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Abstract—As the penetration of renewable energy generation
increases, the importance of energy storage systems becomes
evident since these systems can contribute for the preservation of
the power system stability. Wind turbine owners can also benefit
from having energy storage systems as they can increase their
revenues. The fast growth of wind turbine power ratings will
eventually lead to the requirement of higher voltage levels as well.
Proper power-electronic converters will be required to drive these
systems. Converters with a modular multilevel structure are con-
sidered the state-of-the-art solution for high-power applications.
These topologies allow for a flexible integration of energy storage
systems in both centralized and decentralized ways. This paper
presents a new converter solution with a modular multilevel
structure and decentralized energy storage integration suitable to
drive high-power medium-voltage wind turbines. This converter
presents important structural and control characteristics that
allows for a straightforward integration of an energy storage
system in such a way that the wind turbine driven by it can
operate with high flexibility and in a dispatchable fashion,
benefiting both the power system operator and the wind-power-
plant owner.

Index Terms—modular multilevel converters, wind turbines,
energy storage systems.

I. INTRODUCTION

HE world has been facing an increasing penetration of
renewable energy sources into the electrical grid, which
brings challenges to the operation of power systems. The
power systems operate in an on-demand fashion, instanta-
neously controlling the generation to meet the load and, thus,
maintaining frequency stability. Wind turbines (WTs) and solar
photovoltaic systems are non-dispatchable generation sources
since it is not possible to control the amount of power injected
into the grid as it is dependent on the energy resource availabil-
ity at the given moment. Energy storage systems (ESSs) will
be an essential technology to allow for the proper integration of
renewable energy sources in the future electrical grids. A wind
power plant with an ESS can operate in a dispatchable fashion
contributing to the grid frequency regulation and economic
dispatch [1], [2]. Besides, the ESS allows the WT to have an
inertial response, preserving the grid stability [1], [2]. Finally,
the WT with an ESS can help to black start the electrical grid,
after a blackout, in a bottom-up approach (starting from the
distribution level towards the transmission level), which can
considerably reduce the grid restoration time, minimizing the
economic losses of the industry [3].
Besides the advantages to the power system operation, WT
owners can also benefit from the usage of an ESS. The usage

of an ESS can lead to higher revenues in the electricity market
[4]. In other words, WT owners sign contracts that are based
on generation forecasts and they suffer financial penalties
for mismatches between the contracted power and the actual
generated power. This problem could be solved with an ESS.
Moreover, an ESS could maintain a wind power plant active
during a grid fault that would isolate the power plant from the
main grid. The ESS converter would operate in a grid-forming
mode while absorbing the energy generated by the WTs.

Upscaling is a trend in modern WTs, which aims at building
turbines with higher power ratings while reducing structural
costs, size and weight [5], [6]. As the power levels of the WTs
increase, it is natural to expect an increase of voltage levels
of the equipment and devices related to them as well. In fact,
it has been proved that, at a certain power level, the usage
of a medium-voltage (MV) structure, including generator and
power-electronic converter, results in reduced costs, size and
weight [7]. A MV structure would reduce the size of the
WT transformer or could even lead to a transformer-less
operation [8], [9]. The increased voltage levels would reduce
the turbine currents, leading to lower losses and leading to a
considerable reduction of the size of the turbine cables, which
would contribute to a smaller weight of the solution in general
[10]. This fact could be very beneficial to offshore WTs that
require complex and expensive supporting structures that must
be capable to withstand the turbine weight.

The integration of ESSs in wind power plants can be
executed in different ways. First, the ESS could be installed
at the point of connection of the wind power plant to the grid,
in which the ESS would require its own dedicated converter.
The ESS could also be integrated into the WT converter.
In this paper, batteries are considered as the ESS. However,
any other ESS technology, such as supercapacitors, could be
adopted if desired. Power-electronic converters with modular
multilevel structure allow for both centralized and decen-
tralized integration of batteries [11]-[16]. In the centralized
case, the batteries are connected to the converter DC link,
whereas in the decentralized one, the batteries are distributed
into each converter submodule. Having the batteries integrated
into the WT converter could potentially reduce costs and, in
general, reduce the size and weight of the wind power plant
structure, which could be very beneficial to offshore wind
power plants. Besides, the usage of decentralized batteries in
the WT allows for battery packs with reduced voltages, with
a reduced number of series-connected cells, which simplifies



the control and monitoring of such systems, potentially leading
to the requirement of a cheaper battery management system
(BMS). Since the applications considered are medium-voltage
ones, having the ESS in a centralized manner (connected to the
converter DC link) could be a hard task due to the necessity
of many series-connected battery cells.

In this paper, a new AC-AC converter solution with a mod-
ular multilevel structure and decentralized battery integration
is proposed. Due to its simple structure and straightforward
control, the proposed solution allows for the safe integration of
batteries into the same converter that drives the WT. Due to its
modular multilevel structure, the proposed converter topology
would be suitable to drive modern high-power medium-voltage
WTs. These WTs would operate with high flexibility and
in a dispatchable fashion, benefiting both the power system
operator and WT owners. Once again, the proposed converter
solution presents a straightforward control and modulation,
with few internal control loops, which is a considerable
advantage in comparison to other well-established modular
multilevel converters. For example, undesired circulating cur-
rents are non existent in its operation, which avoids the need
of a circulating-current suppression control. Moreover, due
to the absence of undesired circulating currents and due to
the fact that different submodule strings are never connected
simultaneously to the same terminal, the proposed converter
topology does not require the bulky and heavy arm/string
inductors present in other well-established modular multilevel
converters. The integration of the ESS into the WT converter
prevents the need of extra converters exclusively dedicated
to the ESS, contributing to the general weight and cost
reduction of the wind power plant. It is important to emphasize
that converters with modular multilevel structure and ESS
integration operating as independent units capable of providing
ancillary services to the electrical grid have been widely
discussed in the literature [11]-[14]. However, to the best of
the author’s knowledge, the application of converters with a
modular multilevel structure and ESS integration to drive a
MV WT operating with different grid-side and generator-side
power set points is a topic rarely or never explored in the
literature before, which emphasizes the contribution of this
paper. In other words, the converter topology introduced in
this paper might be the first solution proposed in the literature
capable to drive medium-voltage WTs with ESS integration,
operating with different grid-side and generator-side power set
points. In this paper, a detailed explanation of the internal
operation of the proposed converter topology is provided,
including the presentation of the control strategy. Simulation
results are presented to demonstrate the operation of the pro-
posed solution driving a MV WT with different grid-side and
generator-side power set points. Finally, experimental results
are presented to validate important points of the new converter
solution proposed in this paper. The paper is structured as
follows: The proposed topology and its control are presented
in Section II and Section III, respectively. In Section IV and
Section V, the simulation and experimental results are shown,
respectively. Finally, conclusions are presented in Section VI.

