstract— Modular Multilevel Cascade Converters (MMCC)
are becoming attractive solutions as high voltage Static
Synchronous Compensators (STATCOMs) for power plants in
renewable energy generation, in order to satisfy the strict grid
codes under both normal and grid-fault conditions. This paper
investigates the performances of potentially used four
configurations of the MMCC family for the STATCOM in
large-scale offshore wind power plants, with special focus on
asymmetrical Low Voltage Ride Through (LVRT) capability
under grid faults. 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 volume are
compared based on total power semiconductor chip area and total
energy stored of the passive components. Asymmetrical reactive
power delivering operation of the MMCC family considering the
de-link capacitor voltage balancing method is solved
mathematically in order to quantitatively understand the
performance limitations and behaviors. The -electro-thermal
stress of the power modules used in each type of the MMCC for a
practical 80 MVar /33 kV STATCOM is analyzed. The
asymmetrical reactive power capability of the MMCC solutions is
compared under different scenarios of grid faults, with the
considerations of the device temperature limits and also 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— Static VAR compensators, Reactive power,
Wind power generation, MMCC, STATCOM, Asymmetrical grid
faults

I. INTRODUCTION

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

Offshore wind power plants have become one of the major
renewable energy sources in Europe with strong wind
conditions because of the advantages such as constant and high
wind velocity as well as extensive offshore area. However, the
generated electrical power has to be transmitted to the Point of
Common Cupping (PCC) onshore by long-distance submarine
cables, which arise a large amount of reactive power if Medium
to High Voltage Alternative Current (MVAC-HVAC)
transmission system is selected. In order to compensate enough
reactive power and satisfy the grid codes, SVC or STATCOMs
have to be installed on the onshore side of the wind power
plant.

The Modular Multilevel Cascade Converters (MMCC)
family could be suitable solutions in the case of the
high-voltage and high-power STATCOM application. They
have significant advantages, compared to the conventional
two-level or three-level voltage source converters which have
series-connected bipolar-power semiconductor devices, such as
lower harmonic distortions, transformer-less configuration at
medium voltage level, and modular/ redundancy design.
Nevertheless, voltage-balancing for a large number of DC-link
capacitors in converter cells are 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
application [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 injection 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 for Back-to-Back converters such as Medium Voltage
motor drive and High Voltage Direct Current (HVDC)
transmission applications typically, but they can also be used
for a STATCOM application. They can keep operating under
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asymmetrical grid faults by activating the voltage-balancing
control using circulating 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 reactive power delivering capability
compared with an SSBC and SDBC because of more flexibility
in the circulating dc current.

A lot of authors have proposed many useful control schemes
and design methods for each type of MMCC solution until now.
However, the optimum MMCC solution for the STATCOM
application is still an open question because comprehensively
comparison between four types of the MMCC solutions has not
been done [16, 17, 28, 29]. In addition to total cost and volume
of the MMCC solutions, the asymmetrical reactive power
delivering capability under grid faults becomes more and more
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 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 volume are
compared based on total power semiconductor chip area and
total energy stored of the passive components. In section IV,
the mathematical formulation for the STATCOM based on the
MMCC solutions under asymmetrical compensation operation
is developed which contributes to quantitative understanding of
the performance limitations and circuit behaviors under the
asymmetrical compensation. In section V, the electro-thermal
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 temperature limits and voltage
saturations. Finally, in section VI, most attractive MMCC
solution for the STATCOM application is suggested based on
obtained results.

II. TYPICAL OFFSHORE WIND PLANT AND SYSTEM FAULT
SCENARIOS

A. The system configuration for analysis

Fig. 1 shows the system configuration of a typical offshore
wind power plant and an MMCC-based STATCOM. The
generated active power from the offshore wind farm needs to be
provided to the Point of Common Coupling (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 turbines, the shunt reactor, and the
STATCOM connected to Bus B via a delta-star transformer.
Other power generators and loads beside the wind power plant
may also be connected to Bus A.

Offshore

wind farm HVAC transmission system External grid
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Fig. 1. A typical offshore wind power plant with an MMCC-STATCOM.
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(b) Additional reactive current requirement during LVRT
Fig. 2. Reactive power requirements of large-scale generating plants under

B. Reactive power requirement under grid fault

Besides the normal operation, Transmission System
Operators (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
Fig. 2 (a), and in the case of German and Danish codes should
be able to inject additional reactive current to support the
recovery of grid voltage sag which is also 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 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.



IEEE TRANSACTION ON POWER ELECTRONICS

TABLE 1

PHASOR DIAGRAM AND VECTOR DEFINITIONS OF DIFFERENT FAULT

SCENARIOS ON PCC (BUS A)

Fault types

Phasor diagram

Vecter deffinitions

VSu, Vs, Vsw

¥~ ,,. Virtual neutral point
Bus C (33kV) § 1M 0 (grid side)
1

l's,w vz@ isy ¢ VS,vn ls,w VSon
Vad Vi Vin
[ Cellul [ [Cellvl [ [Cellwl
—
[Cellu2 [© [Cellv2 [ |Cellw2
uphase ; vphase . wphase m{::
cluster i = cluster i = cluster ! [
Db wx Dy wx

