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Abstract—A new transformerless four-leg topology is suggested
for shunt compensation, the modular multilevel converters (MMC)
based on the half-bridge converters, to achieve higher perfor-
mance as a STATCOM in a distorted and unbalanced medium-
voltage large-current (MV-LC) system. Further, an extended MMC
(EMMC) is proposed in order to manage more accurate compen-
sation for high-power applications. Both proposals can be con-
trolled for various purposes such as reactive power and unbal-
ance compensation, voltage regulation, and harmonic cancellation.
Moreover, related control strategies are also suggested for both the
MMC and the EMMC to ensure that the source-end three-phase
currents are sinusoidal and balanced. Also, the dc-link capacitors
of the half-bridge converters are regulated. One interesting appli-
cation for the EMMC-based STATCOM could be the improvement
in power quality and performance of the electrified railway trac-
tion power supply system. Both the MMC- and the EMMC-based
STATCOM along with their proposed control strategies were sim-
ulated; further, to verify the suggestions, these proposals were also
implemented on a 30-kVA modular laboratory prototype. Experi-
ments and simulations confirm the predefined objectives.

Index Terms—Harmonics, medium-voltage large-current (MV-
LC), modular multilevel converters, unbalanced compensation.

NOMENCLATURE
n Total number of the cascaded HBM in a leg.
m Total number of the MMC in an EMMC.
k HBM number in a leg (0 < k < n).
j MMC number in the EMMC (0 <j < m).
Lp Commutating inductance.
Lo Coupling inductance.
Lg Total inductance of the series inductors in a
leg.
Cn DC-link capacitance of an HBM.
Rg Source resistance.
Ts Sampling period.
T Time interval between two adjacent carriers.
fo Carrier frequency of an HBM.
Jsc DSP sampling frequency of the control unit.

IS (abe) Three-phase source currents.
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Three-phase load currents.

STATCOM three-phase reference currents.
STATCOM currents.

Balancing currents.

Circulating current.

a0 reference currents of STATCOM.

abc currents of the jth MMC in the EMMC.
Maximum current through the cascaded
HBM.

Maximum output current ripple of the
converter.

Measured currents of the NCP-HBCC legs.
Measured currents of the PCP-HBCC legs.
Reference currents for the NCP-HBCC legs.
Reference currents for the PCP-HBCC legs.
Total current of the NCP-HBCC legs in an
EMMC.

Total current of the PCP-HBCC legs in an
EMMC.

Voltage of the neutral point (Vy = 0).
Source voltages.

Voltages of the PCC.

DC-link voltage of the mth HBM.

Mean of all HBM’s dc-link voltages.
Reference voltage of V.

Measured dc voltage of the kth HBM of the
NCP.

Measured dc voltage of the kth HBM of the
PCP.

Voltage between PCP and the neutral point.
Voltage between NCP and the neutral point.
Voltage between PCP and NCP (Vpcp-
Vxep)-

Reference voltage for the NCP-HBCC legs.
Reference voltage for the PCP-HBCC legs.
Voltage drop on Lp of the NCP and PCP-
HBCC legs.

Reference voltages of the pair-legs.
Fundamental positive-sequence of the point
of common coupling (PCC) voltage.
Maximum voltage ripples on the dc-link
capacitors.

Total power losses of STATCOM.
Instantaneous active power of the load.
Instantaneous reactive power of the load.
Instantaneous power of the NCP-HBCC legs.
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PP (abe) (1) Instantaneous power of the PCP-HBCC legs.
PN (abe) DC component of py (qpc) (1)
PP (abe) DC component of pp (4pc) (1)

PNO (abe) ®
Ppo(abe) ()
D(apenyret

(
(
AC component of py (qpc) (1)
AC component of pp (gpc) ().

Reference duty cycle calculated for the pair-
legs.

Duty cycle of the NCP-HBCC legs.

Duty cycle of the PCP-HBCC legs.

DN(ach)-rcf
Dp (abeN)-ref

I. INTRODUCTION

ODERN medium-voltage distribution systems supply
M nonlinear loads such as single-phase ac traction systems.
These loads make the network to operate under undesired condi-
tions, i.e., distorted, uncontrolled reactive power and significant
unbalance enforcement [1], [2]. Therefore, these associated in-
evitable issues ought to be simultaneously resolved to achieve
acceptable power quality level. Meanwhile, mitigation of all
these power quality problems by means of a single compensator
is a challenging task in a medium-voltage network [3], [4].

