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ABSTRACT This paper presents a new multilevel converter solution with modular structure and hybrid
energy-storage integration suitable to drive modern/future high-power medium-voltage wind turbines. The
hybrid energy-storage integration means that part of the converter submodules are built with batteries and
part of them with conventional capacitors. Since traditional wind turbines are non-dispatchable generators,
the integration of an energy storage system could be beneficial in multiple ways as the wind power plant
could provide stability support to the grid, improvement of the unit commitment and economic dispatch, and
the power plant owner could increase his revenues in the electricity market. The capacitors of the proposed
converter are responsible to transfer the power produced by the wind turbine to the grid, and the batteries are
only charged/discharged with the mismatch between the power produced by the turbine and the power to be
injected into the grid, considering a dispatchable operation where the power injected into the grid is different
from the power generated by the turbine. The medium-voltage structure could be an interesting option to
overcome problems related to high currents in modern/future high-power wind turbines resulting in more
efficient, more compact and lighter solutions. Modular multilevel converters are suitable to handle medium-
voltage levels and they allow for a straightforward integration of energy storage systems in a decentralized

manner.

INDEX TERMS Energy storage system, modular multilevel converter, wind turbine.

I. INTRODUCTION

The wind power industry is growing at a fast pace and wind
turbines (WTs) with increasing power ratings are emerging.
High-power WTs can produce a high amount of energy while
optimizing structural costs and dimensions [1]-[3]. Conven-
tional WTs are built with a low-voltage structure including
generator and power-electronic converter. However, as the
power ratings of WTs increase, the current levels increase as
well. At a certain point, the high currents become a prob-
lem in terms of losses and in terms of the necessity of a
heavy, bulky and expensive structure to handle these currents.
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A medium-voltage WT can be a more cost-effective solution
due to the considerably reduced current levels [4]-[6].

As the penetration of wind generation, and of other renew-
able energy sources, increases, the complexity of the power
systems increases as well. WTs are non-dispatchable gen-
erators since it is not possible to control the amount of
power injected into the grid, which is dependent on the wind
availability at the given moment. Besides, these generators
are decoupled from the grid through power-electronic con-
verters. Thus, problems related to frequency stability and to
a reduced grid inertia emerge. A wind power plant with an
integrated energy storage system (ESS) can be beneficial to
both the power system operator and the power plant owner.
From the grid perspective, the wind power plant with ESS
can operate in a dispatchable fashion assisting in the grid
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frequency regulation and in the economic dispatch [7]-[9].
Besides, control techniques can be applied to the WT so that
it presents an inertial response where the power injected into
the grid would come from the ESS [8]. Moreover, the ESS
can improve the power quality at the point of connection
of the wind power plant by reducing the high variability of
WT generation and, thus, reducing voltage fluctuations of the
weak grid [9]. Finally, wind power plants with an ESS could
help in the grid black start, in a bottom-up approach, reducing
the restoration time and, thus, reducing the socioeconomic
impact of a blackout [10]. The wind power plant owner, on the
other hand, could increase his revenues in the electricity
market [11] and could provide ancillary services to the grid
if the power plant had an integrated ESS.

Converters with a modular multilevel structure are attrac-
tive options for medium-voltage applications and they allow
for a straightforward integration of ESSs in a decentralized
manner in which the ESS devices are distributed among the
many submodules of the converter [12]-[16]. If batteries are
considered as the ESS, then a large battery system can be
integrated into the converter without the necessity of high
voltage values. In other words, the medium-voltage level of
the application is distributed among the many submodules
in such a way that the battery pack integrated into each
submodule only needs to deal with a small fraction of the
total voltage. This results in battery packs with a reduced
number of series-connected cells, which should require a
battery management system (BMS) with reduced complexity
and, thus, reduced cost.

Recently, a new converter solution with modular multi-
level structure and decentralized battery integration used to
drive a high-power medium-voltage WT was presented [17].
This converter was named modular multilevel shunt converter
(MMShC), and it was presented as an extended version of
the topology proposed in the patent [18] for low-voltage
residential photovoltaic applications. In [17], the MMShC
was presented and validated through both simulation and
experimental results. The WT driven by the MMShC could
operate in a dispatchable fashion due to the ESS integration.
Having the ESS integrated into the same converter that drives
the WT avoids the need of an extra converter exclusively
dedicated to the ESS. This extra converter would require
its own container, control and automation system, cooling
system and others. However, the MMShC presented in [17]
was built with batteries only. The problem was that these
batteries had to deal with the full power of the WT. In other
words, the power produced by the WT had to charge the
batteries and then these batteries had to be discharged to inject
the power into the grid. This way, the lifetime of the batteries
was considerably reduced and a large battery system was
required.