[ Cellux [ | Cellvx |Cellwx[<

3Xx is total cell counts in
a cluster

n: Neutral point in converter ¥

(a) SSBC
Bus C (33kV) *VS,uv, Vs,vw, VSwu .
is¥] isw] isw V]
3 vy
[Cellul [ | [Cellvi[ | [Cellwl
[Cellu2[_ | [Cetlv2[ | [Cellw2
uphase .| vphase : w phase ! m{:-
cluster |  cluster ! cluster !
[Cellux["| [Cel vle_ [ Cell wx
Xx is total cell counts in

SEQUENCE VOLTAGE AMPLITUDE DEFINITION OF DIFFERENT GRID FAULTS

diffinitions
}‘\ VSu,pu =D
(a) Vsu_pu Vi wu 1 i \/?;
Three-phase- > Vsp pu = -3 D—j - D
to-ground fault Vs pu) 1 V3
}" sz_pu:—ED +]7D
Vs pu VSu,pu =D
(b) Ve o 1 3
Single-phase- Ly sopu = —5 ">
to-ground fault 1 V3
" Y
Sw_pu 2 2
k\ VSu_pu =1
©) Voo TS Vo e 1 V3
Phase-to-phase Vi‘:/ ) 2 Vso pu = = 2- ] 7D
short-circuit fault 1 3
4 Vowpu=—5+j—5D
> T2
b\‘ VSu,pu =1
(d) Vs pu Vsu e _ 1 i \/§
Two-phase- Voo pu = _ED —J 7D
to-ground fault Vs | 1 V3
}" VSW,pu=_ED +]7D
TABLE 1T

SCENARIOS ON BUS C (THE VIS THE RATED VOLTAGE ON BUS C)

a cluster

(b) SDBC

VSu, VS, VSw
Bus C (33kV) * -+ M: Virtual neutral point at Bus C (grid side)
]

| i, v phase upper arm

i, U phase upper arm

Vpy +—m————

is,

iy

i

« - i, U phase lower arm
ul

+«—— Vyn
i, V phase lower arm

Fault types Each sequence voltage vector
D 2
+ 42
(b) Vi t3
Single-phase- Vagl=Vs|D 1 /D 1
to-ground fault Vo 6 6 (2\/§ 2 \/g)
L 0 ]
r D + 1
© Vi 22
Phase-to-phase Vag|=Vs| D 1 V3D 3
short-circuit fault a 27, T\~ 4 4
L 0
2 D4+ 1
e z z
(@ Vag 3773
Two-phase- Vag| = Vs 1 D 1
to-ground fault Ya 6 + 6 +J (_ 23 + ﬁ)
0 |

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 Zp 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 the Z; and Z»
with positive-, negative- and zero-sequence impedance. In
order to simplify the grid fault scenarios, the D is considered as

--- p N
vl
VP «————— . D eeeee——————— 7.
i,,W phase upper arm = s, ¥ i,y W phase lower arm
wu
Vet VN
Dy wix  De wix
Ve =
Db wix
2Xx is total cell counts in a arm
(c) DSCC (d) DSBC
Fig. 3. Circuit configurations of the MMCC family fora STATCOM

application

a real part only and more details are explained and classified in
[23], [24].

In this paper, three asymmetrical grid-fault scenarios are
chosen as shown in Table I (b), (c) and (d). Where the
asymmetrical grid fault voltage on Bus A propagated 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
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TABLE III
THE MMCC SPECIFICATIONS FOR THE CASE STUDY.
Circuit type of MMCC SSBC SDBC DSCC DSBC
Rated power 0. +80 MVA
Rated line-to-line voltage V 33 kVrms (Source angular frequency o, : 2nx50 rad/s)
Rated DC-link voltage each cell V4 2600 Vdc
Nominal output voltage each cell AC 1450 Vrms AC 725 Vrms AC 1450 Vrms
& DC 0 Vde DC 1300 Vdc DC 0 Vdc
Equivalent switching frequency feq 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 /. 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 £ (Lse=2.6mH) (Lee=7.8mH) (Lee=52mH) (Lee=52mH)

Total energy stored in 1.6 MJ 1.6 MJ 6.3 MJ 1.6 MJ
dc-link capacitor Ec (Ci=12mF) (C,=7.0mF) (C;=12mF) (C;=6.0mF)
IGBT module MBNI1500FH45F MBNO900D45A MBNS800H45E2 MBNB800H45E2
U (4500V/1500A) (4500V/900A.) (4500V/800A) (4500V/800A)

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 with each grid fault. The
Vi Vigand V® are positive-, negative and zero-sequence
component of the voltage, respectively, which are defined as
scenarios used in this paper.

III. SPECIFICATIONS OF THE MMCC-STATCOMS FOR STUDY

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

A. Basic structure and power semiconductor device

The rated DC-link voltage V¢ ,. of each converter cell in the
four types of the MMCC solutions are designed to be the same
at 2600 Vdc where widely used 4.5 kV IGBT modules are
selected for each converter cell in this case study. The nominal
output AC voltage each converter cell in the SSBC, SDBC and
DSBC is designed at 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, pulse width limitation due to dead
time, and modular redundancy. However, the circuit
configuration of the converter cell for the DSCC is chopper
converter, which cannot output minus 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 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 ¢, =0.8.