A full-bridge cascaded converter (FBCC) could be directly
connected to a medium-voltage network [5], [6]. However, the
FBCC has been established as the most preferred solution for
managing reactive power in distribution systems, improving the
power quality in the medium-voltage high-power industries. Un-
like diode-clamped multilevel converters (DCMC) and flying-
capacitor-clamped multilevel converters (FCMC), the FBCC in-
troduces lower total losses along with higher reliability [7], [19].
Meanwhile, they have their restrictions when operating under
distorted unbalance situations in a medium-voltage network
compared to those of the DCMC and the FCMC [3]—[8]. In the
mean time, a three-phase FBCC, connected in delta or star type,
is unable to fully compensate the source currents when the un-
balanced loads containing harmonics. A delta-connected FBCC
cannot generate zero sequence components flowing through the
fourth neutral-wire. Also, balancing an unbalanced load using
a star-connected FBCC is faced with some complications. As-
sume that a star-connected FBCC-based STATCOM is balanc-
ing three different active powers supplied by the source. Then,
a certain average real power has to either flowing into or out
of individual series connected full-bridge converters (leg). This
results in either dc-link build-up or discharge of capacitors in
that leg. In other words, the unbalanced currents of the star con-
nected FBCC imposes unequal active power exchange by the
FBCC legs. This makes the dc voltage balancing for the storage
capacitors in all three legs much complicated [9].

The idea of modular multilevel converters (MMC) was first
introduced by Marquardt for medium-voltage applications [10].
These converters consist of two similar parallel half-bridge
cascaded converters (HBCC) per phase (three-phase in star-
connected configuration). Due to the modularity of these con-
verters, they are very attractive for high voltage dc transmis-
sion (HVDC), flexible ac transmission systems (FACTS), and
medium-voltage drives [11], [12]. The main advantage of ap-
plying the MMC as a STATCOM [13] is that they could operate
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under unbalanced and distorted voltages and currents properly,
while voltages of the dc-link capacitors remains balanced [9].

Hence, this paper proposes a new type of the MMC topol-
ogy as a STATCOM in order to achieve full compensation of
MV-LC loads, i.e., harmonic elimination, reactive power opti-
mization and in particular balancing the three- or four-wire sys-
tems. The full compensation using the proposed STATCOM is
achieved without any coupling transformer for MV-LC applica-
tions (high-power). Nevertheless, available power semiconduc-
tor technology may impose limitations due to the voltage and
current ratings, losses, and switching frequency. Hence, here the
EMMC is proposed that is composed of parallel connection of
multiple MMC per phase in order to deal with large-current re-
quirements. There are two main differences between the EMMC
and just parallel connection of MMC: 1) two or more MMC in
an EMMC share the common dc-link (positive and negative
common points); and 2), the presence of the coupling inductors
that lowers down considerably the circulating current between
them. The EMMC produces higher quality waveforms for the
network compared to the MMC, reducing the conductive elec-
tromagnetic interference concerns in large-current applications.
Also, paralleling multiple MMC improves reliability, perfor-
mance, and efficiency of the overall system, making it more
flexible. This paper is initially focusing on description of the
MMC-based STATCOM, both the proposed power circuit and
control algorithms. Then, the EMMC topology is introduced,
suggesting an improved modulation technique along with a con-
trol algorithm. The compensating current signals are extracted
based on the instantaneous power theory, while here the in-
troduced control algorithm in [9] is extended to present for a
new real-time current control technique based on the predictive
control method for both the MMC and EMMC applicable to mi-
crocontrollers like DSP. Furthermore, the modulating technique
is related to the controller such that capacitor voltage balancing
is working properly even under unbalanced conditions for the
converter. Both original and extended topologies were simulated
separately in the presence of the same network, where the sim-
ulations are compared accordingly. A 30 kVA, 400 V modular
laboratory prototypes was designed and implemented, consist-
ing of eight half-bridge modules (HBM), in order to assess the
performance of both the proposed MMC and EMMC. Experi-
mental results are presented to verify the proposed power circuit
operation under the suggested control algorithms as well as the
modulation technique. Finally, a comparative discussion is pre-
sented to evaluate the performance and practical capabilities of
each of the two topologies.

II. MMC-BASED STATCOM PROPOSITION

The MMC-based STATCOM is composed of two parallel
connected complementary HBCC as shown in Fig. 1. Each star-
connected HBCC has either three or four similar legs (cascaded
HBM). While one HBCC has a negative common point (NCP),
the other one has a positive common point (PCP). Both the NCP
and PCP are float. To compensate a three-wire distorted load,
the converter can be composed of two three-leg complementary
HBCC. The number of levels, in a general (n 4 1)-level MMC,
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Fig. 1. Configuration of the proposed MMC-based STATCOM.

is defined by the available n identical HBM cascaded in each leg.
Then, all (n 4+ 1)-level legs are connected to the network using
an inductive filter (L ). All HBM have the same semiconduc-
tor ratings as well as identical dc-link capacitance. Therefore,
each HBM can be assumed as an identical two-terminal device.
Voltage regulation of the dc-link capacitors is achieved with-
out any additional connections or energy transfer circuits to the
associated HBM.

