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ABSTRACT

This paper presents MMC based on the half-bridge
converters, to achieve higher performance as a STATCOM in
a distorted and unbalanced medium voltage large-current
(MV-LC) system. Further, an extended MMC (EMMC) in
order to manage more accurate compensation for high-power
applications. Both can be controlled for various purposes such
as reactive power and unbalance compensation, voltage
regulation, and harmonic cancellation. Moreover, related
control strategies for both the MMC and the EMMC 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 application for the
EMMC-based STATCOM could be the improvement in
power quality and performance of the electrified railway
traction power supply system. Both the MMC- and the
EMMC-based STATCOM with Phase Shifted PWM were
simulated and simulations confirm the predefined objectives.

Index Terms
EMMC, Harmonics, medium-voltage large-current (MVLC),
MMC, unbalanced compensation

1. INTRODUCTION

Nonlinear loads such as single-phase ac traction systems make
the network to operate under undesired conditions, i.e.,
distorted, uncontrolled reactive power and significant
unbalance enforcement [1], [2]. Mitigation of all these power
quality problems by means of a single compensator is a
challenging task in a medium-voltage network [3], [4]. The
idea of modular multilevel converters (MMC) was first
introduced by Marquardt for medium-voltage applications
[10]. Due to the modularity of these converters, they are very
attractive for high voltage dc transmission (HVDC), flexible
ac transmission systems (FACTS), and medium-voltage
drives [11], [12]. The main advantage of applying the MMC
as a STATCOM [13] is that they could operate under
unbalanced and distorted voltages and currents properly,
while voltages of the dc-link capacitors remains balanced [9].
EMMC is composed of parallel connection of multiple MMC
per phase in order to deal with large-current requirements.
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 electromagnetic interference concerns in large-
current applications. Also, paralleling multiple MMC
improves reliability, performance, and efficiency of the
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overall system, making it more flexible. This paper presents
the performance assessment of phase shifted PWM with Pl
and FYZzZY controllers for MMC AND EMMC based
STATCOM.

2. MMC-BASED STATCOM

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 + 1)-level MMC, is defined by the available n
identical HBM cascaded in each leg. Then, all (n + 1)-level
legs are connected to the network using an inductive filter (LF
). All HBM have the same semiconductor 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 without any
additional connections or energy transfer circuits to the
associated HBM.
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Fig. 1: Configuration of the MMC-based STATCOM.
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2.1 cControl 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.

2.2 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. 2(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.

When the MMC provides unbalanced currents to compensate

the nonlinear unbalanced load, one output phase of the MMC
may produce active power while the other phases consume
active power. This causes discharge of those capacitors
supplying active power, and charge of those capacitors
consuming 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
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Where iNx, iP x, and iCx are the NCP-HBCC, PCP-HBCC,
STATCOM currents, respectively. The balancing current
magnitude in each pair-leg (IBx) 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 LF .

2.3 Calculation of the Reference Voltage
for Each Leg:

Having calculated the three-phase reference currents of the
MMC- or EMMC-based STATCOM, if VLNx and VLP x are
the NCP-HBCC and PCP-HBCC voltage drops on LF (the
commutating inductance), then the three-phase reference
voltages of STATCOM can be worked out as follows (x = a,
b, ¢) [see Fig. 2(b)]:
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Fig. 2: Controller unit for both the MMC and the EMMC-based STATCOM, (a) derivation of the three-phase reference

+ lPx-ref
+ >

PI Regulator

(d)

currents, (b) current controller diagram, (c) duty cycle extraction to generate switching modulation, and (d) local capacitor
voltage regulator for both legs connected to one terminal (pair-leg).
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Assume that the derivation of IBx is ignored in (2) for the
steady-state operation of STATCOM. By neglecting the
resistance associated with LF, (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 follows:
[Veref (Z)

VPxfref (Z)
LrGe,_ . @-ic,@-1)f v,
_nz-1)-—<£ > ad * % .
Lrae, . @nf v
V,(Z-1)— +§C — DTCM

Here x stands for a, b, or c, iCx-ref denotes the STATCOM
reference current in the phase x, VNx-ref and VP x-ref are the
predicted reference voltage for the NCP-HBCC-leg and the
NCP-HBCC-leg in the phase x, respectively, and fSC is the
DSP sampling frequency of the control unit. The voltage VCx-
ref in Fig. 2 can be obtained from (3) when both sides of (3)
are normalized by VDCM/2 as (4) shown at the bottom of the
page, where DNx-ref and DP x-ref are the duty cycles of
NCP-HBCC and PCP-HBCC legs, respectively, and VCx-ref
is the predicted reference value of the pair-leg for the phase x.
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Fig. 3: Phase-shifted PWM modulation technique to
create witching signals for four HBM of the MMC having
two HBM per leg: (a) carrier signals of the NCP-HBCC
and the 180 degrees phase shifted PCP-HBCC, (b)
switching pattern generated for four HBM of the pair-leg,
and (c) equivalent modulated signal.

2.4 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.3, each HBM has an independent carrier signal, while
the reference signal is shared by all the series HBM in each
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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 3). Therefore, the output current ripple of the MMC can
reciprocally be canceled up to 50% in comparison with the
ripples of the HBCC.