The cell converter counts N,.; of the MMCC solutions with
SSBC, SDBC, DSCC, and DSBC are expressed by the
equations in Table IV, respectively. Total number of switching
devices N, for each MMCC topology is derived by each cell
circuit type and N,

Rated output currents /. in each cell among the MMCC
solutions are also expressed by the equations in Table IV,
respectively. The current ratings of the IGBT modules in each
of the cell converter among the MMCC solutions are selected
depending on the 7. It is worth to note that the N, and N,
among the MMCC solutions are different. 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 influence the total cost of the STATCOM,
become same values approximately.

B. Modulation type and frequencies for PWM

Phase-shift PWM modulation is chosen because of the
advantage that the electro-thermal stresses of the IGBT
modules and capacitors are equally distributed among the cells
in the same cluster (or arm). The equivalent switching
frequency of the MMCC f;, ,, is designed to be the same at 10
kHz. In this result, the carrier frequency f. of the MMCC
solutions with SSBC and SDBC are 380 Hz and 215 Hz,
respectively. The carrier frequency f. of the MMCC solutions
with DSCC and DSBC are the same 190 Hz. It is noted that £, of
each MMCC solution should not be an integer multiple of the
fundamental frequency in order to avoid diverging the
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TABLE IV
THE KEY EQUATIONS FOR THE DESIGN OF THE MMCC SOLUTIONS
SSBC SDBC DSCC DSBC
The cell converter counts NG/A 3V2V, 46V, 26V,
Neer an VC,dc an VC,dc an VC,dc an VC,dc
Rated output current of each Q- Qr Qr
cell I, V3V, 3% 2V3Y,
The interconnection Zpu V2 3Zpy V2 27, V2
inductance L. w50, wsQ, wsQ,
The DC-link capacitance of V2aQ, V2aQ, V20, V2aQ,
cach cell C; 2V3WsAVg Ve gV 6wsAVe o Ve Ve 2V3WsAVg Ve acVs 4VBwsAVg Ve gV
Total energy stored in dc-link aQ, 20, aQ,
capacitor Ec 20, AV py, 05 AV 1y, 05 20, AV, 05

capacitor voltages among the cells when f. is below several
hundred Hz [25], [26].

C. Interconnection inductance

In this case study, the L, is designed as 6 % of the
normalized impedance Z,, based on 33 kV and 80 MVar
operating condition of the converter. In this design rule, the L,
of the MMCC solutions with SSBC, SDBC, DSCC, and DSBC
is calculated by equations in Table IV, respectively. 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
capacitor voltage ripple scaled by the rated DC-link voltage
Va4 (2600V). The voltage ripple 4V, ,, 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 are also expressed by
equations in Table IV based on an averaging model,
respectively [12], [32]. Here, « is a modulation factor of a cell,
which is set to be @ =1 and 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

Ec = "4 GV €]

After the N, C,, and I, as shown in Table IV are substituted
for (1), the Ec among the MMCC solutions is updated to the
formulation as shown in Table IV. It is noted that the E. for
SSBC, SDBC, and DSBC is the same. However, the E. of the
DSCC is 4 times larger than the others because of the used
chopper cells. As an example, where the Ec- of the DSCC is
compared with the DSBC, both the N,,; and the C, of the DSCC
become twice higher than DSBC because of the used chopper
cells with the output voltage including superimposed the half
value of the rated dc-voltage V¢ 4. It should be noted that the E¢
depends greatly on the total volume of the STATCOM.

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

In this section, the theoretical operation of each MMCC
solution is solved by a mathematical formula, focusing on the
asymmetrical reactive power compensation. This analysis
contributes to understanding the limitation of the asymmetrical
compensation 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].

A. The definition of the grid fault voltage and current on Bus C

The grid voltages and currents on Bus C are defined as
Vs, = Vit sin(wst) + Vs sin(wst + ¢yr)
2

Usp = V5+ sin (wst - z?n) + VS_ sin (wgt * Pon ?) (2)

\vsw = Vgt sin (wst + %n) + Vg sin (wst + o — 2?”)

isy = I§ sin(wst + ¢ip) + I5 sin(wst + i)
is, = 1 sin (wst + i — =) + 15 sin (wst + g + ) (3)

Lisw = I sin (wst + i+ 2?") + I5 sin (wst + i — 2?”)
where V¢ is the amplitude of positive-sequence voltage, Vg
and ¢ the amplitude and phase angle of
negative-sequence voltage, I and d)ip are the amplitude and

are

phase angle of positive-sequence current, I and ¢, are the
amplitude and phase angle of negative-sequence current,
respectively. After a dq transformation of (2) and (3), the grid
voltage V;dq, V;dq can be expressed as
{I:/Squ = VSTd +Jj VSTq 4)
Vsaq = Vsa tiVsq
The V¢, V5, Vsy and Vg, are detected by dual-frame dgq
transformation scheme in an actual current controller [30]. It is
noted that the V;_q has a zero value because the standard phase

is set at the d-axis of the positive-sequence grid voltage by the
PLL.
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Similarly, the grid current I;_dq, i;dq on Bus C can be
expressed as
)

{I.SJr.dq =1y +j1;q
Isaq = Isa +ilsq

The I;d, I;q, Ig4 and g, are supplied by the STATCOM.
These reference values IS, oI5 ep I drer a0d I5q e can
be defined as
I;d = I;,d,ref =0
{ I$q = ISqrer (6)
Igq = IS_,d,ref
Isq =Isqrer

where I;—,d,ref is set to be zero value because of reactive power
compensation operation. The I;q’ref is given from the central
control of the wind power plant under normal operation. In this
result, the STATCOM has two operating modes which are
inductive operation in case of I;qlref < 0 and capacitive
operation in case of I;qlref > 0. When a grid fault happens, the
additional amount of Ig, ;... may be required due to a recent
published grid code of Transmission System Operators (TSOs).
The I 4,0r and Ig ;..o are set to be zero value according to the
mentioned recent grid codes.