Considering the detailed picture of the proposed MMC in
Fig. 2, each HBM is capable of producing either V¢, (the mth
dc-link capacitor voltage) or zero at any given instance. Thus, the
resultant voltage of n cascaded HBM varies within [0, Vpca ],
where Vpcon = nVey, . Hence, all phase-to-phase voltages on
each HBCC are obtained through a KVL over two identical
opposite polarity legs (each leg controlled independently) by
ignoring the inductor voltages (see Fig. 2). In other words, the
voltage between any two phases of an HBCC can be adjusted
between +Vpconm and —Vpown .

Moreover, one leg from the PCP-HBCC along with another
leg from the NCP-HBCC is coupled with the same phase (see
pair-leg in Fig. 2). These two legs constantly complement each
other as shown in Fig. 3, averaging the pair-leg waveforms at
each phase. As a result, the voltage difference between the NCP
and the PCP (Vpcp—Vaxep) is always Vp o (the voltage drops
on Ly is negligible). Thus, the voltage between the PCP and
the neutral point N is Vpcwm /2, and the voltage between NCP
and N is —Vp i /2. Although the voltage across a leg has a dc
component, there exists no dc component on any phase-to-phase
voltage of an HBCC. To enable compensation of inductive loads,
the value of Vpcy must be chosen greater than peak-to-peak
amplitude of the line voltage [14]. It should be noticed that both
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Fig.3. Reference voltages of the NCP-HBCC and the PCP-HBCC legs against
the voltage of the PCC all for phase a.

legs of a pair-leg are controlled such that supplying constantly
one half of the total current per phase for the MMC.

A. Definition of Balancing Current

When the MMC provides unbalanced currents to compen-
sate the nonlinear unbalanced load, one output phase of the
MMC may produce active power while the other phases con-
sume active power. This causes discharge of those capacitors
supplying active power, and charge of those capacitors consum-
ing active power. Since each leg of a pair-leg supplies half of a
phase current, the capacitor voltages of each pair-leg share equal
changes. Meanwhile, unequal capacitor voltages of two pair-
legs, connected to two different phases, cause a direct balancing
current (I5) flowing from the overcharged pair-leg toward the
undercharged pair-leg [15]. Under such circumstances, the total
current of each leg of the NCP-HBCC and the PCP-HBCC is
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equal to (x = a,b,c, N)
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where iy, tp;, and i¢, are the NCP-HBCC, PCP-HBCC,
and STATCOM currents, respectively. The balancing current
magnitude in each pair-leg (I, ) depends on the value of active
power interchanged between the network and the pair-leg. The
presence of this balancing current makes the stored energy at
all legs to remain balanced. At the same time, any balancing
current fluctuations are attenuated through the inductance Ly .

B. Control Methodology

Assume that the controller unit in the MMC-based device
is performing a full compensation as a STATCOM. Hence, the
following tasks can be discussed.

1) Proper Reference Currents for STATCOM: The general
instantaneous power theory [16] was used to derive the reference
currents for each output phase of the MMC-based STATCOM
as described in Fig. 4(a). The objective of this compensation
theory is to make the source currents completely sinusoidal and
balanced; i.e., in phase with the fundamental positive sequence
component of the source voltage.

2) Calculation of the Reference Voltage for Each Leg:
Having calculated the three-phase reference currents of the
MMC- or EMMC-based STATCOM, if V}, ., and V}, p, are the
NCP-HBCC and PCP-HBCC voltage drops on Lg (the com-
mutating inductance), then the three-phase reference voltages
of STATCOM can be worked out as follows (x = a, b, ¢) [see
Fig. 4(b)]:

|:VN:n-ref:| _ (Ve = Vine — Waep
VPm—rcf L Vr - VLPz - VPCC
[ d(icy +2Ips) . Vboum
L
- - Fd(‘ 2dt2I ) Wi ;
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x T L -
| Ve = Lr 2t 2
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L7 T e 2

Assume that the derivation of I3, is ignored in (2) for the
steady-state operation of STATCOM. By neglecting the resis-
tance associated with L, (2) can be employed as a current
controller for STATCOM to track the reference currents. To
implement the current controller with a DSP, (2) can be
represented in a discrete form with a good approximation as
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Phase-shifted PWM modulation technique to create switching signals for four HBM of the MMC having two HBM per leg: (a) carrier signals of the

NCP-HBCC and the 180° phase shifted PCP-HBCC, (b) switching pattern generated for four HBM of the pair-leg, and (c) equivalent modulated signal.

follows:
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where x stands for a, b, or ¢, ic ..ot denotes the STATCOM
reference current in the phase x, Vi, o and Vp, o¢ are the
predicted reference voltage for the NCP-HBCC-leg and the
NCP-HBCC-leg in the phase x, respectively, and fs¢ is the
DSP sampling frequency of the control unit. The voltage Vi yef
in Fig. 4 can be obtained from (3) when both sides of (3) are
normalized by Vi /2 as (4) shown at the bottom of the page,
where Dy, o and Dp, ot are the duty cycles of NCP-HBCC
and PCP-HBCC legs, respectively, and Vit is the predicted
reference value of the pair-leg for the phase x.