II. TOPOLOGY PRESENTATION

The converter solution proposed in this paper is illustrated
in Fig. 1, as it is an extension of the topology presented
in the patent [17]. The authors named it modular multilevel
shunt converter (MMSHC). This converter is composed of
six strings of full-bridge (FB) submodules along with twelve
swap switches. Each FB submodule has its own integrated
ESS (batteries in this case). Each phase of the converter is
composed of two submodule strings (named X and Y') that
operate in a complementary fashion. In other words, while one
is connected to the generator (charging), the other is connected
to the grid (discharging), maintaining a continuous power flow
between the grid and the machine. The swap switches are
responsible for changing the connection of the strings that can
be connected to both generator terminals and grid terminals
in a complementary way.
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Fig. 1. MMSHC topology.

The MMSHC swap switches operate with an extremely low
switching frequency (in a scale of several minutes). In other
words, these devices do not switch while the battery state of
charge (SOC) remains within a given range, before it reaches a
pre-defined limit. For example, when the SOC of the batteries
in the charging string reaches the pre-defined upper limit, or
the SOC of the batteries in the discharging string reaches the
pre-defined lower limit, then the swap switches act, connecting
the charging string to the grid terminals and connecting the
complementary string, that was discharging at the grid side,
to the generator terminals. The MMSHC basic operation is
illustrated in Fig. 2 in which each submodule is represented
by controlled voltage sources and the converter operation is ex-
plained by defining State 1 and State 2. In State 1, String X is
connected to the grid (discharging) and String Y is connected
to the WT (charging). State 2 is the opposite, which means
that String X is connected to the WT (charging) and String ¥
is connected to the grid (discharging). The MMSHC operates
switching, alternately, between these two states. There are two
important constraints to be satisfied during the commutation
of the swap switches. In Fig. 3, a schematic representation
of the MMSHC phase A (see Fig. 1) is shown in which the
submodule strings X and Y of the converter are represented
as voltage sources and the inductive load is represented as



a current source since its current cannot be instantaneously
cut without causing dangerous overvoltages. According to this
figure, the commutation constraints become clear. First, the
switches Sx 4 and Sy 4 cannot be simultaneously connected
to the terminal A and the switches Sx, and Sy, cannot be
simultaneously connected to the terminal a. These situations
would lead to the short circuit of the two voltage sources that
represent the submodule strings X and Y. Second, either the
switch Sx, or the switch Sy, must be connected to terminal
a at any time (both switches cannot be in off state simultane-
ously) because the inductive current, represented by the current
source, must always have a path to flow through, otherwise
serious overvoltages will occur. As previously mentioned, the
pairs of switches Sx4 and Sx,, and Sy 4 and Sy, operate
in a complementary fashion (when one is in on state the
other is in off state and vice versa). In order to satisfy the
commutation constraints, the complementary switches would
have to change their switching states instantaneously when the
swapping command was given. However, in practice, this is
impossible due to small constructive differences among the
devices that lead to different turn-on and turn-off times in
each of them. Besides, small switching delays could occur
due to many different reasons. Thus, some strategy must be
adopted to allow for the safe commutation of the MMSHC
swap switches.
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Fig. 2. Basic operation of one phase of the MMSHC.
One of the strategies that can be adopted is the use of a dead-

time technique in combination with a given circuit to divert
the inductive current during the commutation period. Snubber

circuits [18] or diode clamping circuits [19] are examples of
circuits that can be used to divert the inductive current during
the commutation. The snubber option is illustrated in Fig. 4.
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Fig. 3. Schematic representation of the MMSHC phase A that illustrates the
swap-switch commutation constraints.
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Fig. 4. Illustration of the swap-switch snubber circuit.

If the snubber approach is adopted, when a swapping
command is given to the converter, the first step of the
commutation process is to give the turn-off command to the
swap switches that are in on state. As a second step, a pre-
defined dead-time period should be waited (to guarantee that
all the switches turn off before turning other switches on)
during which the string current flows through the snubber
circuits since all the switches are in off state. Then, the
third step of the commutation process is to send the turn-
on command to the swap switches to be closed. It is very
important to emphasize that, since the operation of the swap
switches occurs with a considerably high time constant or
extremely low switching frequency (in a scale of several
minutes), then the losses caused by the currents flowing
through the snubber circuits are quite low. Another issue that
might raise some concerns about the swap switches is related
to the voltage levels that they must be capable to block.
Since medium-voltage levels are considered, the swap switches
must be capable to block such considerably high voltages.
If semiconductor switches are used, then series-connected



devices might be required depending on the voltage levels.
However, due to the extremely low switching frequency, the
swap switches could be mechanical ones such as contactors or
high-voltage relays along with a snubber circuit. Essentially,
the MMSHC swap switches are not high-switching-frequency
devices. Instead, they simply change the connection of the
submodule strings, between grid and load terminals, in a scale
of minutes allowing for the power transfer from the generator
to the grid.