B. The MMCC-SSBC with zero-sequence AC voltage

Where the zero-sequence AC voltage with the same
frequency as the phase-cluster current is injected, the
zero-sequence voltage and the cluster current formulate the
different active power between the clusters in the
MMCC-SSBC. This phenomenon is used for the dc-link
capacitor voltage balancing control between the phase-clusters
under asymmetrical grid fault conditions, which value is solved
as follows.

Each phase-cluster voltage of the MMCC-SSBC including
the Back Electromotive Forces (BEFs) of the interconnection
inductor L, can be expressed as

VS,un VS,u
VS,vn = VS,v +V° (7
VS,wn /
where Vs, Vs, and Vs, are the grid voltage on Bus C,V? is
the zero-sequence voltage of the MMCC-SSBC, which is
voltage difference between the point n and M as shown
mentioned Fig. 3 (a). The V° is defined as

V® = xsspc +j¥ssac (3)
where the xggpc is real part of the V°, the yggpc is imaginary part
of the V°. The Vs, Vs, and Vs, can be expressed as

Vs,u VSqu + VSqu

Vs,v — stdqe—j2n/3 + Vstdqej2n/3

Vs Vitaq€?™3 + Viug

(Vsta +Vsa) +(Vsq) ]
1 V3N, (V3 . V3 _ 1 ]
_EVS,d ZVSd 2 — Vsq | +J _TVS,d +7V5,d_EVS.q |
1 1 V3 (V3 V3 1

(“Vsd sVsa + VS,q) +J <_sta -5 Vsa— VSq)

e—j27r/3

|
|

2 2 2 2 2 2

The grid currents iSu, Is., Is, at Bus C can be expressed as

= 15
e’Z"/3 + I3y,

[ (Is,d) + ](IS,q + IS,q) ]
V3 - 1 V3, 1,_ |
! ISq__ISd IS,q)+](_EI;q +7IS,d_EIS,q) (10)
\/— \/_ - 1 V3, 1,_
[( X Isa IS,q) +Jj (— Sdq =5 Isa - gls.q)J
The 1nstantaneous active powers p,, p,, p» of each

phase-cluster of the MMCC-SSBC including the L, can be
expressed as

[$aq + I5aq
]21'[/3 +1'— j27r/3

e —j2m/3

r;iR[VSun ISu]-I
[ ]_!;m[VSvn ISU]I
1
SR[VS,wn ' IS,W]J
where V¢, is the complex conjugate of the Vs . By using

(11)

(11), the 9 in order to make Pu=DP» = Pw, can be solved by

Vo=
VSJ.rd (IS:dIS_,d ~Isqlsq — ISquIS_,q) + VSTdISqu (Istq + 15_,q) + VSTqISquIS_,d
(I$qlsq = I5alsa = I5q154)
jVSJ,rd (IS_,dIS_,q + Isalsq — ISJr,qIS_,d) + VSTqIStq (IS_.q — I;q) _ Vsjdlsfqls_,d
(ql8q = I5alsa = I5ql5q)

(12)
Each phase-cluster converter output voltage V,,,, V., V,,,, can
be expressed as

Vun VS,un VL,u
Vo | = | Vson | = | Viw (13)
an VS,wn VL,W

where the V,,,V,, and V,,, are the BEFs of the L,. The
Vi Vi and V,, can be expressed as

VL,u iS,u

VL,v = jwsLge is,v

VL,W iS,w
IEg+ 15, —jls,

1, V3 _ 1_ { V3, 1 3 _
_ —(,()SLaC (_Els’q + 715'0[ _EISIOI> +] (-713’(1 + Els'd + 715’q>
1, V3 _ 1_ (V3 . 1 3 _
(_Els,q —5lsa— Els,q> +J <7ls,q tolsa— 715,q>
where the resistance of the L, is neglected because the
resistance is much smaller than the total impedance given by
the inductance. Then maximum phase-cluster peak voltage
Vinax pu between the three-phases standardized by peak rated
phase grid voltage /2/3Vscan be expressed as
_ max(lvunlllvvnlllvwnl)

Vinax pu = 15
max _pu \/EVS ( )

The maximum phase-cluster r.m.s current 7, between the

ax_pu
three-phases normalized by the rated phase current v/2I, of the
STATCOM can be expressed as

(il liw D)
Imax,pu = WT (16)

Fig. 4 with line graphs show calculated result of the
normalized maximum phase-cluster peak voltage and r.m.s
current of the MMCC-SSBC under the different types of the
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grid fault scenarios as a function of the voltage dip severity D
using (15)and (16). The 1, is set to be the rated phase
current value as v2I,. The grid voltage is given by the
mentioned Table II. The normalized inductance of the L, is set
at 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 r.m.s. current does not increase as a
function of grid fault conditions. The marks in Fig. 4 indicate
simulation results using PLECS software, which conditions are
shown in the next chapter. The calculation values correspond
reasonably well with the PLECS simulations based on the given
STATCOM configurations.