3) Switching Modulation for Each HBM: A phase-shifted
PWM modulation technique is introduced in [18] and [20] for
the cascaded HBM. The main goal is to share linearly the load
among all HBM. Therefore, as shown in Fig. 5, each HBM
has an independent carrier signal, while the reference signal
is shared by all the series HBM in each leg. The switching
instants of each HBM are generated by the comparison of the

leg reference voltage and the HBM carrier signal. To reduce
the output current ripple of the MMC, the carrier signals for
the NCP-HBCC are shifted by 180° compared to those of the
PCP-HBCC correspondingly (see Fig 5). Therefore, the output
current ripple of the MMC can reciprocally be canceled up to
50% in comparison with the ripples of the HBCC.

4) Capacitor Voltage Balancing of all HBM: Each HBM has
two complementary switches in series, providing either the dc-
link voltage or zero for the output. When this output voltage of
the HBM is set to its dc-link voltage, a positive input current
(in» > 0) decreases the capacitor voltages of the NCP-HBCC,
and increases those of the PCP-HBCC. Similarly, a negative
input current (i, < 0) increases the capacitor voltages of the
NCP-HBCC, and decreases those of the PCP-HBCC. Other-
wise, when the output voltage of the HBM is zero, the capacitor
voltage will not change. These switching effects can be used for
capacitor voltage balancing. Thus, for balanced load sharing of
all HBM in a leg, the measured capacitor voltages of the leg
are sorted in ascending order for each switching period. The
sign of the leg current and the number of HBM that are perma-
nently set to its dc-link voltage determine that HBM should be
selected [12]. In fact, the explained algorithm is a combination
of PS-PWM with a procedure that selects those HBM need to
be activated among all HBM available in a leg.

Instantaneous power of a pair-leg (pn . (¢) and pp, (t)) can
be calculated using (1) and (3), having a dc component (P,
and Pp,) along with an alternative component (py o, (t) and
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VPI'ref(Z) Normalized DPI-I‘ﬂf(Z) 2‘/1(2' - ]-) . Ly (iCz—ref(Z) - ’LCI(Z - 1))fsc _1 VCx—ref(z) -1
Vbeum Vbeum
v (Z) _ 2V, (Z - 1) _ Lp (iCar—l'ef(Z) — iy (Z - 1))fac
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ppo (t)) for each leg as follows (z = a, b, or ¢):
xTr P T 1 T
{PN (t)} _ { N } N [pvo (t)} . 5)
pP:z:(t) Pp, pPOa:(t)

The dc term (nonzero average value over 50/60 Hz) is equal
to

l:RVa: :|
PPI
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|2 4 2
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2 4 2
(6)
and the ac term (zero average value over 50/60 Hz) is equal to
|:pNOa: (t) :|
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IB{L“/{B N IBzLF (iCz»ref - iCI)fSC Z'C'z‘/vDCM
B 2 4
g,V + Ip,Lp (iCaz—ref — Z'C:z:)fsc - ice VDoM
2 4
@)

Since both components in (6) are similar, the average active
power is the same at 50/60 Hz for both legs of a pair-leg. There-
fore, variations of the capacitor voltages for a pair-leg are the
same too.

Due to nonideal nature of the converter elements, there is a
slight difference between the capacitor voltages of the two legs
of a pair-leg. This may be corrected by using appropriate local
controller to adjust current contribution for the two legs as shown
in Fig. 4(d). There are four local capacitor voltage regulators in
the MMC that each regulates the capacitor voltages of a pair-
leg. This technique assures balance of the capacitor voltages
for all HBM in the converter. To regulate the dc voltage of
all capacitors at a predetermined reference value, a dc voltage
regulator unit is added in the reference current controller unit.
The mean value of all capacitor voltages is regulated toward a
certain value by estimating power losses through a dc voltage
regulator unit, adding it to the reference output power of the
converter as shown in Fig. 4(a).

III. EMMC-BASED STATCOM

Here the EMMC-based STATCOM is proposed for full com-
pensation of the MV-LC loads such as electric traction systems.
The suggested high power STATCOM comprises of two or more
identical MMC all connected in parallel. A simple model of the
EMMC-based STATCOM, having two MMC, is shown in Fig. 6.
While all MMC have the same electrical specification, all NCP
legs connected together, and the same is done for all PCP legs
to achieve a better voltage regulation for the capacitors. Hence,
voltage regulation for the HBM capacitors is managed without
any additional connections or energy transfer circuits.

