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Abstract—The use of power converters as solid state trans-
formers is an attractive solution to modernize the power network,
but this solution has not been fully addressed for MV and HV
substations. This paper presents a customized and simple control
for the Modular Multilevel Matrix Converter (M3C), specially
conceived for its operation on synchronous ports, which is the
case of AC substations. The control allows bidirectional power
transfer, generation/absorption of reactive power and provisions
of ancillary services. The converter is compared to the back-to-
back Modular Multilevel Converter (B2B-MMC) where the key
performance indicators to carry out the comparison are power
efficiency, number of semiconductor devices, passive components
required, footprint, voltage cell balance, fault blocking capability
and stress of components. The simulation results show the fea-
tures, performance and attractiveness of the M3C topology in a
33/11 kV, 16 MW substation under different operating conditions,
including grid faults and dynamic operation. The M3C presents
similar efficiency and performance than the B2B-MMC, but
it uses fewer semiconductor devices, passive components and
total cell capacitor energy than the B2B-MMC, reducing cost
and footprint. The experimental results show the performance
of the M3C under less ideal conditions including a substation
transformer saturation and power step response.

Index Terms—Modular multilevel matrix converter, solid state
transformer, AC-AC power conversion, power distribution, smart
substation, smart grid.

I. INTRODUCTION

NCREASING penetration of variable renewable energies

can be detrimental to the transmission and distribution
system, leading to alteration of voltage magnitudes such as
overvoltage at transmission level buses, greater voltage dips
following most of the disturbances and increment of oscilla-
tions [1]. The emergence of distributed generation (DG) also
introduces significant drawbacks such as power loss increase
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Fig. 1. Modular multilevel matrix converter in MV distribution substation

[2] and poor voltage regulation in the distribution network [3].
A high penetration of EV could generate operational issues
in the distribution network [4], which could increase power
losses drastically and could require network reinforcements
up to 19% [5], especially in urban areas with high load
density. The uncoordinated EV charging not only overloads the
distribution transformers, but also causes voltage fluctuations
and unbalances [6]. The MV network is particularly affected
and its transformers need to be resized or upgraded [7].

The traditional solutions such as using taps to control the
voltage profile in distribution transformers are not effective in
systems with variability, due to high penetration of renewable
energies, DG and EVs. Novel solutions have been emerging
to overcome this issues. For example, the operation of parallel
transformers with different tap positions can provide reactive
power absorption services for transmission lines with low
demand, which is more economic than using shunt reactors
because it uses existing assets, but also increases power
losses and introduces voltage spikes [8]. The implementation
of intelligent transformer substations in MV networks with
remote control and active load management has been proposed
to reduce network losses, compensate reactive power, reduce
harmonics and monitor the transformer operation during over-
load [9].

A possible solution is the Solid State Transformer (SST),
which is a power electronics interface between MV and
LV systems that uses a high frequency transformer. SST is
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considered as a key component of the future smart grid and
has been widely proposed for distribution networks due to its
high controllability and performance, since it has full-range
control over voltages and currents. However, for MVA ranges,
it is at least five times more expensive and at least three times
less efficient than conventional low frequency transformers
employed in the grid today [10]. Other important drawbacks
are the reliability, operational costs and incompatibility with
the protection currently used. Moreover, the application of SST
in MV and HV is not straightforward and requires input-series-
output-parallel (ISOP) configuration.

On the other hand, Modular Multilevel Converter topologies
have been proposed for MV and HV applications such as
HVDC transmission, fractional frequency transmission sys-
tems [11], [12] and MV motor drives since they have high
modularity, reliability and efficiency [13]. The use of MMC
in distribution networks is scarce and implemented as B2B-
MMC to connect feeders of the same voltage [14] or as
hexverter in direct ac-ac configuration [15]. Both converters
are promising and can deal with faults and unbalance voltages.
However, the use of M3C for distribution networks connecting
two synchronous ports has not been addressed, which can be
seen as a specific case, but probably the most common case
for solid state transformer applications.