Another possibility would be to build the MMSHC swap
switches based on semiconductor devices. As illustrated in
Fig. 3, the swap switches must be capable to block the voltage
difference between two AC voltage sources that represent
String X and String Y. In other words, these switches must
be capable of blocking voltages with positive and negative
polarities and must be capable of conducting current in both
directions. The semiconductor-device-based technology capa-
ble of performing this task is the bidirectional switch widely
applied to the well-established matrix converters [19], [20].
The four-step commutation method [19], [20] is a technique
that allows for the bidirectional-switch commutation process,
guaranteeing that there is no short circuit between the voltage
sources and guaranteeing that there is always a path for the
inductive load current to flow trough. This way, the dead-time
plus snubber circuit approach, shown in Fig. 4, can be avoided.
The four-step commutation method is explained in Fig. 5.
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Fig. 5. Explanation of the four-step commutation method.

In Fig. 5, the two voltage sources representing strings X and
Y are shown, along with the two bidirectional-switch valves
Sxq and Sy, that connect String X and String Y, respectively,
to the load terminal (terminal a). In Fig. 5, the green color
represents the load current (7;) path, and it represents the

semiconductor devices in on state and conducting current. The
red color represents the semiconductor devices in on state
but not conducting current. The black color represents the
semiconductor devices in off state. The four-step commutation
method requires the measurement of the load current since it is
based on the current direction that the commutation steps are
decided. Let us suppose that the initial state condition and the
instantaneous direction of the load current at the moment of the
commutation are the ones shown in Fig. 5. In the initial state,
both IGBTs Sx,1 and Sx,2 are in on state, but only Sxg1
carries the current due to its instantaneous direction. When
a swapping command is given, the four-step commutation
process must begin. Step 1 corresponds to turning off the
IGBT that is not conducting current in the active bidirectional
switch (Sxg2). Step 2 corresponds to turning on the IGBT of
the other bidirectional switch, which is capable to conduct the
load current with the given instantaneous direction (Sy,; in
this case). At this stage, the inductive current is still flowing
through Sx,1. In Step 2, it is interesting to notice that even
though Sx,1 and Sy, are turned on, their series-connected
diodes guarantee that a short circuit between the two voltage
sources does not occur. In other words, since the cathode of
the diodes are connected to a common point (terminal a), then
the diode to conduct the current will be the one with higher
anode voltage. If in Step 2 v,y is higher than v, x, then the
load current will start to flow through Sy 1. In Step 3, Sxa1
is turned off and, thus, the load current naturally starts to flow
through Sy ;. Finally, in Step 4, Sy42 is turned on to make
sure that when ¢; changes direction there is a path for it to
flow through.

One issue that deserves special attention when implement-
ing the swap switches based on semiconductor devices is
the fact that series-connected devices might be required to
be possible to block the medium voltage levels. However,
it is important to mention that these are medium-voltage
levels and not high-voltage ones and, thus, only a few series-
connected devices should be required, especially considering
the availability of modern devices with voltage ratings of up
to 10 kV [21]. As an example, let us suppose the situation
corresponding to Step 2 in Fig. 5. Let us also suppose that
vsx and vy have different frequencies but the same peak
value equal to 5 kV. Finally, let us consider that at the moment
corresponding to Step 2, vsx is in its peak equal to +5 kV
and v,y is in its valley equal to —5 kV. Since in Step 2 Sy,
is turned on, then v,y is connected to the mid point of the
lower bidirectional switch and v,x is connected to terminal
a, which means that the voltage blocked by Sy .2 is equal to
10 kV. Since semiconductor devices are typically designed to
operate blocking maximum 50 % of their rated voltage, then
two series-connected 10-kV semiconductor devices would be
required to build Sx,1, Sxa2, Syae1 and Syqo. Two series-
connected devices operating with an extremely low switching
frequency should not be a big challenge to implement from a
practical point of view.

One of the problems of series-connected semiconductor
devices operating with high switching frequency is the poor
dynamic voltage sharing among the series-connected devices
that might occur during the commutation process, which can



lead to dangerous situations [22]. Another problem is the
excessively high switching losses due to the high voltages
and currents handled by the semiconductor valves. Those
problems would be evident if a two-level three-phase converter
were to be used in medium-voltage applications. However,
as previously mentioned, the MMSHC swap switches operate
with an extremely low switching frequency and, thus, the
previously mentioned problems should be nonexistent or at
least they could be considerably reduced. Moreover, there are
some products currently available in the industry [22] that are
valves composed of several series-connected semiconductor
devices. These valves can operate in a safe and reliable
fashion due to modern drivers that guarantee proper dynamic
voltage sharing among the series-connected devices, during
the commutation process. This technology could be adopted
to build the MMSHC bidirectional-switch valves.

III. MMSHC INTERNAL CONTROL

In Fig. 6, one can observe the internal control and the
modulation of phase A of the MMSHC. Each converter phase
is independent and operates with this internal control. The
control receives as inputs the references of both the grid
voltage (vy,) and the load voltage (v;,), coming from outer
control loops, the current measured at both grid terminals (7 4,)
and generator terminals (7;,) and the battery SOC of each
submodule in each string (SOC4x1,50Cax2..S0CaxnN
and SOCAYl,SOCAYQ...SOCAYN).

As described in Fig. 6, the variables Sx 4 and Sx, are
initialized with values equal to 1 and 0 (Sxa4 = 1 and
Sxa = 0), respectively, which means that String X starts
connected to the grid terminals (discharging), whereas String
Y starts connected to the machine terminals (charging). Two
main control objectives are defined for the MMSHC. First,
all of its batteries should always operate within a given pre-
defined SOC range. Second, the switching frequency of the
MMSHC swap switches should be limited in order to avoid
losses in the snubber circuits. These two control objectives
are achieved with the algorithm described in the flowchart
depicted in Fig. 6. The first stage of the MMSHC control
is responsible for maintaining the battery-SOC values of the
submodules of both strings (X and Y) within a given range.
In other words, an upper limit and a lower limit of SOC are
predefined and the batteries of all the submodules in both
strings should always operate within these limits. Initially, it
is necessary to check the connections of each string (which
terminal each of the two strings are connected to). In order to
do so, the control logic checks the status of the swap switches
of String X (if Sxa = 1 and Sx, = 0). If Sx4 =1
and Sx, = 0, then it means that String X is connected
to the grid, discharging, and String Y is connected to the
generator, charging. In this case, the control logic needs to
check if the SOC of the batteries in String Y is higher than
the pre-defined upper limit and if the SOC of the batteries in
String X is lower than the pre-defined lower limit. One of
these two limits will be exceeded first, depending whether the
power injected into the grid by the MMSHC is higher or lower
than the power being produced by the generator. While these
limits are not exceeded, String X is kept connected to the grid