2.5 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 (iNx > 0) decreases the
capacitor voltages of the NCP-HBCC, and increases those of
the PCP—HBCC. Similarly, a negative input current (iNx < 0)
increases the capacitor voltages of the NCP-HBCC, and
decreases those of the PCP-HBCC. Otherwise, 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
permanently 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 (pNx(t) and pP x(t)) can be
calculated using (1) and (3), having a dc component (PNx and
PP x) along with an alternative component (pNOXx(t) and

[VNx—ref (Z) _[DN—ref (Z)]
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pp ox(t)) for each leg as follows (x = a, b, or c):
PN, (t)] _ PNx] + [PNOX(t) )
pr(t) pr PPOX (t)

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

Ppy
ic, Ve lexlrlic, . —icy)fsec + Ig, Vocu
= 2 4 2 (6)
le Ve lexlrlic, o —icy)fsec + I Vocu

2 4 2
and the ac term (zero average value over 50/60 Hz) is

equal to
Po, (1)
Ppg, (1)
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_ IEXLF(iCX,rEf _iCx)fsec + iCx Vboem

- IBX X 2 4 (7)
IBxLF(iCX,ref_iCx)fsec iCxVDCM
~Ip, Vi = -

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.
Therefore, variations of the capacitor voltages for a pair-leg
are the same too. Due to non ideal 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. 2(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. 2(a).

3. EMMC-BASED STATCOM

Here the EMMC-based STATCOM is proposed for full
compensation 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. 4. 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
STATCOM, shown in Fig. 4, 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

_maxii,)

leax 2m x=a,b,c,N (8)
Where max (ix ) 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. 4) that the sum of
balancing current for each HBCC is zero, namely

Ips+Ipp+Ip.+1py=0 C))

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

3.1 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 (VNx and VP
x) of the EMMC-based STATCOM containing m parallel
MMC as follows:

International Journal of Computer Applications (0975 — 8887)
Volume 73— No.12, July 2013

[V LF (iCX,rEf - miCx)fsec VDCM]
VNx—ref] | 2m T2
VP x—ref LF (iCX,,Ef - miCx)fsec VDCM
- 2m S22
(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
MMC-based STATCOM, can be applied to the EMMC.
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Fig. 4: Structure of the EMMC that is composed of two
parallel MMC, connected to the network.

Therefore, the switching pattern for each HBM is obtained by
comparing the general reference voltage with the carrier
signal of each HBM as shown in Fig. 5. Carrier signals used
for all shunted MMC are relatively shifted to each other to
lower the output current ripple of STATCOM as follows:

y— (11)

Fginm

Where 7 is the time interval between two adjacent carrier
signals, fC1 is the carrier frequency, n is the number of HBM
in each leg, and m is the number of MMC in the EMMC.
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3.2 Circulating Currents:

The inductance LF 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. 5. Hence, because
of asynchronous switching signals in those legs, the presence
of a circulating current between parallel MMC (IC ) would be
unavoidable. The bigger the inductance LF , the lower will be
this circulating current amplitude. However, increasing LF
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 inductor LC in series with LF as
illustrated in Fig. 6. Considering the polarity marks, LC shows
a zero inductance in conducting common mode, being
activated in differential mode. In fact, the core magnetic flux
of LC 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
circulating current in those pair-legs is lowered by the
coupling inductors effectively. It should be noted that LC has
no effect on the balancing dc current IB in steady-state
operation; nonetheless, this can saturate the core. Therefore,
this should be considered in the filter design procedure [17].

4. SIMULATION RESULTS:

The power circuits of both MMC and EMMC-based
STATCOM with Pl and FUZZY controller were simulated,
results are compared. Simulations were carried out using
MATLAB. Assume that a 25-kV network is supplying a
distorted unbalanced load in an electrical railway application.
Separate 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
determined based on the maximum allowable ripples on top of
the dc voltage as follows:
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—_ iH.max (12)

™ fe1AVE max

Where AVC,max is the maximum allowable voltage ripple on
the dc-link voltages and fC1 is the basic carrier frequency.
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Fig. 6: Adding the coupling inductors (LC ) in series with
the filter inductors (LF ) to reduce of the circulating
current (IC).

Since the current controller momentarily adjusts the output
current of STATCOM, variation of the dc-link voltages in the
allowable region will not disrupt the compensator operation.
For the EMMC-based STATCOM, having two MMC, LF and
LC contribute to the attenuation of a sudden rise of the
balancing current IBx and the circulating current IC due to an
abrupt change in the load currents. Since the total series
inductance LS is almost identical for both the EMMC and the
MMC, LS is calculated according to the maximum allowable
ripple on the output currents AiC,max as below

Voem Ts Vbcm

Ly=Lg+L;= - = ;
STEETRCT mn Ay Mnfr Aigmax

(13)

Here, the PS-PWM modulation technique is applied to both
compensators with a switching frequency of fC1 = 1000 Hz..
Simulations are shown in Fig. 7, where Fig. 7(a)—(f) illustrates
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. 7(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 after compensation by the MMC-based
STATCOM
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Considering the performed simulations and experiments,
although the MMC-based STATCOM is capable of full
compensation, 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
compensator. In fact, the EMMC has lower maintenance costs
compared 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.

5. CONCLUSION

This paper presents the performance assessment of phase
shifted PWM with Pl and FYZZY controllers for MMC AND
EMMC based STATCOM. This modular MMC based
STATCOM introduces a transformer less design, employing
several isolated units composed of a number of cascaded
HBM. Then, the EMMC-based STATCOM has higher
efficiency, higher reliability, lower weight and size, lower
switching frequency and lower ratings for the switches.
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