C. The MMCC-SDBC with zero-sequence AC current

Where the zero-sequence AC current with the same
frequency as the cluster output voltage is injected, the
zero-sequence current and the cluster output voltage formulate
the different active 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, which value is solved
as follows.

For the configuration of MMCC-SDBC, the phase-cluster

current I,,,, Iy, Iy, can be expressed as

I i;_dqej”/G + I.s'_dqe'j”/6
ivw - T j;:dqe—in/z + I'S—'dqejn/z + 0
iwu 3 i+ ej51r/6+1'— e—an-/6
(x +IS”‘+'S‘*)+ ( ++ +@—I§—'d)
SDBC — \/— 73 J\Yspac 2 243
VeI I V31
= (xSDBC + Sq sq) +j <}’SDBC + Sd) (17

(xSDBC Zlf/q— + ;i/q— - Iszd) +Jj <}’SDBC - ISTQ - Iqu - ;i/d—)
where [ is the zero-sequence current circulated in the
MMCC-SDBC. The I° can be expressed as
I° = Xsppc + j¥spac (18)
where the xgppc is real part of the I°, the ygppc is imaginary part
of the I°. Each line-to-line voltage Vs’m,, Vs,vw: VS,wu of the
MMCC-SDBC including the BEFs of the L,. can be expressed
as
Vs uw Vsiaqe’™® + Vsaqe ™6
Vsow | = V3| Vtaqe ™2 + Vs,
Vet 1q€?5™® + Vg

jm/2
qe
VS,wu e—]STL’/G

F/Z—g{(ﬁvsfd +V3BVy +V3Vsg) +j(Vsla = Vs + @stq)}}
=1 V3{=Vsq +J(=Vsla + Vsa)}
V3

[ 7{(‘/511 - \/§V5Td

= V3V5y) +j(Vsta = Vsq — V3Vsg)} J

(19)

The [° in order to make the instantaneous active powers

between the phase-clusters to have the same value can be
expressed as follows [24]:

20
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) }‘21 Voltage saturation level (1.25 p.u.)
g & : L Q Q. \‘f\\—‘\
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§ £08¢
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(b) Maximum-phase-cluster r.m.s. current
Fig. 4. Maximum-phase-cluster output of the MMCC-SSBC corresponding

to various grid fault scenario

1$q(VsaVsa = VsaVsia = VsqVsa) + I5qVsia(Vsta = Vsa) — IsaVsiaVsa

jo =

V3(VsaVsa = VitaVsta + VsaVsa)
4+ ISq(VS aVsq T VsaVsq + VslaVs, q) + 15 VeVt + V) — I54VstaVsq
\/_(VSdVSd VSdVSd +VSqVSq)
(20)

Each phase-cluster converter output voltage V,,,,, V,,,, Vi, 0f
the MMCC-SDBC can be expressed as

Vu]; VS,uv VL,uv
Vow | = |Vsow | = | Veow (21)
un VS,Wu VL,wu

where the VL‘W, VL_UW and VL_Wu are the BEFs of the L,. The
VL‘W, VL_UW and VL_Wu can be expressed as

VL,uv iS,uv
Viww| = jwsLac | Ispw
VL wu IS wu

I 5, I3
(ySDBC+ -+ qu Sd)+]( XSDBC"'Z‘/—_ZS_‘/%_STA)
V3I V3I, I3,
(ySDBC + Sd) +J ( Xsppe —— 2+ %)

3
()’SDBC—ISZ_#—ISTH—;?)-FJ( XspBc +F—;STL1+IS;)
where the resistance of the L, is neglected. The
maximum-phase-cluster peak voltage and r.m.s. current of the
MMCC-SDBC can be calculated in the same way as the
MMCC-SSBC.

Fig. 5 with line graphs show the normalized
maximum-phase-cluster peak voltage and r.m.s. current of the
MMCC-SDBC under the different types of the grid fault
scenarios in respect to the voltage dip severity D. The Iq+ is set

to be the rated phase current value as v2I,.. The grid voltage is

= _wSLac

(22)
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given by the mentioned Table II. The normalized inductance of
L, is set at 6% with reference to the model mentioned in Table
III. It is noted that the maximum-phase-cluster peak voltage
does not increase regarding grid fault conditions. The
maximum-phase-cluster r.m.s. current increases rapidly when
D < 0.5 below under the phase-to-phase short-circuit fault and
two-phase-to-ground fault, and reach the over current level
(1.25) decided by over junction temperature of the IGBT model,
which will be discussed in the next chapter. When D
approaches 0 under these faults, the current approaches to
infinity value while the denominator of the (20) is 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 next chapter. The
calculation values correspond reasonably well with the PLECS
simulation values based on the practical scaled STATCOM
model.

D. The MMCC-DSCC with circulating DC current and DC
voltage between terminal P and N

The DSCC has two neutral points P and N in each single star
connection. The differential voltage Vpy between P and N is
normally 50 % of the rated dc-link voltage each converter cell
in the DSCC in order to output AC voltage using the chopper
converter cells. Where 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 under
asymmetrical grid fault conditions, which value is solved as
follows.