This paper presents the M3C (direct ac-ac) applied in HV
and MV substations to transfer bidirectional active power,
generate or absorb reactive power, provide ancillary services
and compares it with the B2B-MMC (indirect ac-dc-ac). The
M3C working as solid state transformer in an ac substation can
operate under a more simple control scheme than the proposed
in previous papers [16]-[18].

II. MODULAR MULTILEVEL TOPOLOGIES

For the use on three phase ac to ac conversion, the Modular
Multilevel topologies that stand out are the B2B-MMC, the
M3C and the Hex-converter, but the latter is restricted by
coupled reactive power between the ac sides [15], therefore,
only the first two are further analyzed and compared.

The number of semiconductor devices on the M3C (Fig. 2)
is determined by both, the high-voltage (HV) and low-voltage
(LV) side voltages, as each stack has to be able to block the
maximum possible difference between them to withstand the
worst ac fault case scenario. Thus, the minimum number of
semiconductor devices (/Nps3¢) on all the full-bridge cells is
given by (1), where [ ] is the ceiling function, V;{}° and V] {?*
are the rms value of the phase to phase voltages at the HV
and LV side, respectively, and V**™ is the nominal value of
the cell capacitor voltage.

On the other hand, the number of semiconductor devices on
the B2B-MMC (Fig. 3) is determined by the voltage of the HV
feeder only, because its magnitude fixes the minimum voltage
of the dc-link, which is the voltage that each stack has to be
able to block to withstand the worst ac fault case scenario.
In this way, the minimum number of semiconductor devices
(Npap—nmme) used by all the half-bridge cells is given by
2).

The stacks handle different levels of current, not only
between the two converters, but also in the stacks of the
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Fig. 2. Topology of a M3C with Full-Bridge (FB) cells.

same converter. For example, considering an operation with
the same reactive power in both sides, the B2B-MMC requires
controlling a lower current on the HV side. In the case of the
M3C, some stacks handle much less current than others, since
they depend on the phases to which they are connected and
the phase shift of the substation. In this sense, it was decided
to preserve the modularity of the converters and operate with
IGBTs that support the highest voltages and currents, since in
any case the symmetry of the currents in each stack will be
reflected in the losses of each converter and in its ability to
handle reactive power of greater magnitude.

For the same voltage V*°"", the ratio between the number
of semiconductors in both converters is giver by (3), where
a = Vi3 /VI7® and it shows how the higher the voltage
ratio, the more disadvantageous the B2B-MMC becomes, as
the dc-link forces the LV-MMC to have the same number of
semiconductors as the HV-MMC (Fig. 4). For a voltage ratio of
a = 3, the number of semiconductors used by both converter
is the same.

The following comparison of the topologies assumes the
same cell capacitor voltages (1.8 kV), same power ratings,
same IGBTs and a modular design to block ac faults: in a
33/11 kV substation, the M3C blocks 66% of voltage and has
half of capacitors than the B2B-MMC, but both topologies
use the same number of IGBTs (720). On the other hand, in
a 132/11 kV substation, the M3C blocks 54% of the voltage,
has 41% of capacitors and 81% number of IGBTs compared
with the B2B-MMC. In summary, the comparison between
the two topologies is highly sensitive to the substation voltage
ratio with the M3C becoming more attractive at higher voltage
ratios. Therefore, the following analysis and comparison are
done for a substation with &« = 3 because it is the most
equitable case.

V2 (VED + VIT®)
N =4-9-. 1
M3C { 3 Vo (D
9. \/§ . /rms
Npop—mmc =2-12- ’V\/gvngx—‘ )

Vi )_4 ( a )(3)
vigs+vips ) 3 \a+1

Np2p-mmc _ 4 (
Nusc 3



IEEE TRANSACTIONS ON POWER DELIVERY, VOL. XX, NO. X, MONTH 202X

HB +
. v
Veell ~|
Fig. 3. Topology of a B2B-MMC with Half-Bridge (HB) cells.
Npop-amc |
Norsc e.g. 33kV/11kV e.g. 132kV/11kV
123F-------- e T

[ R : i
067 |- i M3C uses less i
! ' semiconductor devices }

1 3 12 v

O = voms

ViV

Fig. 4. In terms of the number of semiconductors, the M3C becomes more
advantageous than the B2B-MMC for o > 3.