The total output current of each phase is equally supplied by
all legs coupled to that phase. For instance, each HBCC of the
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Fig. 6. Structure of the EMMC that is composed of two parallel MMC, con-
nected to the network.

STATCOM, shown in Fig. 6, provides a quarter of the output
current for each phase. Subsequently, for m parallel MMC, the
nominal current rating for all HBM is specified by
max (i, )

®)

1H max —

2m z=a,b,c,N

where max (i) is the maximum output current coming out
of STATCOM. The balancing current magnitude for each leg
depends on the share of active power flowing into or out of that
leg. It can be seen from the circuit structure (see Fig. 6) that the
sum of balancing current for each HBCC is zero, namely

Ip, + Ipy, + Ipc + Inn = 0. 9)

Therefore, considering (5) and (9), the stored energy of all
legs remains balanced, a necessary condition for the capacitor
voltage balancing purposes.

A. Switching Modulation of the EMMC

Considering the discussed current sharing for the EMMC-
based STATCOM, (3) has to be rewritten in order to calculate
the instantaneous reference voltages for each leg (Vi ,, and Vp,.)
of the EMMC-based STATCOM containing m parallel MMC as
follows:

Lp (iCaz—ref - mic.’L‘)fS(J Vbem
v, -
|:VVz—ref:| — ’ 2m * 2
VPJ:—ref V. — LF (iCI—ref - miCx)fsc _ VDCM
’ 2 2
. (10)

The reference voltages obtained by (10) is identical for
all corresponding legs of each MMC within the EMMC. A
phase-shift PWM modulation technique, similar to that of the
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phase-shift PWM, assuming the EMMC includes two MMC (their carriers are
shifted by 180° to reduce the ripple of output current) and one HBM per leg.

MMC-based STATCOM, can be applied to the EMMC. There-
fore, the switching pattern for each HBM is obtained by compar-
ing the general reference voltage with the carrier signal of each
HBM as shown in Fig. 7. Carrier signals used for all shunted
MMC are relatively shifted to each other to lower the output
current ripple of STATCOM as follows:

1
T = ———
feinm
where 7 is the time interval between two adjacent carrier signals,

fo1 is the carrier frequency, n is the number of HBM in each
leg, and m is the number of MMC in the EMMC.

D

B. Circulating Currents

The inductance L in series with each leg can substantially
lower down fluctuation of the output currents. The switching
signals for each HBM, in a pair-leg, are generated by different
triangular carrier signals as shown in Fig. 7. Hence, because of
asynchronous switching signals in those legs, the presence of
a circulating current between parallel MMC (I ) would be un-
avoidable. The bigger the inductance L, the lower will be this
circulating current amplitude. However, increasing Ly causes
some drawbacks: decreases the controller efficiency, affects the
frequency response, raises the inductor size, and increases the
power losses.

A solution is suggested here by inserting a coupling induc-
tor Lo in series with Ly as illustrated in Fig. 8. Considering
the polarity marks, Lo shows a zero inductance in conducting
common mode, being activated in differential mode. In fact, the
core magnetic flux of L¢ is virtually zero when all pair-legs
connected to one phase share identical currents. Hence, the total
series inductance remains almost unchanged. Practically, there
is an insignificant inductance due to the leakage of imperfect
magnetic coupling that is negligible. Further, the small circulat-
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Fig. 8. Adding the coupling inductors (L ) in series with the filter inductors
(L ) to reduce of the circulating current (I ).

ing current in those pair-legs is lowered by the coupling induc-
tors effectively. It should be noted that L has no effect on the
balancing dc current I in steady-state operation; nonetheless,
this can saturate the core. Therefore, this should be considered
in the filter design procedure [17].

IV. SIMULATIONS AND EXPERIMENTAL VERIFICATION

The power circuit of both MMC- and EMMC-based
STATCOM proposals was simulated, where a modular lab-
oratory prototype was also implemented for experimental
confirmation.

A. Simulations

Simulations were carried out using PSIM, while the control
algorithm was managed with MATLAB; then, they were linked
together using SIMCOUPLER of the PSIM. Assume that a
25-kV network is supplying a distorted unbalanced load in an
electrical railway application. The load is coupled across two
phases of the PCC. Spectral of the load current, shown in Fig. 9,
introduces a total harmonic distortion (THD) of 18.27%. Sep-
arate simulations were arranged for both the MMC and the
EMMC-based STATCOM for a power rating of +15 MVA.
Each leg of the two compensators has 22 cascaded HBM. All
HBM have a dc-link capacitor with a nominal dc voltage of
3.3 kV. The minimum dc-link capacitance of each HBM is de-
termined based on the maximum allowable ripples on top of the
dc voltage as follows:

o iH,max
fCl AVv(/‘.max

where AVe max is the maximum allowable voltage ripple on the

Cm (12)
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Fundamental (50Hz) = 68.02 , THD= 18.27%
T T