The instantaneous active power on af0 frame pg . psp Pso
of the MMCC-DSCC arising from asymmetrical reactive

power supply can be expressed as
1 1 1

Psa 2 7o [V sl
2 1
[mﬁ] 2o ? — 2l SRS, ] (23)
Ps,0 1 1|1
E E ZER[VSW ISW]

where the Vs,w Vs,,, and Vs v, are the same as
(9), the iS,w jS,v and js,w are the same as (10). It is noted that
the ps ,and pg ; are the instantaneous active power imbalances

among the phases. The ps, shows the instantaneous active
power of the three-phase MMCC-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 which dc-bias voltage appears
to be the differential voltage Vpy between P and N terminal. The
Vpy can be expressed as

2
Ven = 2\/; Vsamgn

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

(24)
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Fig. 5. Maximum-phase-cluster output of the MMCC-SDBC corresponding
to various grid fault scenario
lvu + lvl

Ilz w\ lwu + lwl

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 be expressed as

iuu + iul

(25)

; 1 0
7 _1 B P
iz,v = VL 2 2 PS,a] (26)
iw| V{1 _B[NF
2 2

The AC component of each arm output voltages VPU acs
VPV acs VPW ac» VNU acs VNV ac and Vyyy e can be expressed as

VPU ac _VS,u VL uu

VPV,ac _VS,V VL,vu

?PW,ac — _VS,W _ V'L,wu (27)
VUN,ac VS,u VL,ul

I./VN,ac Vs,v VL,vl
-VWN,ac- L VS,W E -VL,wl-

where the VL_uu, VL‘W, VL_Wu, VL_ul, VLM and VL,wl are BEFs of
the Z,. The VL,uu, VL,vu, VL,wua , VL,ul, VL,vl and VL,wl can be

expressed as

VL,ul VL,uu VL u

. . Lac

Vv | == Vowu | =7 wsz VL v (28)

VL,wl VL,wu
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where the resistance of the L, is neglected. The
VL‘u, VL’U and VL,W were given in (14). The maximum arm
output peak voltage V. , between the arm-converters
normalized by rated grid voltage \/m Vs can be expressed as
— VPN+maX(|VPU,aclv|VPV,ac'vlVPW,ac|'|VUN,ac|-|VVN,aC|v|VWN,ac|) (29)

2

2

Vinax _pu

EaCh arm OUtPU—t r.m.s. current iuu,rms: ivu,rmxs iwu,rm.w iul,rmxs ivl,rmx
and i,,,.,s can be expressed as
+ (lz u)zl

iuu,rms iul,rms
ivu,rms = iul,rms } |IS"| lz"
iwl,rms
|ISW| lzw
(Z)J

The maximum arm output r.m.s current Lyyax pu normalized by
the rated arm current of the STATCOM 1/21,. can be expressed
as

|ISu|

(30)

lwu,rms

maX(Luu,rmsvlvu,rmsvlwu,rms)

(€1))
I/2
Fig. 6 with line graphs show the calculated result of the
normalized maximum arm output peak voltage and r.m.s.
current of the MMCC-DSCC under the different types of the
grid fault scenarios regarding of the voltage dip severity D by
using (29)and  (31). The ," is set to be the rated phase
current value as v2I,. The grid voltage is given by the
mentioned Table II. The normalized inductance of L, is set to
be 6%, the a,,, is set at 1.127 with reference to the practical
scale model in mentioned Table III. It is noted that the
maximum arm output peak voltage and r.m.s current do not
increase significantly under different grid fault conditions. The
marks in Fig. 6 plot the simulation result using the PLECS
software, which simulation conditions are shown in the next
chapter. The calculated values correspond reasonably well with
the PLECS simulation values based on the practical scaled
STATCOM model.

E. The MMCC-DSBC with circulating DC current and DC
voltage between terminal P and N

The operation principle of the MMCC-DSBC is almost the
same as the MMCC-DSCC. The only difference is the
amplitude of the Vpy. In the case of the MMCC-DSBC, each of
the arms is able to supply AC (+/-) voltage without the Vpy
because of the used H-Bridge converter cells. However, due to
the voltage balancing control, the J’py is required, which can be
expressed as

Imax_pu

Ven = apsecVen (32)
where apgpe is the amplitude ratio of the differential voltage
between terminal P and N of the DSCC to the DSBC. The
injectable apspc is normally less than 20% in order to avoid the
voltage saturation when the DSBC is designed practically. The
Maximum value of the apgpc considering the grid fault
condition can be expressed as

2 . . . . . .
J;Vsamgn_max(lVPU,aclrlVPV,aclrlvPW,aclvlVUN,ac|:|VVN,ac|-|VWN,ac|)

2
\/; Vs@mgn

where the VPU,ac' VPV,ac' VPW,ac' VUN,ac' VVN,ac and VWN,ac were
mentioned in (27). It is noted that the circulating dc current of
the DSBC becomes larger than the DSCC because the VPNY for
the DSBC becomes smaller than the DSCC. The maximum arm

(33)

Apspc =

Maximum arm output

Maximum arm output

Fig. 6. Maximum arm output of the MMCC-DSCC corresponding to various
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Fig. 7. Maximum arm output of the MMCC-DSBC corresponding to various
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output voltage and current can be solved in the same way as the
MMCC-DSCC.