III. CONTROL OF THE MMC CONVERTERS

For an adequate comparison, the control schemes used for
the B2B-MMC and the M3C share the same structure. A
current solver with the model equations of each topology
controls the active and reactive power on both sides of the
substation. Then, cascaded PI and P+R controllers regulate
the arm currents and balance the energy between stacks.
Finally, phase-shift PWM is implemented with a proportional
controller to balance the voltage of the cell capacitors within
each stack. The following subsections explain each control in
detail.

A. Control of the back-to-back MMC

The control scheme for the B2B-MMC uses three outer PI
energy controllers to balance the energy between the stacks
plus two inner current controllers per leg (Fig. 6).

The horizontal controller (P) receives the energy stored in
the upper and lower stack capacitors, and it regulates this value
so that the stored energy in the leg matches the set point. On
the other side, the vertical controller (P,) takes the difference
between the energy of the upper and lower stack, and regulates
its value to zero to keep the same energy on both stacks. The
third controller (Py.) regulates the dc-link voltage to match
the reference value. The dc-link exchanges energy with the
LV and/or HV side of the grid according to a fixed scalar
ke € ]0,1] set by the operator.

The currents of the upper and lower arm of the same leg
J, are used in the following linear transformation Ty [19],
[20] to decouple the model:

i 1 -1 [#] .
|:.j ] = |:1 1:| |:.j], jG{A,B,C,a,lLC} 4)
Yeire 2 2 4

The output current i,,; regulates the active and reactive
power at both sides of the substation, and the circulating cur-
rent i.;,. regulates the power given by the outer PI controllers
to balance the capacitors.

The model equations of the current solver that calculates
the current references for each phase j are given in (5) and
(6), using the power variables defined in (7) and (8).

B Pi— Q7
zgmtzvijj (5)
, Pi+ pl 4 pi
Z‘iim:M (6)
Vde
j _P*_kepc 1 7 .
szfd, QJZQI;V,]E{A,B,C} @)
P —(1—k)Pr . Qi
pi - (3 )Pac. QJ:Q§V,]e{a,b,c} @®)

B. Proposed control of the M3C

The control scheme used for the M3C has one outer PI
energy controller per arm for the stored energy in each stack
and one inner P+R current controller per arm (Fig. 7).

The outer PI power controller regulates the energy of each
stack EJ% through injection or absorption of active power P7*.
Ideally, the cell capacitors do not exchange active power, so
only a quadrature current should flow through each arm, but
PJ* is injected or absorbed in case of unbalances.

The current solver calculates the reference current for each
arm /¥ through the model equations (9)-(12). The solver
receives the power references of each grid line from a tertiary
control (grid operator or high-level control) and it receives the
active power PJ* of each stack from the outer PI controller.

The line currents i/ at HV and LV sides are defined by
the power reference from the tertiary control (grid operator or
high-level control). Additionally, each line current is the sum
of the three arm currents connected to the respective line, so
they can be expressed by a matrix equation system (9), but
matrix M is rank deficient, hence the arm currents cannot
be obtained directly. On the other hand, the arm current ik
can be split into direct (or x) i?;k and quadrature (or y) zjyk
components as illustrated en Fig. 5, which are related to the
real and imaginary components by the rotation matrix (10).

The power PJ* defines the active current of the respective
arm /% (12), where v7% is the difference of the respective
phase voltages (13), and the arm voltage angle 7% is used as
reference for the real axis of the arm currents z;’; Equation
(11) is solved for 7, and the arm currents i7F are obtained
from the linear transformation (10) as the system becomes
fully ranked.

R(i4) R(i*)
(i) J(i4)

M - _ — ZZ, M € IRIQX18 (9)
%(ZCC) (1)
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Fig. 5. Current coordinates for M3C modelling.
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IV. SIMULATION RESULTS

The converter was simulated in a 33kV/11kV, 16 MVA
substation with a Dyl configuration (A8 = 30°) because it is
common for MV distribution transformers [21]. The voltages
33/11 kV were chosen because it is the most equitable case
for the comparison of both topologies, according to section
II. The simulations were computed using MATLAB/Simulink
SimPowerSystems toolbox using the key parameters of the
power system summarized in Table 1.