terminals (discharging) and String Y is kept connected to the
generator terminals (charging). In this case, the swap switches
Sx 4, Sxa> Sy a and Sy, receive values equal to 1,0,0 and
1, respectively, in which 0 means off state and 1 means on
state. Moreover, the reference value of the voltage that must
be synthesized across String X (v} ) becomes equal to the
grid voltage reference (vg,), the reference value of the voltage
that must be synthesized across String Y (v}y-) becomes equal
to the generator voltage reference (v},), the String X current
(ix) becomes equal to the grid current (i4,) and the String Y’
current (¢y) becomes equal to the generator current (i;,). If
any of the two limits (upper or lower) are exceeded, the swap
switches act connecting String X to the generator terminals,
and connecting String Y to the grid terminals. In other words,
Sx 4, Sxas Sy a and Sy, receive values equal to 0,1, 1 and 0,
respectively. This means that String X enters in charging mode
and String Y enters in discharging mode. At this moment,
the reference value of the voltage that must be synthesized
across String X (v} ) becomes equal to the generator voltage
reference (v],), the reference value of the voltage that must be
synthesized across String Y (v}y-) becomes equal to the grid
voltage reference (vg,), the String X current (ix) becomes
equal to the generator current (7;,), the String Y current (iy)
becomes equal to the grid current (i4,). Now, the control logic
needs to check if the SOC of the batteries in String X is higher
than the pre-defined upper limit and if the SOC of the batteries
in String Y is lower than the pre-defined lower limit. While
these limits are not exceeded, String Y is kept connected to the
grid terminals (discharging) and String X is kept connected to
the generator terminals (charging). As illustrated in Fig. 6, in
the first stage of the control, the battery SOCs of submodules
number 1 of Strings X and Y (SOCax; and SOCyys,
respectively) are used to define the swap-switch operation.
However, it is important to emphasize that any battery SOC
from any submodule in each string could be used since they
all have the same value due to the SOC-balancing control. In
other words, SOCax1 = SOCysxo = ... = SOCaxn and
SOC ay1 = SOCpy9 = ... = SOC 4y n. The SOC-balancing
control will be explained below.

The second stage of the MMSHC control is responsible for
the modulation and SOC-balancing control of the converter
submodules. In other words, this is the String X and String
Y control. According to Fig. 6, after defining the voltage
references and current values for both Strings X and Y,
the string control starts. Using the String X control as an
example, first it is necessary to test if the voltage that must be
synthesized across the string (vsx) has a positive or negative
value to decide if the FB submodules must be inserted with
positive or with negative polarity. After that, a level-shifted-
carrier pulse-width-modulation (LSC-PWM) technique is used
to define the number of submodules ()/) that must be inserted.
Finally, the last step of the string control corresponds to the
SOC-balancing control (sorting algorithm) that, depending on
the direction of the current (if the instantaneous value of 7 x
is positive or negative), decides which submodules of the
string should be inserted. If this is a charging current, the M
submodules with lower battery-SOC values are selected to be
inserted. If this is a discharging current, the M submodules
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Fig. 6. MMSHC internal control and modulation diagram.

with higher battery-SOC values are selected to be inserted.
This control guarantees that the battery-SOC values of all the
submodules within the same string remain equal (balanced).
Finally, the last stage of the MMSHC control is responsible
for limiting the frequency of operation of the swap switches.
Since the amount of energy that can be stored in the batteries
is finite, then there is a limit of time in which the power
injected into the grid by the MMSHC can be higher than
the power being generated by the WT, and this time depends
on the difference between these two power values. In other

words, if the power injected into the grid is higher than the
power generated by the WT for a long time, all the MMSHC
batteries will be discharged to their lower limits. Moreover,
there is also a limit of time in which the power generated
by the WT can be higher than the power injected into the
grid by the MMSHC, and this time depends on the difference
between these two power values. In other words, if the power
generated by the WT is higher than the power injected into
the grid for a long time, all the MMSHC batteries will be
charged to their upper limits. Whenever one of these limits



are reached, either the MMSHC grid-side or load-side power
set point must be changed. As will be explained in detail
in the Simulation Results section, when the grid-side power
is higher than the machine-side power for a long time, or
vice versa, the frequency of operation of the MMSHC swap
switches increases as the SOC values of the batteries come
close to the previously mentioned upper and lower limits.
Thus, the moment of changing either the grid-side or load-
side power set points is defined according to a desirable limit
of switching-frequency operation of the swap switches. The
detailed explanation of the last stage of the MMSHC control
will be provided in the Simulation Results section later in this

paper.
IV. SIMULATION RESULTS

In this section, simulation results are presented in which the
proposed MMSHC (see Fig. 1) drives a permanent-magnet-
synchronous generator (PMSG), emulating a WT. The system
is connected to a 5-kV, 50-Hz grid. The generator presents
rated power equal to 3 MVA, rated voltage equal to 10
kV (line-to-line) and rated frequency equal to 60 Hz. Each
string is composed of four FB submodules (N = 4) with
IGBTs and each FB submodule has its own integrated battery
pack. These battery packs present a rated voltage equal to 1
kV, rated capacity equal to 0.125 Ah and initial SOC value
equal to 60%. In this analysis, an extremely low battery-
energy value was used so that it was possible to analyze the
MMSHC behavior in 15 s of simulation. In this simulation,
the swap switches are bidirectional switches. The LSC-PWM
technique is adopted with a carrier frequency equal to 5 kHz.
The generator regulation is based on a flux-oriented-control
(FOC) technique, as illustrated in Fig. 7, in which the machine
current (7;) is controlled in a rotating reference frame aligned
with the rotor flux (6z). Thus, by controlling the direct-axis
current component (i;4), it is possible to control the machine
reactive power, whereas by controlling the in-quadrature-axis
current component (%;4), it is possible to control the machine
angular speed (wg). The FOC control generates the voltage
reference (v],;,.) that is provided to the converter internal
control depicted in Fig. 6.
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Fig. 7. Generator control.
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A. Operation Without Changing Power Set Points