Fig. 7 with line graphs show the calculated result of the
normalized maximum arm output peak voltage and r.m.s.
current of the MMCC-DSBC under the different types of the
grid fault scenarios in respect to the voltage dip severity D. The
1," is set to be the rated phase current value as V2I,. The grid
voltage is given by the mentioned Table II. The normalized
inductance of L, is set to 6%, the a,,, is set at 1.127 with
reference to the practical scale model given in Table III. The
marks are the practical scaled simulation results, which test
conditions will be shown next chapter. It is noted that the
maximum arm peak voltage tracks 1 p.u. by the injected V’py as
the designed maximum value. The maximum arm r.m.s. current
increases moderate in respect to the D, but reach the over
current level (1.07) which is decided by the over junction
temperature of the IGBT module, which is shown next chapter.
The arm current becomes larger than the DSCC because of
lower the V’py. The over current level becomes lower than the
SDBC because the current distribution 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,
which conditions are given in the next chapter. The calculated
values correspond reasonably well with the PLECS simulation
values based on practical scale STATCOM model.

V. PERFORMANCE BENCHMARK OF MMCC SOLUTIONS

A. Electrical and thermal simulation modeling

In this paper, the LVRT capability of a STATCOM which is
based on the MMCC with SSBC, SDBC, DSCC, and DSBC is
simulated by using the software PLECS. The three types of grid
fault voltage are given by the mentioned voltage vector as
shown in Table II. The voltage is applied at the Bus B side of

the TR2 as shown in mentioned Fig. 2, as discussed in section II.

In order to fix the standard voltage vectors applied to the
MMCC, the impedance of the TR2 is neglected. The
specifications of the MMCC with SSBC, SDBC, and DSCC are
assembled based on the parameter 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 scheme for the MMCC with SSBC, SDBC,
DSCC, and DSBC are selected widely-used Phase Shift PWM
as mentioned in sub-section III-B. The output current is
controlled by a dual-frame control scheme with sequence
decoupling using a notch filter [30]. The capacitor voltage
control method for SSBC is selected [11] with a zero-sequence
AC voltage injection. The capacitor voltage control method for
SDBC is selected [12] with a zero-sequence AC current
injection. The capacitor voltage control method for DSCC is
selected [13] with a circulating DC currents 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 semiconductor modules consist of the conduction loss of
the IGBTsS, turn on / off loss of the IGBTSs, conduction loss of
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Fig. 8. Thermal network between power semiconductor chip and heat
sink on each cell converter.

the Diodes, and recovery loss of the Diodes in the power
modules. The electrical loss parameters depending on the
flowing currents, applied voltages, and junction temperatures
are selected from the datasheets for the power modules in
mentioned Table IIT [31]. The thermal network between the
power semiconductor chip and heatsink for power module are
constructed by Foster RC network as shown in Fig. 8. Here, ps
is power loss of IGBT chip; pp, is power loss of Diode chip; 7T ;
is junction temperature of IGBT; T ; is junction temperature of
Diode; T, is the case temperature in the power semiconductor
module; T, is heat sink temperature; Rg(j-cn), tp(j-cn), Rs(j-cn)
and 7p(j-cn) are thermal parameters for the 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 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 simulation of the MMCC-SSBC

Fig. 9 shows the key waveforms of the MMCC-SSBC under
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 voltage reference
increases by 22% maximum on w phase cluster under the
single-phase-to-ground fault in order to inject zero-sequence
voltage v,.,, to balance the DC-link capacitor voltages of the
converter cells. Here, the injected zero-sequence voltage is
expressed by (34) when all capacitor voltages are balanced.

V:em _ Vil +v;v1 +v (34)

Fig. 10 shows the junction temperatures of four IGBTs and
diodes in each cell of ul, vl and w1l under the same simulation
conditions. The peak junction temperature of the IGBT and
Diode are the same, 115C and 109 C respectively among the
different cluster cells. The temperatures are below the limit of
128 T by considering a 15 % margin for the IGBT modules
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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.

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 in respect to the dip severity D under various grid fault
scenarios. It can be noted that the peak voltage command
saturates with the single-phase-to-ground fault at D = 0.5 p.u..
The maximum peak junction temperature of the IGBT and
Diode are approximately 115 °C and 109 °C, respectively,
regardless the grid conditions.

C. Electrical and thermal simulation 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 = 0.4 p.u.. It can be noted that the peak value of the
cluster current increases by maximum 52% at the v and w
cluster under the phase-to-phase fault in order to inject
zero-sequence current i, to balance the DC-link capacitor
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Fig. 11. Electrical-thermal simulations of the MMCC-SSBC at different dip
severities.

voltages of the converter cells. Here, the injected zero-sequence

current is expressed by (35).
i +i +i
l’ - uv vw wu 35
zero 3 ( )

Fig. 13 shows the junction temperatures of four IGBTs and
diodes in the cells ul, v1, and w1 under the same condition. The
peak junction temperatures increase to maximum 121 C and
114C at the diodes and IGBTs of the vl and w1 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 manufacturer.

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

D. Electrical and thermal simulation of the MMCC-DSCC

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

) +i,
lZu 2

— lvu + lvl — lwu +lwl (36)

s lz = 5 Lz >

_ luu
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Fig. 12 Key waveforms of the MMCC-SDBC under phase-to-phase fault
with a dip severity D of 0.4 p.u.