In this paper, a hybrid version of the MMShC converter
is presented as illustrated in Fig. 1, i.e., each submodule
string of the hybrid MMShC is built with N full-bridge (FB)
submodules with conventional capacitors and with M FB
submodules with batteries. The capacitors are responsible for
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transferring the power produced by the WT to the grid and
the batteries are only charged/discharged if there is a surplus
power generated by the WT in relation to the grid power
set point, or if a power value higher than the instantaneous
WT generation must be injected into the grid. It means that
the WT is capable to operate in a dispatchable fashion while
the battery system is optimized, resulting in a more cost-
effective solution. The most common approach to implement
an ESS into a wind power plant is to have an extra converter
exclusively dedicated to the ESS connected at the point of
common coupling of the power plant and the grid [19], [20].
In this traditional solution, the ESS only needs to deal with
the mismatch between the power generated by the turbines
and the desired power to be injected into the grid. It is
important to highlight that this is also the case with the
proposed hybrid MMShC, which means that the same ESS
dimensions would be required in both cases. However, in the
proposed hybrid MMShC, the ESS is integrated into the same
converter that drives the WT, which avoids the need of an
extra converter exclusively dedicated to the ESS, probably
resulting in reduced costs, volume and weight.
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FIGURE 1. Hybrid MMShC.

Il. CONVERTER OPERATION

As illustrated in Fig. 1, each MMShC phase is composed
of two strings of FB submodules (String X and String Y)
along with four bidirectional-switch valves (Sxa, Sxa, Sya
and Sy,) that are used to connect each string to both grid
and generator terminals. These submodule strings operate in a
complementary fashion, meaning that while one is connected
to the generator, charging, the other is connected to the grid,
discharging. This way, a continuous power flow between the
generator and the grid is maintained. When the MMShC is
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built with integrated batteries only, the bidirectional-switch
valves can operate with an extremely low switching fre-
quency, in a scale of several minutes. In the hybrid MMShC,
however, the bidirectional-switch valves must switch faster
since the conventional capacitors are the ones being charged
and discharged with the majority of the WT power. Nonethe-
less, as will be demonstrated in this paper, the bidirectional-
switch valves can still operate with a low switching frequency
(between 5 Hz and 100 Hz) even in the hybrid solution. Since
the MMShC is proposed for medium-voltage WTs, then the
bidirectional-switch valves might need to be built with series-
connected semiconductor devices. Nonetheless, since these
are medium-voltage levels and not high-voltage ones, then
only a few series-connected switches would be required,
especially considering the availability of modern devices with
voltage ratings of up to 6.5 kV and some devices with voltage
ratings of up to 10 kV under test. Several series-connected
semiconductor devices operating with high switching fre-
quency is a challenge due to problems with static and dynamic
voltage sharing among the series-connected switches
[21], [22]. This problem can be non-existent or at least can be
considerably reduced when only a few switches are connected
in series and when these devices operate with low switching
frequency, which is the case of the bidirectional-switch valves
of the proposed MMShC. There are some products currently
available in the industry that are valves composed of many
series-connected semiconductor devices and that operate
in a safe and reliable fashion due to modern drivers that
ensure static and dynamic voltage sharing among the series-
connected switches [22]. These valves could be used to build
the MMShC bidirectional-switch valves.

The basic operation of the MMShC, no matter if it is
built with batteries, with capacitors or in a hybrid manner,
is illustrated in Fig. 2. String X and String Y essentially
behave as controlled voltage sources, that can be connected
to both grid and generator terminals, synthesizing a voltage
profile according to a given reference. The converter operates
switching between State 1 and State 2 as illustrated in Fig. 2.
In State 1, String Y is connected to the generator terminals
and it is charged with the WT power (Pj,) while controlling
the generator speed. Meanwhile, String X is connected to
the grid terminals and it injects into the grid a power value
(Pga), which not necessarily needs to be equal to the power
produced by the WT. If the MMShC has an integrated ESS,
then the WT can operate in a dispatchable fashion injecting
the desired power into the grid. State 2 is the opposite of
State 1, i.e., String Y is connected to the grid terminals and
it is discharged with a power value equal to (P,,), while
String X is connected to the generator terminals and it is
charged with the WT power (Pj,). The MMShC converter
switches between State 1 and State 2 through the operation
of the bidirectional-switch valves. In this paper, the switching
frequency of the bidirectional-switch valves is kept fixed with
a value equal to 5 Hz as will be explained later in this work.
It means that, every SIE = 0.2 s, the MMShC changes from
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State 1 to State 2 or vice versa. This is obviously a quite low
switching frequency for the bidirectional-switch valves.
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FIGURE 2. MMShC basic operation.

In order to explain the operation of the hybrid MMShC, let
us suppose an hypothetical example as illustrated in Fig. 3.
At the given moment described in this example, String Y is
connected to the generator terminals and it absorbs a power
from the WT equal to 4 MW with a 1-kA current. Moreover
let us consider that, at the given moment, four submodules
must be inserted to synthesize the desired instantaneous volt-
age at the generator terminals. String X, on the other hand,
is connected to the grid terminals and it is controlled to inject
a power value into the grid equal to 4 MW with a 1-kA
current. Similarly to String Y, let us suppose that at the given
moment four submodules must be inserted to synthesize the
desired voltage at the grid terminals. Considering that all sub-
module capacitors of both strings should be regulated with an
average value equal to 1 kV, then, in this example, each sub-
module capacitor of each string will be charged/discharged
with a power value equal to 1 MW. Thus, it means that the
capacitors of String Y will be charged with the same amount
of power (same rate) that the capacitors of String X will be
discharged. In other words, considering that the submodule
capacitors of both strings present equal capacitance, then the
increase of the voltage value of the submodule capacitors
connected to the generator terminals will be equal to the
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reduction of the voltage value of the submodule capacitors
connected to the grid terminals.
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FIGURE 3. Power generated by WT equal to power injected into the grid.