Mag (% of Fundamental)
=
T
.
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2 4 8 10 12 14 16 18 20
Harmonic order
Fig. 9. Harmonic content of the simulated load current.
TABLE I
SPECIFICATIONS AND PARAMETERS USED FOR SIMULATIONS
Rating
Parameters Symbol
The MMC The EMMC
Converter power capacity S 5MVA 5 MVA
PCC rms line-to-line voltage Vie 25kV 25kV
Source inductance Lg 200 pH (0.05%) 200 pH (0.05%)
Source resistance Rs 25 mQ (0.02%) 25 mQ (0.02%)
Power system frequency fs 50 Hz 50 Hz
Number of HBM in each leg n 22 22
Number of the MMC m 1 2
Inductance of filter inductor Ly 5 mH (1.25%) 3 mH (0.75%)
Inductance of coupling inductor Le - 300 pH (0.075%)
DC-Link voltage of each HBM Vem 33kV 33kV
DC-Link capacitance of each HBM C 2.35mF 1.1 mF
Carrier frequency for 1000 Hz 1000 Hz
HBM rms current rating max 25A 125 A
Normalized values are based on a 50 Hz three-phase 25kV, SMVA

dc-link voltages and f- is the basic carrier frequency. Since
the current controller momentarily adjusts the output current
of STATCOM, variation of the dc-link voltages in the allow-
able region will not disrupt the compensator operation. For the
EMMC-based STATCOM, having two MMC, L and L¢ con-
tribute to the attenuation of a sudden rise of the balancing current
Ip, and the circulating current I due to an abrupt change in
the load currents. Since the total series inductance Lg is almost
identical for both the EMMC and the MMC, L is calculated ac-
cording to the maximum allowable ripple on the output currents
Aic max as below

Woom T

Ls=1L Lo = =
s wt ke mn A7;C.max

Vboum

mnfCl AiC’,rI1a)( .
13)
Here, the PS-PWM modulation technique is applied to both
compensators with a switching frequency of f-; = 1000 Hz.
Table I summarizes the parameters that are used in simulations.
Fig. 10 shows the simulated references of a pair-leg cou-
pled with phase a, neglecting the series inductor voltage drop.
Simulations are shown in Fig. 11, where Fig. 11(a)—(f) illus-
trates the PCC voltages, load currents, the EMMC currents, the
source-end currents after compensation with the EMMC-based
STATCOM, the MMC currents and the source-end currents after
compensation with the MMC-based STATCOM, respectively.
It can be seen from Fig. 11(d) and (f) that while both MMC
and EMMC balance the source-end currents, the EMMC-based
STATCOM produce much smoother currents than those of the
MMC. Additionally, the source-end currents are in phase with
the fundamentals of positive sequence voltages, containing no
reactive components. Since each leg has 22 HBM, the equivalent
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currents, (¢) EMMC currents, (d) source-end currents after compensation by the
EMMC-based STATCOM, (e) MMC currents, and (f) source-end currents after
compensation by the MMC-based STATCOM.
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Fig. 12.  Reduction of the ripple on the output current of the EMMC: (a) and
(b) currents of the two parallel MMC, and (c) the resultant output current of the
EMMC.
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Fig. 13. The laboratory test setup where both the proposed MMC and EMMC-
based STATCOM topologies were developed.

—

switching frequency, considering output current ripple in (13),
could be up to 22 kHz for the MMC and 44 kHz for the EMMC.
This implies that the output current ripples of the EMMC could
be halved for both MMC as shown in Fig. 12.

B. Experimental Verification

A modular laboratory prototype was implemented in which
a number of HBM, connecting inductances (L) and coupling
inductance (L) can be arranged in order to obtain the desirable
topology. Fig. 13 demonstrates the implemented hardware setup
for the experimental work.

1) Power Circuit: The ratings of the MMC- and the EMMC-
based STATCOM are shown in Table II, describing the speci-
fications of the power system, the compensator as well as the
unbalanced load. The power supply provides three-phase volt-
ages in series with the source impedance as listed in Table II.
While the source internal voltages are distorted (including low-
order harmonics), variations on the load-terminal voltages de-
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TABLE I
SPECIFICATIONS AND PARAMETERS OF THE IMPLEMENTED MMC AND EMMC
RATINGS
DESCRIPTION OF PARAMETERS THE MMC THE EMMC
Apparent power 15kVA 30kVA
PCC RMS voltage 380V 380V