Temperature limitation: 106°C (125°Cx0.85)

—
%
<

—
)
=

8 / M I’ | | | | i l |
g 1o v
£ 100
2
E g0
2 90
S onl Diode: 67°C peak Diode: 121°C peak Diode: 121°C peak
-1-2 o IGBT: 66°C peak IGBT: 1]4°C peak IGBT: 114°C peak
2 70
60
2.8 29 3.0 2.8 2.9 3.0 2.8 2.9 3.0
Time[sec] Time[sec] Time[sec]
(a) ul-cell (b) vl-cell (c) wl-cell

Fig. 13. Thermal distribution of the MMCC-SDBC under phase-to-phase
fault with the dip severity D of 0.4 p.u.

It is noted that the r.m.s. value of the arm current increases by
only a few % under the phase-to-phase fault.

Fig. 16 shows the junction temperatures of IGBTs and diodes
in the chopper converter cells uul, vul, wul, ull, vll and wll
under the same condition. The junction temperatures are widely
distributed among the arms compared with the other MMCC
types because the chopper converter cells are used with
different modulation factor among the arms. The peak junction
temperature increases to maximum 104 T at the diodes of ul
cells. This temperature is below the limit of 106 T by
considering a 15 % margin for the IGBT modules with the
absolute maximum rating of junction temperature defined by
the manufacturer.
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Fig. 14. Electrical-thermal simulations of the MMCC-SDBC at different dip
severities

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

E. Electrical and thermal simulation 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 = 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 dc-component is smaller than the DSCC because
of avoiding the voltage saturation of each cell output voltage
command. 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 the chopper converter cells uul, vul, wul, ull, vll and wll
under the same conditions. The junction temperatures are
widely distributed among the arms compared with the
MMCC-SDBC because injected dc-component with different
modulation factor among the arms. The peak junction
temperature increases to maximum 104 T at the diodes of uul
cells. This temperature is below the limit of 106 T by
considering a 15 % margin for the IGBT modules with the
absolute maximum rating of junction temperature which is
defined by the manufacturer.
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Fig. 15. Key waveforms of the MMCC-DSCC under phase-to-phase fault
with a dip severity D of 0 p.u.

Fig. 20 shows the maximum peak voltage command value
and peak junction temperature among the arms regarding dip
severity D under the various grid fault scenarios. It can be noted
that the peak voltage command keeps same value under the
various grid fault conditions with the different voltage dip
severity because the VPN is injected 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
the SDBC.

F. Performance Comparison between the MMCC family

Fig. 21 (a) shows the reactive current compensation
capability for the MMCC solutions with SSBC, SDBC, DSCC
and DSBC to enable a proper voltage-balancing under the
different dip severity D with various grid faults. The
compensation capability limits of MMCC family are
determined by the modulation saturation point and maximum
junction temperature. The (b) and (c) plot the peak voltage
command and peak junction temperature of the IGBT modules
in the whole converter cells corresponding to the operating
conditions on the (a). The peak voltage command and junction
temperature are normalized by instantaneous dc-link voltage
each cell converter and temperature limitation value decided by
the manufacturer as mentioned in the sub-section V-B, C, and
D. The MMCC family can continue to supply the rated reactive
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Fig. 16. Thermal distribution of the MMCC-DSCC under phase-to-phase
fault with a dip severity D of 0 p.u.
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Fig. 17. Electrical-thermal simulations of the MMCC-DSCC at different dip
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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 below.
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1) The MMCC-SSBC: It reveals that the SSBC can supply
the rated reactive current under phase-to-phase fault and
two-phase-to-ground fault condition regardless of the dip
severity. However, the reactive current capability decreases
steeply at a voltage dip severity of 0.4 p.u. under
single-phase-to-ground fault and it cannot operate anymore
even if the current derating because of the saturation of peak
voltage command by the zero-sequence AC voltage injection. It
seems that this characteristic is problem in practical use.

2) The MMCC-SDBC: The SDBC can supply the reactive
current by a few percentages of reactive current derating under
single-phase-to-ground fault to avoid over junction 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 by larger reactive current derating,
which characteristics seem better than the SSBC. However, the
required zero-sequence current is dramatically increased
toward infinity value when the voltage dip severity approach
zero under the phase-to-phase short circuit fault and
two-phase-to-ground fault, as mentioned theoretically in
paragraph III.

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

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

VI. CONCLUSION

This paper investigates the performances of four
configurations of the MMCC family with SSBC, SDBC, DSCC,
and DSBC for the STATCOM in large-scale offshore wind
power plants, with special focus on asymmetrical Low Voltage
Ride Through (LVRT) capability under grid faults. The sizing
of the key components, number of cells, electro-thermal
analysis, mathematical analysis under asymmetrical reactive
power output condition considering the DC-link capacitor
voltage balancing control, and reactive current capability of a
practical 80 MVar /33 kV scale MMCC based STATCOM are
presented.

The practical designed SSBC and SDBC have unavailable
Low Voltage Ride Through operating conditions under some of
the grid fault condition 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 other MMCC solutions because the total
energy stored in the capacitors becomes larger for using
chopper converter cells. The DSBC can keep the operation in
all grid fault scenarios for the whole dip severity with
maximum 35% current derating in this case study. The total
cost and volume of the DSBC seem similar to SSBC and SDBC
because of similar total power semiconductor chip area and
total energy stored of 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, asymmetrical faulty grid voltage
recovering performance of the DSBC based STATCOM by
negative-sequence reactive current injection will be studied,
which becomes most advanced requirement emerging in a
European country as an optional code.
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