Table II indicates the parameters of the simulated M3C and
also of its B2ZB-MMC counterpart. The number of cells and
their capacitance value were selected to handle 16 MVA with
a maximum voltage ripple of £10% in each capacitor. The
capacitance of the cells was sized using a standard approach
[22] to handle a maximum desired voltage ripple (£10%)
on each converter at the worst case scenario, which is the
operating point that generates the most ripple. For the B2B-
MMC, the calculation is straightforward with the HV side
MMC requiring 1/« of capacitance needed in the LV side. On
the other hand, the capacitor sizing for the M3C was obtained
by a numerical method via iteration algorithms. The capaci-
tance is highly dependant on the voltage ratio o and on the
phase angle § between both sides of the substation. The same
inductors were used in both converters to maintain fairness
in the harmonic distortion comparison. The same switching
frequency of the cells was selected for both converters to
maintain fairness in the THD and efficiency comparison. The
PS-PWM works at 200 Hz because it exhibits a good trade-
off between switching power losses and current THD. Both
converters are transformerless and filterless to reduce cost,
footprint and power losses. They can be connected directly to
the MV grid because they manage high voltage and generate
a great number of voltage levels in each stack (31 for B2B-
MMC and 41 for M3C). The gains of the current and energy
controllers were tuned heuristically to achieve relatively fast

response without an excessive overshoot. The converter has
a maximum reactive power in the HV grid side three times
higher than in the LV side, since each arm was sized to handle
the LV side current.

The following subsections show the operation of the con-
verter under different scenarios. First, the power losses and
efficiencies are calculated for various stationary power op-
erating points and compared to the B2B-MMC efficiencies
at same conditions. Then, key waveforms are presented to
observe the performance under four situations: (i) nominal
power transmission and ideal conditions; (ii) dynamic power
flow operation; and (iii) single-phase to ground and three-
phase to ground short circuit faults.

A. Power Losses

The power losses in the semiconductor devices were
obtained by using the curves of the ABB IGBT part
5SNA1200E330100 (3.3 kV, 1.2 kA) provided by the man-
ufacturer and according to the standard BS EN 62751:2014
[23], [24]. The following power losses were considered: (i)
IGBT conduction losses; (ii) IGBT turn-on and (iii) turn-off
switching losses; (iv) diode reverse recovery losses; and (v)
diode conduction losses. The losses in the arm reactors due
to its equivalent series resistance were also calculated and
added to the efficiency results because they can represent
up to 10% of the total losses. Other power losses such
as additional conduction losses, capacitor losses and driver
power consumption, were not taken into account as they are
comparatively negligible and there is no need for snubber
circuits [25].

Table III shows the efficiency of the converters for several
power flow operating points. The efficiency of the B2B-
MMC and M3C at nominal power and unity power factor is
97.79% and 97.41%, respectively. As the power decreases, the
switching losses becomes more relevant than the conduction
losses, while the total power losses do not follow a direct rela-
tionship. Also, losses remain similar when the power reverse.
The converters present lower efficiencies when operating at
nominal power with low power factors, particularly when it is
at the high-voltage side.

The B2B-MMC shows higher efficiency than the M3C
at unity power factor, regardless of the amount of power
being transferred. On the other hand, the M3C shows better
efficiency than the B2B-MMC when considerable amount of
reactive power is injected at the HV side. Both converters
exhibit the same efficiency when they are operated at nominal
power with a power factor angle of 45° on the LV side.