The first simulation carried out shows the operation of
the MMSHC when no change in its grid-side and load-side
power set points is required. In other words, neither the grid-
side power is kept higher than the load-side power for a
long time, nor the load-side power is kept higher than the

grid-side power for a long time. In this simulation, the grid-
side voltage control, responsible for generating the voltage
reference (vy,,.), is executed in an open-loop fashion. In other
words, a voltage reference with fixed amplitude, which is
equal to the grid-voltage amplitude, and a small phase shift
in relation to the grid voltage, is provided to the converter
internal control shown in Fig. 6. The small phase shift is
the one necessary to obtain a fixed value of the active power
injected into the grid (F,), which is equal to approximately
1.05 MW. In Fig. 8 and Fig. 9, simulation results obtained with
the software PSCAD/EMTDC can be observed. At t = 0.5 s,
the generator is started receiving a speed reference equal to
w* = 0.2 pu and receiving as an input a mechanical torque
with a value equal to 1.4 pu. At ¢ = 4 s, the generator
speed reference changes from 0.2 pu to 0.3 pu. At £t = 8
s, the wind speed increases, resulting in an increase of the
generator mechanical torque that changes from 1.4 pu to 1.8
pu. In Fig. 8(a) and (b), the load-side and grid-side multilevel
voltages can be observed, respectively. These two voltages
can be controlled in an independent fashion. In Fig. 8(c), the
load-side power (F;) and the grid-side power (FP,) are shown.
Initially, the load-side power (F;) is lower than the grid-side
power (P,). At t = 4 s, when the generator speed increases,
the load-side power increases, and it becomes slightly higher
than the grid-side one. At ¢ = 8 s, when the mechanical torque
increases, the load-side power becomes considerably higher
than the grid-side power. In Fig. 8(d), one can observe the
generator angular speed (wg) and it is clear that the MMSHC
is capable to properly track the angular-speed reference with
values w* = 0.2,0.3 pu.

owﬁwﬁﬁ-ﬁ

11.25

Voltage (kV)

11.35 1.4
(a)

W‘JWWWW
ILTWJ
MMMI

“_M

2.8 12805 1281

e

1283

Voltage (kV)
o

&

12815 1282 12.825 12835 1284 12845 12.85

(b)
= T
ER
§1 5 r
gt -
o
o
Q 0.5 = Load-Side Power (P) 1
S Grid-Side Power (P_)
< 0 | g |l
0 5 10 15
(c)
0.4 T T
>
=
- 031
Q
(93
Ho2f \ i
8 Wind Speed
S 0.1+ Speed Reference Changes Sp 4
2 Increases
£ From 0.2 pu t0 0.3 pu I
0 5 10 15

(d)
Time (s)
Fig. 8. Simulation results. (a) Load-side voltage, (b) grid-side voltage, (c)
load-side and grid-side power and (d) machine angular speed.

In Fig. 9(a), (c) and (e), the battery-SOC values of String
X phases A, B and C are shown, respectively. In Fig. 9(b),
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(d) and (f), the battery-SOC values of String Y phases A, B
and C are shown, respectively. As described in Fig. 6, the
battery SOC of all the MMSHC submodules are controlled to
vary within a pre-defined range (between the pre-defined upper
and lower SOC limits). In this analysis, the upper SOC limit
was set to 80% and the lower SOC limit was set to 40%. By
analyzing Fig. 9, it is clear that the proposed control algorithm
(see Fig. 6) is capable to maintain the battery SOC of all
the MMSHC submodules within the desired limits, during the
entire simulation period considered. Besides, by observing the
zoom in the battery-SOC signals, it is clear that the SOC-
balancing control is working properly since all the submodules
within the same string remain with similar battery-SOC values
(see zooms in Fig. 9). By analyzing Fig. 8 and Fig. 9, one can
notice that during the period in which the load-side power
() is lower than the grid-side power (F), before ¢ = 4 s,
all the batteries are discharged, in average, and every time
the battery-SOC values of a given string reach the lower limit
equal to 40%, the swap switches act connecting this string
to the generator terminals and connecting its complementary
string to the grid terminals. The average reduction of the
battery-SOC values occurs because the batteries of the strings
connected to the grid are being discharged at a higher rate
than the batteries of the strings connected to the generator are
being charged. On the other hand, when the load-side power
() is higher than the grid-side power (F,), after ¢ = 4
s, all the batteries are charged, in average, and every time
the battery-SOC values of a given string reach the upper
limit equal to 80%, the swap switches act connecting this
string to the grid terminals and connecting its complementary
string to the generator terminals. The average increase of the
battery-SOC values occurs because the batteries of the strings
connected to the generator are being charged at a higher rate

than the batteries of the strings connected to the grid are being
discharged. One important issue to be observed is that, before
t = 4 s, when the batteries are being discharged in average,
as closer to the lower limit the battery-SOC values of a given
phase come, faster the operation of the swap switches is. In
other words, these devices will switch more often as closer to
the lower limit the battery-SOC values are. This fact happens
because, as previously mentioned, the battery-SOC values are
being reduced, in average, and, thus, it takes less time for the
discharging batteries to reach the lower SOC limit. Of course
that, in this paper, an extremely low battery-energy value was
used so that it was possible to analyze the MMSHC behavior
in 15 s of simulation. In a real application, the battery energy
should be much higher in such a way that the swap-switch
switching could occur in a scale of minutes. The increase in
the frequency of operation of the swap switches is the reason
why the last stage of the MMSHC internal control named
“Limitation of Swap-Switch Switching Frequency” (see Fig. 6)
is required. The last stage of the control will be explained in
the next two subsections.

