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ABSTRACT: A new operating mode of the Modular Multilevel Converter (MMC) using modified arm current
waveforms inspired from the working principle of the Alternate Arm Converter (AAC) is presented in this paper. A
reduction in the cell voltage deviation is observed at power factors close to unity at the cost of an increase in power
losses, especially when reactive power is required. This gain in voltage margin is then used in further optimizations of
the MMC performance, mainly focusing on either increasing the number of redundant cells or improving the overall
power efficiency of the converter.

KEYWORDS: AC-DC power converters, emerging topologies, fault tolerance, HVYDC transmission, multilevel
converters, power system faults, STATCOM

. INTRODUCTION

The Modular Multilevel Converter (MMC), illustrated in Fig. 1, was the first modular Voltage Source Converter (VSC)
to provide both low switching losses and low AC current distortion; these features contribute to the higher power
efficiency and the significant reduction in the size of the AC filters of recent VSC power stations. A number of MMC
converter stations are now in operation and more are planned in the next couple of years with power ratings ever
increasing. Over the last few years, a new family of hybrid topologies, such as the Alternate Arm Converter (AAC),
drawn in Fig. 2, has emerged.
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Figure 1 - Half-bridge MMC topology
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These topologies essentially combine both the 2-level VSC and the MMC together in order to improve on some
characteristics such as smaller overall volume, better power efficiency and, in some topologies, DC-side fault blocking
capability. It has also been shown that the AAC has a better temperature distribution between the IGBT modules of a
cell in comparison to the MMC. Extensive studies have also presented different modeling approaches of the electrical
dynamics of these multilevel converters and it has been shown that reduced dynamic models have an acceptable level
of accuracy while offering an appreciable boost in computing speed.
o
]g L J@ e I Termial +
g

BEE
e
‘i n‘"ﬁ* ML d

EQR

Transfarmer
LA L R c‘

‘fﬁﬁl :@i@ T
| %‘M

Figure 2 - AAC topology
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The AAC has a relatively similar electrical topology to the MMC with the main difference being the presence of
director switches, i.e. series-IGBTS, in its arms in series with the stack of cells. The switching state of these director
switches determines which arms are both generating the converter voltage waveform and carrying the AC current to the
respective DC terminal. This approach has proven, to be both power and volume effective, resulting in (i) the number
of cells be significantly reduced, e.g. up to half the number of cells compared to the MMC, (ii) the average cell voltage
deviation is lower allowing smaller capacitors in the cells and (iii) the use of full H-bridge cells instead of half-bridge
cells, thus the AAC is able to block DC-side faults without compromising its overall power efficiency.

In the case of the MMC, it was observed rapidly after the topology was proposed that unplanned circulating currents
were running between the legs. This issue was later solved by implementing additional feedback loops in charge of
monitoring the arm currents. Besides, it has also been observed that this circulating current can be used to reduce the
cell voltage deviation of the cell capacitor or by adding a 2nd harmonic filter at the midpoint of the arm inductors. This
paper presents an original arm current waveform for the in the MMC, inspired by the working mechanism of the AAC.
This study focuses on the effects of changing the arm current waveforms which only implies an update of the control
system (software) but not the converter itself (hardware) which thus stays the same.

This implies that (i) both the AC and DC quantities (e.g. power, voltage and current magnitudes) remain unchanged,
(i) the cells are still of the half-bridge type and (iii) the passive components (e.g. cell capacitors and arm inductors)
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keep the same values. Furthermore only the top level part of the controller is affected but the low-level control stays the
same thus this does not require changes in either the wiring or the communication with the cells. Finally the benefits of
this update both in terms of cell capacitor voltage deviation and power efficiency will be explored and margins for
further optimizations are discussed. Finally, modular VSC topologies such as the MMC and the AAC can also be
connected in front-to-front arrangements (meaning that the AC sides are facing each others) in order to form a DC/DC
converter. Therefore the current modulation concept introduced in this paper can potentially also be used in such
DC/DC topologies with equivalent pros and cons as discussed in this paper.