TABLE I
PARAMETERS OF THE SYSTEM

Description Parameter Value
Grid nominal frequency f 50Hz

HV Grid nominal voltage V}lfvl 33kV/30°
LV Grid nominal voltage Vi 11kV £0°
HV Grid X/R XRpv 10

LV Grid X/R XRrv 30

Short circuit level Sse 500MVA
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TABLE II

PARAMETERS OF THE CONVERTERS (Vbla_sle =11 kV)

Description Parameter Value
B2B-MMC M3C
Power rating Snom 16 MVA
Arm reactor inductance L 4.8 mH (0.2 pu)
Arm reactor resistance rL 15.8 m§2 (Q=100)
Switching frequency fs 200 Hz
IGBT 5SNA1200E330100 - 33kV & 1.2 kA
Cell capacitors voltage Vo 1.8 kV
. . 1.75 mF (HV)

Cell capacitors size C 5.25 mF (LV) 3.27 mF
Cells per arm N 30 20
Number of cells Ny 360 180
Number of IGBTs Nigvt 720 720
Number of voltage sensors Nys 360 180
Number of current sensors  Ncg 12 9
Total cell energy Ecap 2041 kJ 954 kJ
Stack switching frequency  fsw 6 kHz 8kHz

B. Performance Under Ideal Conditions

Fig. 8a shows the results for the M3C simulated at nominal
operation (16 MVA) and unity power factor with active power
flowing from HV to LV side and compares it with Fig. 8b
which shows the operation of the B2B-MMC under the same
conditions. Both converters exhibit voltages and currents with
relatively low THD for the two sides (33 kV and 11 kV).
This shows the high power quality of the converters, which
could outperform the conventional low frequency transformer,
as it is an active system able to control active and reactive
power in all four quadrants, control currents independently and
filter harmonics. The latter enables the provision of several
ancillary services which enhance the power quality of the

Controller

Arm current

P+R PS-PWM
+

P controller

Modulator
P B
TABLE IIT
EFFICIENCY (Ty; = 25°C)
P Quv QLv 7B2B-MMC 1 M3C

1.0 p.u. 0.0 p.u. 0.0 p.u. 97.79% 97.41%
0.5 p.u. 0.0 p.u. 0.0 p.u. 97.87 % 97.59%
0.1 p.u. 0.0 p.u. 0.0 p.u. 97.65% 97.55%
-1.0 p.u. 0.0 p.u. 0.0 p.u. 97.80% 97.54%
v/0.5 p.u. 0.0 pu. /0.5 p.u. 97.25% 97.25%
1.0 pu. /8.0 p.u. 0.0 p.u. 96.91% 97.06%
0.5 p.u. V85 pu V0.5 pu. 95.85% 96.69 %

system. However, this proposal does not cover the ancillary
services and focuses on the power control of the converters as
solid state transformer.

The arm currents in the M3C only have an ac component,
whereas in the B2B-MMC they also include a dc component
whose sign depends on the direction of the active power
flow. The stack voltages of the M3C are multilevel sinusoidal
waveforms without offset, in contrast to the ones of the B2B-
MMC which have an offset equal to half the dc-link voltage.

The cells capacitor voltages are well balanced with a ripple
that depends on the operating point and the capacitance
of the cells. The B2B-MMC converter capacitors exhibit a
grid frequency ripple with an additional second harmonic
component that can reach up to 1/4 the magnitude of the
fundamental. The capacitance of the cells were selected to
keep the ripple constraint at 10% for the worst case scenario,
so at this operating point the ripple does not reach its limits.

C. Performance Under Dynamic Power Operation

The performance of the converter was tested under a dy-
namic power operation over a period of 0.1 seconds. The
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Fig. 8. Waveforms of (a) the M3C and (b) the B2B-MMC under ideal conditions.

operation consists in an active power reversal (Pry = — Py
from 0.7 to -0.7 p.u), a reactive power reversal at LV side
(Qry from 0.5 to -0.5 p.u), and a reactive power drop at HV
side (Q gy from 2.8 to 2.0 p.u).

The results of this simulations are shown in Fig. 9. Ac-
tive and reactive power follow the reference precisely and
accurately while the line currents change smoothly during
the transition. The moving average of the mean cell capacitor
voltage in each stack are maintained near the reference.

The arm current amplitudes are coupled in groups of three
([7ac-iBa-tco]; [iaa-iBo-icc]; [1ab-iBe-ical) and they control
the power by changing their magnitude while maintaining their
phase.