In Fig. 10 (a) and (b), the battery SOC of each submodule
within phase-A String X and phase-A String Y is shown,
respectively. In Fig. 10 (c) and (d), the battery power of each
submodule within phase-A String X and phase-A String Y is
shown, respectively. Fig. 10 is interesting because it illustrates
the switching frequency of the swap switches and of the
FB submodules. In other words, the swapping action only
occurs when the battery SOC of either String X or String
Y reaches either the upper SOC limit or the lower SOC
limit. This operation defines the switching frequency of the
swap switches that is extremely low as observed in Fig. 10
(a) and (b). The operation of the FB submodules, however,
occurs with the sampling frequency of the control algorithm



(illustrated in Fig. 6). In this simulation, the control algorithm
runs with a sampling frequency equal to 20 kHz, which means
that, every 50 us, the sorting algorithm decides a new set of
submodules to be inserted and to be by-passed, maintaining
the battery-SOC balance of the submodules within the same
string. For example, by observing Fig. 10 (a), one can see
the zoom in the battery-SOC values of the four submodules
within phase-A String X and it is clear that, while the battery-
SOC values of some submodules are increasing, because these
submodules are inserted, the battery-SOC values of other
submodules are kept constant, because these submodules are
by-passed. In other words, every 50 ps, different submodules
are selected to be inserted and to be charged. This fact can
be confirmed by analyzing the battery power values, shown
in Fig. 10 (c), which illustrate that, every 50 us, a new set
of batteries are being charged, with positive power values,
since their corresponding submodules are inserted. The by-
passed submodules present instantaneous battery power equal
to zero. It is also interesting to notice that, during the moments
in which the batteries of String X are being charged (with
increasing SOCs and with positive power values as illustrated
in Fig. 10 (a) and (c), respectively), the batteries of String ¥
are being discharged (with decreasing SOCs values and with
negative power values as illustrated in Fig. 10 (b) and (d),
respectively). This operation mode is over when the swapping
action occurs. Obviously, the switching frequency of the FB
submodules is imposed by the sampling frequency of the
control algorithm, which is quite high in this simulation (equal
to 20 kHz). In a real application, the frequency of the SOC-
balancing control could be limited to reduce the switching
frequency of the FB submodules. It is, of course, a trade-
off between improving the SOC balance and reducing the
switching losses. However, since the time constant of the
battery SOC is large, then, in a real application, the frequency
of the sorting algorithm could, indeed, be small and still
proper battery-SOC balance would be obtained. This way, the
solution would operate with low switching frequency and low
switching losses.
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Fig. 10. (a) Battery SOC of each submodule within Phase-A String X, (b)
battery SOC of each submodule within Phase-A String Y, (c) battery power
of each submodule within Phase-A String X and (d) battery power of each
submodule within Phase-A String Y.

B. Reduction of Grid-Side Power Set Point

The simulation carried out in this subsection is based on
the exact same parameters as the simulation carried out in the
previous subsection, however, in this case, the grid-side power
(Py) is kept considerably higher than load-side power (F}) for
a long time and, thus, a reduction of the grid-side-power set
point will be required in order to avoid that the swap-switch
switching frequency becomes too high. In this simulation, the
load-side power (F;) is kept fixed with value equal to 0.75
MW through the entire simulation period. The grid-side power
(Py) starts with a set point equal to 1.05 MW. The MMSHC
power values can be seen in Fig. 11(c). Obviously, the grid-
side power is considerably higher than the load-side power
and, as expected, the battery-SOC values of all the MMSHC
strings will be discharged, in average, along time. In Fig. 11(a)
and (b), the battery SOCs of the submodules in Strings X and
Y of the MMSHC phase B are depicted, respectively. It is clear
that the battery-SOC values of both strings are decreasing,
in average, along time. Moreover, it is also clear that as the
SOC values are reduced along time, the swap switches start
to operate more often. Thus, according to the last stage of the
control shown in Fig. 6, when the battery-SOC values of the
submodules in both strings become, simultaneously, smaller
than a pre-defined limit equal to the lower limit plus an extra
delta value (Agoc), then the grid-side-power set point should
be reduced, as the batteries cannot be discharged any longer.
In this analysis, the lower SOC limit is equal to 40% and the
delta SOC value is equal to Asoc = 2% and, thus, the limit
of SOC that both the strings need to reach, simultaneously, so
that the grid-side-power set point must be changed is equal to
42%.
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Fig. 11. (a) Battery SOC of string X of Phase B, (b) battery SOC of string
Y of Phase B and (¢) MMSHC grid-side power and load-side power.

In Fig. 11(a) and (b), horizontal dashed lines with the red
color are used to highlight the upper and lower SOC limits
equal to 80% and 40%, respectively. Moreover, horizontal



dashed lines with the blue color are used to illustrate the
limit equal to 42% that corresponds to the power-set-point-
change limit. The moment highlighted by the vertical dashed
line corresponds to the instant in which the battery-SOC
values of both strings (X and Y') are, simultaneously, smaller
than the 42% limit for the first time. At this moment, the
grid-side power set point is reduced to a value lower than
the load-side power because the MMSHC batteries can no
longer be discharged. The 42% limit could be higher (45%
for example) in order to limit even further the swap-switch
switching frequency. Obviously, after the grid-side power set
point is reduced, the MMSHC batteries start to charge, in
average, and the frequency of operation of the swap switches
starts to decrease. The reason why only Strings X and Y of
phase B are shown in Fig. 11 is because this is the first phase
to cross the 42% limit and, thus, the one that leads to the
grid-side power-set-point reduction.