Source inductance and resistance
Delta-connected load impedance

168 pH and 25 mQ
ab:20Q, bc: 0, ca: 0

168 pH and 25 mQ
ab:20Q, bc: 0, ca: 0

Power system frequency 50 Hz 50 Hz
n 1 1
m - 2
L;and R, 5 mH and 325 mQ 5 mH and 325 mQ
DC-link voltage of an HBM 650 V 650 V
DC-link capacitance of an HBM 2.35 mF £10% 2.35 mF £10%
Carrier frequency 5kHz 5kHz
Switches IGBT, SKM 50GB12V | IGBT, SKM 50GB12V
irrmax 25A 25A

pend on the source-end currents. Two similar MMC were ar-
ranged to demonstrate the performance of the MMC and the
EMMC-based STATCOM. Each MMC consists of two four-
leg star-connected HBCC; one NCP-HBCC and another one
PCP-HBCC. Each leg includes one HBM that is suitable for the
laboratory voltage (220 V for each phase with respect to the
neutral). It should be noted that the number of HBM in each leg
is determined based on the ratings of the power switches and
the PCC nominal voltage.

2) Control Unit: Control strategies were uploaded on a DSP
TMS320F2812. The control unit facilitates the communication
of the DSP with the MMC and the EMMC using different parts;
first, current and voltage sensor boards that measure all dc ca-
pacitor voltages, network ac voltages at the PCC, the load and
the converter currents using the ADC channels of the DSP with
the built-in dual sample-end hold along with analog inputs. Sec-
ond, an interfacing board prepares the measured signals for the
DSP analog inputs. Third, an expansion board was designed
to connect the commercial evaluation board for TMS320F2812
(F2812ezDSP) to the other boards. Fourth, one board was made
to redistribute and isolate the gating signals, converting the DSP
outcomes (within [0, 3.3] V) into the range of [0, 15] V that is
suitable for the SKPC22 boards. Fifth, the commercial SKPC
22 boards that prepares signals for the SKHI 22B IGBT driver.
It is noticeable that the uploaded capacitor voltage balancing
procedure, explained in Section III-B4, is general and can be
applied to any number of HBM per leg.

3) Experiments (The MMC-Based STATCOM): Implement-
ing a laboratory prototype of the compensated power system us-
ing the MMC-based STATCOM of Fig. 1, Fig. 14(a)—(b) shows
the waveforms of the distorted voltages supplied by the source
and unbalanced currents of the load, respectively. The source
voltages contain harmonics, affecting the harmonics of the re-
sistive load currents too. Current waveforms of the MMC-based
STATCOM are shown in Fig. 14(c). To make the source-end
currents balanced, the proposed compensator exchanges active
power between phases; hence, the converter currents are unbal-
anced. A typical phase-to-phase voltage from the NCP-HBCC
is shown in Fig. 14(d) (neglecting the voltage dropon Lz). The
resultant source-end currents after compensation are shown in
Fig. 14(e), which became balanced and in phase with the source
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Fig. 14.  Full compensation experiments with the MMC-based STATCOM:
(a) three-phase distorted voltages supplied by the source, (b) three-phase unbal-
anced resistive load currents, (c¢) MMC-based STATCOM compensating cur-
rents, (d) phase-to-phase voltage drop through the NCP-HBCC (Viy ,—Vnp ). (€)
source-end currents after load compensation using the MMC-based STATCOM,
(f) voltage drop on L (V1 x4 ), (g) de-link voltage ripples of one HBCC, and
(h) regulation of the dc-link voltages after connecting the load.

voltages. Moreover, a typical voltage drop on the commutating
inductor (L) is depicted in Fig. 14(f).

Also, Fig. 14(g) provides the dc-link voltage variations for all
the four HBM available in the NCP-HBCC. Finally, Fig. 14(h)
illustrates how the dc-link voltage balancing performs after con-
necting the load to the source. While the output currents of the
MMC are unbalanced, all dc-link voltages get almost converged
to a predetermined reference value following a short transient.
The dc-link voltage regulation is done regardless of the unbal-
anced output currents of the MMC. Nonetheless, the source
currents introduce undesirable switching ripple contents yet.

4) Experiments: The EMMC-Based STATCOM: Next, an
EMMC-based STATCOM was prepared with two MMC in par-
allel (MMC1 and MMC?2) through the coupling inductors L¢
(see Fig. 8). The distorted source and unbalanced load were
identical to those of the MMC experiment. Fig. 15(a) shows
output current waveforms of MMC1, MMC2, and the resultant
EMMC current injected to phase a. It can be seen that the EMMC
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Fig. 15. Full compensation experiments with the EMMC-based STATCOM:
(a) currents of the MMC1, MMC2, and EMMC (phase a), (b) ripples on cur-
rents of the MMCI1, MMC2, and EMMC (phase a), (c) source-end currents
after compensation with the EMMC-based STATCOM, and (d)—(f) FFT for the
current of the MMC1, MMC2, and the source-end current after compensation,
respectively.