D. AC Fault Blocking Capability

The ability to cope with ac fault was tested. The control
system detects a fault when the line voltage drops under 60%

of its nominal value. If a fault is detected, the magnitude of
the reference of the arm currents is decreased to zero with
a rate limiter to avoid peak voltages across the arm reactors.
For a complete current stop, the IGBTs were programmed to
open as soon as the currents reach zero. When the voltage
is restored, the converters resume their normal operation with
the appropriate rate limiter.

Fig. 10 shows the results of two simulations that include
faults between 0.05s and 0.08s at the LV side of the converters
while operating at Py = —Pgy = 0.3, Qry = 0.1, and
Quv = 0.5. Fig. 10a shows a unsymmetrical single-phase to
ground fault and Fig. 10b shows a symmetrical three-phase to
ground fault.

The converter can appropriately set to zero the power flow
between HV and LV side during the fault and quickly get back
to the previous operating point when the fault is cleared. This
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Fig. 9. Waveforms of the M3C under dynamic operation.

is shown as a moving average of the power flow within each
phase. For the duration of the fault, the voltage in capacitors
remain constant since there is no arm current. When the fault
is gone, the energy controllers return to balance the voltage in
the capacitors instantaneously.

The presented results demonstrate the ability of the con-
verter to cope with ac faults without needing galvanic isola-
tion, which is the main concern with non-isolated SST [26].
Furthermore, current substations can work using autotrans-
formers [27], which means that a non-isolated converter as
the M3C could be a suitable alternative for substations.

V. EXPERIMENTAL RESULTS

An M3C prototype was constructed and tested in a
570V/190V (330V/110V line to neutral) experimental substa-
tion. The substation consisted of the three phase Chilean resi-
dential grid (380V at 50 Hz) feeding a three-phase 380V/570V
dY1 transformer for the HV side and a three-phase autotrans-
former, which was previously set to an output of 190V, for

TABLE IV
PARAMETERS OF THE LI;AC’{RICAL SYSTEM AND CONVERTER
fvbm =190 V§
Description Parameter Value
Grid nominal frequency f 50 Hz
HV Grid nominal voltage V}lfvl 570 V/Z — 30°
LV Grid nominal voltage VI{‘_/Z 190 VZ0°
Power rating Snom 5 kVA
Arm reactor inductance Larm 5.0 mH (0.3 pu)
Arm reactor resistance Rarm 5.0 m§2 (Q=300)
Switching frequency fs 1 kHz
MOSFET CoolMOS IPW65R041CFD - 650 V & 68.5 A
Cell capacitors voltage Vo 155V
Cell capacitors size C 1.00 mF
Cells per stack N 4
Total number of cells Ny 36
Total number of IGBTSs Nigbt 144
Total cell energy Ecap 432]
Stack switching frequency Sfsw 8 kHz

the LV side. The converter consisted of an M3C with four H-
bridge cells and a SmH inductor per leg. A simple schematic
of the setup is shown in Fig. 11.

The parameters of the converter such as number of cells,
cell nominal voltage and capacitance were selected following
the same procedure as for the simulations, in this case for
a nominal power of the converter of 5kVA and a maximum
voltage ripple of +10% in each capacitor, resulting in 4 cells
per stack, with a nominal voltage 155V and 1mF capacitance
per cell. The parameters of the electrical system and the
converter are shown in table IV.

The following sections show the operation of the converter
prototype under two different scenarios: (i) steady state opera-
tion and (ii) dynamic power flow operation. It was not possible
to test the operation of the converter under fault conditions due
to the laboratory current protection scheme.

A. Performance under steady state operation

Fig. 12a shows the behaviour of the M3C at steady state
operation with an active power flow reference of 0.6 p.u. from
HV (570V) to LV (190V) side, a reactive power flow reference
of 1.8 p.u. at the HV side and 0.45 at the LV side.

The voltages of the HV and LV grid show a high level of
switching frequency harmonic ripple. Due to the low short-
circuit level of the setup, the sudden changes of 155V at
the output of the cells influence the grid voltage seen by the
converter.

The line currents show a much lower switching harmonic
ripple, but a considerable presence of low order harmonics,
due to the saturation of the transformers when operated above
their nominal power which results in a non-linear relationship
between voltage and current over certain value. The saturation
point is not the same for both sides, because the two transform-
ers are of different types and from different manufacturers.