C. Reduction of Load-Side Power Set Point

The simulation carried out in this subsection is based on th¢
exact same parameters as the ones carried out in the previou:
two subsections, however, in this case, the load-side powe
(F,) is kept considerably higher than grid-side power (F;) fo
a long time and, thus, a reduction of the load-side power se
point will be required in order to avoid that the swap-switcl
switching frequency becomes too high. The grid-side powe
(Py) is kept fixed with a value equal to 0.5 MW during th
entire simulation period. Initially, the machine-speed set poin
is equal to w* = 0.2 pu, which results in a load-side powe
() equal to approximately 1.05 MW. The simulation result:
obtained are depicted in Fig. 12. Since the load-side powe
is considerably higher than the grid-side power, as expected
the battery-SOC values of all the MMSHC strings will bx
charged, in average, along time. In Fig. 12(a) and (b), the
battery SOCs of the submodules in Strings X and Y of the
MMSHC phase C are depicted, respectively. It is clear that the
battery-SOC values of both strings are increasing, in average
along time. Moreover, it is also clear that as the SOC values ar
increased along time, the swap switches start to operate mors
often. Thus, according to the last stage of the control shown
in Fig. 6, when the battery-SOC values of the submodules in
both strings become, simultaneously, bigger than a pre-defined
limit equal to the upper limit minus the previously-defined
delta value (Asoc), then the load-side power set point should
be reduced, as the batteries cannot be charged anymore. In this
analysis, the upper SOC limit is equal to 80% and the delta
SOC value is equal to Asoc = 2% and, thus, the limit of SOC
that both the strings need to reach, simultaneously, so that the
load-side power set point must be changed is equal to 78%. In
Fig. 12(a) and (b), horizontal dashed lines with the red color
are used to highlight the the upper and lower SOC limits equal
to 80% and 40%, respectively. Moreover, horizontal dashed
lines with the blue color are used to represent the limit equal to
78% that corresponds to the power-set-point-change limit. The
moment highlighted by the vertical dashed line corresponds
to the instant in which the battery-SOC values of both strings
(X and Y) are, simultaneously, bigger than the 78% limit

for the first time. At this moment, the load-side power set
point is reduced to a value lower than the grid-side power
because the MMSHC batteries can no longer be charged.
In order to reduce the load-side power, the machine speed
should be controlled to a lower value. Thus, at the moment
highlighted by the vertical dashed line, the machine angular-
speed reference changes from w* = 0.2 pu to w* = 0.05
pu, as illustrated in Fig. 12(c), which results in the load-side-
power reduction shown in Fig. 12(d). The 78% limit could be
lower (75% for example) to limit even further the swap-switch
switching frequency. Obviously, after the load-side power set
point is reduced, the MMSHC batteries start to discharge, in
average, and the frequency of operation of the swap switches
starts to decrease. The reason why only Strings X and Y of
phase C are shown in Fig. 12 is because this is the first phase
to cross the 78% limit and, thus, the one that leads to the
load-side power set-point reduction.
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Fig. 12. (a) Battery SOC of string X of Phase C, (b) battery SOC of string

Y of Phase C, (c) machine angular speed and (d) MMSHC grid-side power

and load-side power.

D. Detailed Analysis of Mechanical-Swap-Switch Snubber-
Circuit Operation

In the previous simulations, the swap switches were con-
sidered to be bidirectional switches operating with a four-step
commutation method. In this subsection, a simulation analysis
is carried out to demonstrate the detailed operation of the
snubber circuit of the swap switches if they are mechanical
ones. In order to be possible to utilize mechanical swap
switches, a considerably high dead time must be adopted since
the mechanical switches can take, typically, at least 10 ms to
both turn on and turn off. Thus, in this simulation, a dead
time equal to 50 ms was adopted. The snubber circuit used
is the one illustrated in Fig. 4. This is a RC circuit with



resistance equal to 0.1 £ and capacitance equal to 4 uF.
Nonetheless, it is important to emphasize that proposing the
most efficient circuit to divert the inductive current during the
dead time is not the main focus of this paper. Other snubber-
circuit configurations or clamping circuits could eventually be
adopted and could even be more efficient and more suitable
options.

In Fig. 13(a) and (b), one can observe the battery SOCs
of phase-A String X and phase-A String Y, respectively. As
expected, one submodule string is kept connected to the grid
terminal and the other is kept connected to the generator
terminal while the battery-SOC values vary within a pre-
defined range. Every time either the upper SOC limit (equal
to 80%) or the lower SOC limit (equal to 40%) is reached
by the batteries of any of the two strings, then the swapping
action occurs, which means that the submodule string that
was connected to the grid terminal (discharging) is then
connected to the generator terminal, and the submodule string
that was connected to the generator terminal (charging) is then
connected to the grid terminal. In Fig. 13(c), the switching
states of the swap switches that connect the phase-A String
X to the grid terminal and to the generator terminal (Sx 4 and
S'xa, respectively) are shown, in which 1 means on state and
0 means off state. By analyzing the switching states, one can
notice that the swapping action occurs, in fact, every time the
battery SOC of any of the strings reach the upper limit equal to
80%. Moreover, by analyzing the zoom in the switching-state
signals, one can observe the dead-time period in which both
swap switches are in off state. It is clear that the dead time
is, in fact, equal to 50 ms. In Fig. 13(d) and (e), the snubber-
circuit current (Zgpqp) and voltage (vspnqp) Of the swap switch
that connects the phase-A String X to the grid terminal are
shown, respectively.
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Fig. 13. a) Battery SOC of Phase-A string X, (b) battery SOC of Phase-A
string Y, (c) switching state of swap switches that connect phase-A String X
to grid and generator terminals (Sx 4 and Sx,), (d) snubber-circuit current
of swap switch that connects phase-A String X to grid terminal (¢sy,4,p), (€)
snubber-circuit voltage of swap switch that connects phase-A String X to
grid terminal (vgp,p) and (f) voltages synthesized at the grid terminals.