current produces smoother waveform compared to those of the
MMCI1 and MMC?2. The reason is that the carrier signals used
for MMCI1 are shifted by 180° for the MMC2 in order to get
the lowest possible ripple for the EMMC current. Variations of
the waveforms in Fig. 15(a) are zoomed out in Fig. 15(b). This
is led to the ripple reduction on the source current. Fig. 15(c)
illustrates the three-phase source-end currents after compensat-
ing with the EMMC-based STATCOM. Compared to the MMC,
the EMMC presents better output current quality. The spectral
of the three current waveforms in phase a [see Fig. 15(a)] are
illustrated in Fig. 15(d)—(f) for the MMCI1, the MMC2 and the
source-end current after compensation with the EMMC-based
STATCOM, respectively.

V. DISCUSSION

To assess the experiments, Table III compares the THD of
the monitored source currents along with the total power losses
of both the MMC and EMMC-based STATCOM. It can be seen
from Table III that the THD of the source currents for the EMMC
are much lower than those of the MMC. While the modulating
frequency is 5 kHz for one MMC, it is equivalently doubled
for the EMMC with two MMC; the total power losses of the
EMMC, however, remain nearly at the same level like those
of the MMC. It is noticeable that a 10 kVA MMC working
at 10 kHz switching frequency would introduce much higher
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TABLE III
COMPARING EXPERIMENTAL LABORATORY TEST DATA BETWEEN THE MMC
AND EMMC-BASED STATCOM

Parameters The MMC The EMMC
Tested apparent power 10 kVA 10 kVA
The THD of the source current (phase a) 10.18% 3.11%
The THD of the source current (phase b) 10.13% 3.01%
The THD of the source current (phase ¢) 10.32% 3.09%
Total power losses 493.05W (4.89%) 517.25W (5.13%)
Equvalant switching frequency 5KHz 10KHz

power losses compared to a similar EMMC-based STATCOM
(10 kVA, 10 kHz).

Considering the performed simulations and experiments, al-
though the MMC-based STATCOM is capable of full com-
pensation, the EMMC-based STATCOM presents the following
additional advantages:

1) Providing smoother output currents, smaller power losses,

and improving the harmonic performance.

2) Generating higher reactive power rating with lower dc-
link voltages; this implies lower voltage rating for the dc
capacitor and lower stress on the switches.

3) Operating with a smaller switching frequency, resulting in
smaller switching losses.

4) Increasing the reliability of the compensator even if one
MMC is out of order.

Therefore, the EMMC presents higher energy efficiency,
lower heat dissipation, lower weight and volume for the com-
pensator. In fact, the EMMC has lower maintenance costs com-
pared to the MMC. In the mean time, the high-power load
compensation in the MV-LC networks using the MMC-based
STATCOM is usually limited by the available semiconductor
technology due to the voltage and current ratings, losses and
switching frequency. These requirements can be dealt with us-
ing the EMMC-based STATCOM. Considering the distortion,
because the equivalent switching frequency of the EMMC (with
two parallel MMC) is as twice as that of the MMC, it is ex-
pected that the EMMC to cover a frequency bandwidth as twice
as that of the MMC. Moreover, if the apparent powers of both
the MMC and the EMMC are the same, then the switch ratings
of the MMC have to be selected as twice as the switch ratings
of the EMMC; additionally, the dc capacitance of each HBM in
the MMC needs to be higher than that of the EMMC. Therefore,
these advantages motivate the use of the EMMC as a STATCOM
for MV-LC applications, in particular in the MV-LC uninter-
ruptable industry such as electric traction systems.

VI. CONCLUSION

This paper proposes a novel type of high-power MMC-based
STATCOM for a full compensation of unbalanced and distorted
nonlinear load in the MV-LC networks under the presence of
both the load and the source harmonics. This modular MMC-
based STATCOM introduces a transformerless design, employ-
ing several isolated units composed of a number of cascaded
HBM. Then, the EMMC-based STATCOM is developed by par-
alleling a number of MMC to achieve higher efficiency, higher
reliability, lower weight and size, lower switching frequency
and lower ratings for the switches. Various control strategies are
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suggested for both MMC and the EMMC in order to generate
the reference currents for the compensator, followed by another
strategy to get their corresponding reference voltages. Another
controller is responsible for regulating all dc-link capacitor volt-
ages at a predetermined level. Simulations and experiments were
arranged for both the MMC and EMMC-based STATCOM. The
practical work were performed on two 15-kVA modular MMC
that can be presented as either MMC or EMMC. The control
strategies were implemented on a DSP TMS320F2812. Simula-
tions and experiments show proper operation of both proposals
under unbalanced-distorted conditions.
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