Arm currents follow the references (in black) accurately
with some switching frequency ripple, inherent feature of the
multilevel converters with this number of levels and switching
frequency. One way of reducing the presence of ripple is
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Fig. 10. Waveforms of the M3C under (a) unsymmetrical single-phase to ground fault at LV and (b) symmetrical three-phase to ground fault at LV.

to increase the switching frequency of the stacks, by either
increasing the number of levels or increasing the switching
frequency of the cells, but the latter increases the switching
losses.

The capacitor voltages of the cells are well balanced with
the characteristic fundamental component with twice the grid
frequency. Since the capacitance of the cells were selected to
keep the ripple constraint for the worst case scenario, the ripple
is less than 10%. Fig. 12a only shows the capacitor voltages of
one arm, but all of them were kept between the ripple limits.

B. Performance under dynamic operation

The performance of the prototype was tested under a dy-
namic operation with power references ramping to new values
over a period of 0.1 seconds. The operation consists of an
active power reversal (Ppy = —Pgy from 0.6 to -0.6 p.u.),
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a reactive power reversal at LV side (Qy from 0.45 to -0.45
p-u.), and a step reactive power drop at HV side (Q gy from
1.8 to 1.3 p.u.).

The results of this test are shown in Fig. 12b. During the
dynamic operation the changes are not as smooth as shown by
the simulations because, in contrast with the condition of the
simulations, the transition time given to the reactive power at
the HV side was of 0.01s instead of 0.1s. Nevertheless, active
and reactive power are well established into the desired value
after the transition and the moving average of the mean cell
capacitor voltage in each stack is well controlled to return to
the reference of 155V.

VI. CONCLUSION

The M3C has been shown to be suitable for HV and
MYV ac substations working as grid supporting converters,
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Fig. 12. Waveforms of the M3C experimental setup under (a) steady state and (b) dynamic operation.

connected in parallel with conventional transformers. This
power converter combines the benefits of the MMC, such as
high modularity, reliability, efficiency and quality waveforms
with the benefits of the SST, such as high controllability and
performance.

The proposed control of the M3C introduces a new trans-
formation that decouples the output and circulating currents
and works under synchronous operation. The control scheme
achieves bidirectional active power transfer, decoupled gener-
ation and absorption of reactive power at both sides of the
converter and ac fault blocking.

Simulations of a 33/11 kV, 16 MVA substation show that
the converter can successfully operate under normal conditions
achieving low power losses and currents with low THD,
dispensing with the use of line filters. Simulations also show
quick response of the converters during ac fault events. This

ability of the converter to cope with faults can be extrapolated
to other types of faults as the converter can easily stop the
current flow by opening the IGBTs, which avoids the need for
galvanic isolation in the substation.

Experimental results on a 570/190 kV, 5 kVA prototype
substation show that the M3C can operate under steady
state and dynamic conditions being able to follow the power
references and balancing the capacitor voltages even for step
changes in the reference and with saturated transformers.

Compared with the B2B-MMC, the M3C uses half the
number of cells and has 47% of the total cell capacitors energy
in a 33/11 kV substation. This means the footprint of the
capacitors will be significantly reduced in the M3C, which
can be a determinant parameter to choose the topology over
the B2B-MMC. The M3C becomes even more attractive at
higher voltage ratios as it also uses fewer semiconductors. The
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high number of semiconductor devices in Modular Multilevel
Converters makes them still an expensive alternative to trans-
formers, but it was concluded that the M3C converter should
be more economic than the B2B-M2C where the substation
has a voltage ratio higher than 3:1. Additionally, in the future
it is expected that the ancillary services the M3C can provide
will reduce the economic gap, making them a very attractive
solution.

The efficiency of the power converter is lower than a con-
ventional transformer, but is high in comparison to solid state
transformers [10]. Additionally, this converter could deliver
several ancillary services, work as grid forming converters
or can be operated with the goal of optimize the efficiency
of the entire substation if it is implemented in parallel with
conventional transformers, which can be analyzed in a future
work.
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