The snubber-circuit current and voltage that are measured
in the simulation are described in detail in Fig. 4. The snubber
current (¢snyp) 1S basically null throughout most of the sim-
ulation period. During the dead time of the swapping action,
however, current flows through the snubber circuit as expected.
The snubber circuit absorbs the peak current that occurs when
the inductive current is cut. After this transient moment, a
smaller current keeps flowing through the snubber circuit until
the dead-time period is over. It is obvious that the losses in the
snubber circuit are quite low since current only flows through
it during the dead time of the swapping action and, especially,
because the swapping action only occurs occasionally in the
proposed converter solution with integrated batteries. In this
simulation, an extremely low battery energy was considered to
demonstrate the operation of the swap-switch snubber circuit
within 6 s of simulation. In a real application, however, the
battery energy should be much higher in a way that the
swapping action would occur quite rarely, in a scale of several
minutes. The voltage across the snubber circuit (vgpqp) 1S
either null (if the swap switch is in conducting mode) or it
is equal to the difference between the voltages synthesized
by String X and String Y (if the swap switch is in blocking
mode). During the dead-time period, the grid and generator
voltages become distorted as illustrated in Fig. 13(f) that
shows the voltages synthesized at the grid terminals during
the dead-time period. Once again, it is important to highlight
that, in a real application, these undesired transient moments
would only occur occasionally since the swapping action
would only happen when the submodule-string batteries were
charged or discharged to their SOC limits (every several
minutes). Nonetheless, it is true that depending on the snubber-
circuit design, overvoltages and harmonic distortion above the
allowed limits might occur in the voltage synthesized at the
grid terminals. Thus, designing a proper circuit to divert the
inductive current during the commutation is essential for the
proper performance of the MMSHC with mechanical swap
switches. Probably, adopting the bidirectional-switch-based
swap switches could be a better option to make the MMSHC
become a competitive industrial solution.

V. EXPERIMENTAL VALIDATION

In order to validate the proposed MMSHC, an experimental
prototype was built as shown in Fig. 14. The test setup is com-
posed of two strings of FB submodules (String 1 and String
2), two swap circuits (Swap 1 and Swap 2) and two 5-mH
inductors (L; and Ls). Each string is composed of three FB
submodules (N = 3). DC voltage sources (DC power supplies)
are connected to each submodule in order to represent the
batteries. Each swap circuit is composed of two bidirectional
switches with individual snubber circuits for safety reasons.
A resistive load (R = 12 €2) is connected to each terminal
of the converter. In this experimental test, the DC voltage
sources are set with a 20-V value and the voltage control
of both strings is executed in an open-loop fashion tracking
a voltage reference with fixed amplitude equal to 60 V. The
LSC-PWM technique is used with a 10-kHz carrier frequency.
The experimental results prove that the MMSHC is capable



to synthesize two independent AC voltages, operating as a
controlled voltage source from both grid and load perspectives.
Moreover, the experimental results validate the operation of the
swap switches. A diagram illustrating the experimental-setup
details is depicted in Fig. 15.

Fig. 14. Experimental prototype.

L, vgal
P = I
Bidirectional !
Switches !
i _____ 7 _’ .
l ga —— Swap 1 Swap 2 llla
_String 1 I ls1 String 2 1152
() e )
| e + I h + 1
1 1
Full-Bridge | | i |
Submodules| | ;: b ;: !
withDC 4 !} « ! H !
Voltage ! ! | -
Sources ! i ! i
P G B S N
1 | 1
: o . |1
1 1 ! - 1
: ;o ;
- \sT_.}T__’ \\T_"T__’

Fig. 15. Experimental prototype diagram.

First, the operation of the swap switches is tested. A dead-
time technique was implemented in order to avoid a short
circuit between strings. Moreover, snubber circuits are used
to create a path for the inductive currents to flow through
during the dead-time period of the swap-switch commutation.
So, every time a swapping command is provided, first, all
the swap switches in on state receive the turn-off signal.
Next, a dead-time period is introduced and, finally, the turn-on
signal is provided to the swap switches to be closed. In the
experimental results shown in Fig. 16, the voltage synthesized
at both terminals (two upper signals) can be seen, which
are signals with an amplitude equal to 60 V and frequency
equal to 50 Hz. The two lower signals shown in Fig. 16 are
the String 1 and String 2 currents (¢5; and i4o according to
Fig. 15). The inductor of one terminal (Ls) was removed
to observe the swapping operation. In other words, for half
of a period, the string currents present the multilevel shape
as they are flowing into the terminal in which the inductor

has been removed, while for the next half of a period the
currents are sinusoidal signals, as they flow into the terminal
with the inductor, which filters out the high-order-harmonic
components present in the voltage waveform. It means that the
submodule strings are swapping and, every half of a period,
they are connected to a different terminal. The swap switches
operate with 100 Hz, as visible in the current commutation
in Fig. 16. It is important to notice that the voltages at both
terminals remain regulated, according to their references, even
though each of them is synthesized by a different submodule
string every half of a period. In Fig. 17, it is possible to observe
the operation of the MMSHC while synthesizing voltages with
different frequencies at each terminal, which would be the
natural condition in a WT application. In Fig. 17, the frequency
of the signal vy, is equal to 50 Hz, whereas the frequency of
the signal vy, is equal to 10 Hz. Both inductors L; and Lo
are connected in this case, in such a way that the currents 4,
and 7;, (two lower signals in Fig. 17) are filtered signals. It is
clear that the converter is capable of synthesizing independent
voltages with different frequencies at each converter terminal.
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VI. CONCLUSION

In this paper, a new converter solution named modular
multilevel shunt converter was proposed. This new topology
allows for a straightforward integration with batteries into
the same converter that drives the WT. Due to its modular
multilevel structure, the proposed converter solution can be
used to drive modern high-power medium-voltage WTs and
these WTs can operate with high flexibility and in a dis-
patchable fashion benefiting both the power system operator
and the wind-power-plant owner. To the best of the authors’
knowledge, the proposal of a converter topology with modular
multilevel structure and battery integration used to drive a
MV WT, operating with different grid-side and generator-
side power set points, is a topic rarely or never explored in
the literature before. In this paper, simulation analyses were
carried out, through the software PSCAD/EMTDC, with the
MMSHC driving a PMSG representing a WT. The system was
simulated with different grid-side and generator-side power
set points in which the batteries absorbed/supplied the power
mismatches between grid and generator terminals. Finally,
experimental results were presented to validate the MMSHC
behavior as independent controlled voltage sources capable
to synthesize different voltages at the grid and at the load
terminals and to validate the operation of the swap switches.
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