Il.  ARM CURRENT WAVEFORMS
In its classic operating mode, the MMC distributes equally (i) the AC current between its upper and lower arms and (ii)
the DC current between the three different legs. The complete set of equations describing the arm currents is given in

(1)-(6). The signs present in these equations depend on the direction of the currents, using what is illustrated in Fig 1
and 2

IA+=1A/2+1IDC/3 (1)

IA-=— a2+ Ipcs3 (2)
IB+ = 18/2 + InC/3 (3)
IB— = — 182+ IpC/s3 4)
lc+=1cr2 + 1pcs3 (5)
lc- = —Icr2+ 1pcr3 (6)

The AAC distributes its AC currents in a different pattern as only one arm in each leg carries the full AC current while
the other has its director switch opened, blocking any current from flowing through the arm. Using the variables aaB,.c
€ {0,1} which represent whether the AC current of a particular leg is passing either through the top or bottom arm, the
set of equations describing the arm currents in AAC mode are given in (7)-(12):

IA+=aala—1rs3 (7
IA-=—(1—aa)la—1ss3 (8)
Is+=aB IB—1rs3 9)
le—=—(1—aB)IB—1ss3 (10)
lc+=aclc—1rs3 (11)

le-=—(1—ac)lc—1ss3 (12)

However the AAC inherently generates a 6-pulse ripple on top of the DC current waveform as a consequence of the
alternating nature of the arm conduction periods. Since the objective of this study is to migrate an already existing
MMC converter to an AAC mode of operation without having to change the hardware but only by updating the control
system (i.e. software), installing a DC filter is out of question. To resolve this issue, an additional active filtering
current is added to the arm currents in order to keep the DC current smooth. This filtering current I (13) is obtained by
calculating the ripple component of the DC current waveform resulting from AAC operation in order to suppress it by
adding a circulating current of opposing sign through all three legs.

Ir=Ia++Ip++Ic+—IDC
=Jla—+Ip—+Ic——Ibc
=aala+asIp+aclc—Ipc (13)

The addition of this active filtering current alters the original nature of the AAC mode as the arms will now
continuously run a current through them as opposed to for only one half of the cycle and no current during the other
half of the cycle because the director switches would be closed. However the magnitudes of the arm currents will be
small for a large proportion of the time, while the arm is not carrying the main AC current, compared to the MMC
mode of operation, as shown in the simulation section below. Finally, only the arm current waveform will be different
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Fig.5- Source outputs

In order to assess the benefits of the AAC mode of operation, shown in fig.3 a 120 MW MMC converter has been
simulated using Simulink® and the Artemis® toolbox in order to simulate a reasonably large number of half-bridge
cells. The characteristics of this simulation model are listed in Table 1. In order to better match realistic MMC
converter, triplen harmonic voltage injection has been used (about 15% of the fundamental magnitude) in order to
shape the converter voltage waveform into an almost trapezoidal waveform and to push the power rating to its
theoretical maximum while still using only half-bridge cells. Furthermore, a power loss analysis has also been
performed by post-processing the voltage and current waveforms in each cells using the power loss data from the
datasheet of the 3.3 kV 1.2 kA HiPak IGBT device 5SNA 1200E330100. In the later part of the simulation section, the
steady state junction temperature of the different semiconductor devices in a cell (e.g. top and bottom IGBT and diode
modules) by applying the individual power loss figure of each device into a power-thermal model derived in ANSIS
and assuming a coolant temperature of 60°C shared by all the semiconductor devices.

Table 1 - Characteristics of the simulated MMC model

Rated power 120 MW
DC bus +50 kV
AC line 55 kV
AC frequency 50 Hz
Triplen harmonic voltage 15%
Number of cells per stack 56
Cell capacitor 8 mF
Phase inductor 8 mH
Arm inductor 6 mH
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B. Arm Current Waveforms:

The arm current waveforms resulting from this mode of operation are observed in this section. Fig. 6 shows the top arm
current waveform in both MMC and AAC operating modes (respectively the red and green curves) under unity power
factor rectifier mode. The third curve (blue) is the result of the difference between the two waveforms and can be
interpreted as the equivalent circulating current which can be injected in the converter to move from the MMC mode to
the AAC mode of operation. It can be observed that at unity power factor a large amount of the fundamental cycle is
spent with a small amount of current magnitude in AAC mode as opposed to the MMC mode. As more reactive power
is involved in the conversion process as shown in Fig 7 (same amount of active and reactive power) and in Fig. 8
(reactive power only), the arm current waveform becomes more and more distorted in AAC mode with still a
significant portion of the cycle used by low magnitude current but at the expense of an increasing peak values to attain
twice the value in the MMC mode. The power losses have computed for different operating points and the results listed
in Table 2 with the total power loss values plotted in accordance to the angular value of their respective operating
points in Fig. 9.
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Figure 6 - Arm A+ current waveform in MMC (red), AAC (green) modes and the resulting circulating current (blue) with active power only
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Figure 7 - Arm A+ current waveform in MMC (red), AAC (green) modes and the resulting circulating current (blue) with both active and reactive
powers
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Figure 8 - Arm A+ current waveform in MMC (red), AAC (green) modes and the resulting circulating current (blue) with reactive power only
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Figure 9 - Power losses as percent of the total apparent power in MMC and AAC modes for different operating points
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Active Power lpu 0.7pu Opu -0.7pu | -lpu -0.7pu Opu 0.7pu
Reactive Power Opu 0.7 pu lpu 0.7 pu Opu -0.7pu -1 pu -0.7pu

Conduction 0.50% | 0.44% | 0.36% | 0.37% | 0.38% | 0.37% 0.35% | 0.45%

losses

MMC

mode
Switching 0.15% | 0.14% | 0.13% | 0.13% | 0.15% 0.15% 0.15% | 0.16%
losses
Total 0.65% | 0.58% | 0.49% |0.51% | 0.53% | 0.52% 0.50% 0.60%
losses

Conduction 0.53% | 0.56% | 0.51% 0.43% | 0.38% 0.40% 0.49% | 0.53%
AAC losses

mode
Switching 0.16% | 0.22% | 0.24% | 0.20% | 0.17% 0.26% 0.30% | 0.32%
losses
Total 0.69% | 0.78% | 0.75% | 0.63% | 0.55% 0.66% 0.79% | 0.85%
losses

Table 2 — Power losses of the MMC model depending on the mode of operation and operating point relative to the apparent power
C. Observation at unity power factor:

The previous set of results indicates that this new AAC mode is only potentially attractive for unity power factor only
as both the arm current peak values and the power losses are increase dramatically when reactive power is involved in
the conversion process. The next part of this paper assumes that only these two operating points (inverter and rectifier
active power only) are considered with the results focusing on the rectifier mode mainly since the inverter mode is
merely an opposite phase angle version of the former.
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Figure 10 - Arm current waveforms in MMC mode
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Figure 11 - Arm current waveforms in AAC mode

Fig. 10 and 11 show the arm current waveforms respectively in MMC and AAC modes of operation. On one hand, the
MMC mode results in the arms continuously conducting a large amount of current as opposed to the AAC mode where
a significant part of the cycle is spent with only a small amount of current (around -150 A). This remaining low
magnitude current mainly consists of the filtering current Ir (13). On the other hand, the peak value of the arm current
currents is lower in the MMC mode compared to the AAC mode (respectively 1.3 kA and 1.6 kA thus 23% higher in

the AAC case).
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V. CONCLUSION

The AAC mode of operation of an existing MMC station has been presented in this paper. This new mode of operation
does not require any hardware modification of the converter station but rather an update of the control system, hence
mainly software. Generally the power losses increase in the AAC mode of operation compared to the MMC mode but
are approximately the same when operating close to unity power. Given this fact, the study focused only on active
power conversion operating points. In this condition, the AAC-mode still exhibits higher peak arm current combined
with a significant part of the cycle at low current magnitudes but, most importantly, smaller cell voltage deviations (e.g.
30% lower) compared to the classic MMC mode are observed.

This last fact can be used to further optimize the performance of the MMC converter station in two different ways.
First, reducing the switching frequency of the PWM signal will result in a substantial decrease in the switching losses,
hence a higher power efficiency figure for the converter station. This leads also to an increase of the individual cell
voltage deviations but those are still contained within the same limits set during the previous MMC mode. Second,
increasing slightly the nominal voltage of the cells results in having some cells being made redundant (approximately
5% of the cells in each stack) since the stacks are able to produce more voltage than normally required. Despite the
higher nominal voltage, the maximum peak value hit by the cell voltages is still the same maximum value set during the
previous MMC mode of operation. From here, either (i) these redundant cells are electrically bypassed in order to
further improve the power efficiency of the converter station, or (ii) they can be used as back-up cells in case of other
cell failures, thus further improving the overall reliability of the MMC.
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