Let us now suppose that the system operates in a dis-
patchable manner in which the instantaneous power that is
injected into the grid is higher (8 MW) than the instantaneous
power generated by the WT (4 MW). This operation mode is
illustrated in Fig. 4.
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FIGURE 4. Power generated by WT lower than power injected into the
grid.

Similarly to the previous example, at the given moment,
String Y is connected to the generator terminals and it extracts
a power from the WT equal to 4 MW with a 1-kA current.
Moreover, at the given moment, four submodules must be
inserted to synthesize the desired voltage at the generator
terminals. String X, on the other hand, is connected to the
grid terminals and it needs to inject into the grid 8 MW with
a 2-kA current, but the instantaneous number of submodules
to be inserted to synthesize the desired voltage is also equal
to four. In this case, if two submodules with capacitors are
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inserted and two submodules with batteries are inserted, then
each capacitor inserted will be discharged with 2 MW and
each battery inserted will also be discharged with 2 MW. It is
interesting to notice that String X will be injecting into the
grid 8 MW but its capacitors will only be discharged with
4 MW, which is the same amount of power with which the
capacitors of String ¥ will be charged. The batteries will
inject into the grid only the extra power value required to
meet the grid power set point. In other words, the increase
of the voltage value of the submodule capacitors connected
to the generator terminals will still be equal to the reduction
of the voltage value of the submodule capacitors connected
to the grid terminals, which is the same that happened in the
previous example (illustrated in Fig. 3), in which the power
injected into the grid was equal to the power produced by
the WT.

Finally, let us consider the case in which the power that
must be injected into the grid (power set point) is lower
than the power instantaneously generated by the WT. This
situation is illustrated in Fig. 5 and the power to be injected
into the grid is equal to 2 MW, while the power produced
by the WT is equal to 4 MW. String X will inject 2 MW
into the grid with a 0.5-kA current and four submodules will
be inserted to synthesize the desired instantaneous voltage
at the grid terminals. Each String-X capacitor will be dis-
charged with 0.5 MW and the total power supplied by the
four capacitors will be equal to 2 MW. String Y will absorb
4 MW from the WT with a 1-kA current. In order to charge
the String-Y capacitors with the same power as the String-
X capacitors will be discharged, then two submodules with
capacitors and two submodules with batteries will be inserted,
since it is once again supposed that four submodules must
be inserted to synthesize the desired instantaneous voltage at
the generator terminals. As illustrated in Fig. 5, String ¥ will
absorb 4 MW from the WT but the capacitors will only be
charged with 2 MW, which is the same power with which the
String-X capacitors will be discharged. The surplus power
generated by the WT will be stored in the batteries. Once
again, the increase of the voltage value of the submodule
capacitors connected to the generator terminals will also be
equal to the reduction of the voltage value of the submodule
capacitors connected to the grid terminals, which is the same
that happened in the two previous examples.

Obviously, the explanation provided through Fig. 3, Fig. 4
and Fig. 5 is a simplified version of the real operation of the
proposed solution, however it helps in the comprehension of
the converter behavior. The average value of the MMShC
capacitor voltages must be kept constant and regulated for
the proper operation of the converter. In theory, if the power
injected into the grid by the converter is controlled to be
equal to the power absorbed from the WT, then the aver-
age value of the capacitor voltages could be kept constant
since the capacitors of the string connected to the generator
would always be charged with the same amount of power
that the capacitors of the string connected to the grid termi-
nal would be discharged (same charging/discharging rates).
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FIGURE 5. Power generated by WT higher than power injected into the
grid.

Since a dispatchable operation is considered, then there will
be a mismatch between the instantaneous power generated
by the WT and the instantaneous power to be injected into
the grid. Thus, the regulation of the submodule-capacitor
voltages can be achieved by controlling the instantaneous
number of battery submodules inserted in such a way as
to always maintain an equal power value discharging the
submodule capacitors of the string connected to the grid and
charging the submodule capacitors of the string connected to
the generator. The extra power is absorbed/supplied by the
batteries. This control approach was exemplified in Fig. 3,
Fig. 4 and Fig. 5 in which the increase and reduction of
the voltages in the charging and discharging capacitors were
kept equal no matter if the power injected into the grid
was equal, higher or lower than the power generated by the
WT, which means that the average value of the submodule-
capacitor voltages would always remain constant and reg-
ulated. If the power to be injected into the grid is higher
than the power instantaneously produced by the WT, then
as higher the mismatch, more battery submodules and less
capacitor submodules must be inserted in the string connected
to the grid terminal at the given moment. On the other hand,
if the power instantaneously produced by the WT is higher
than the power to be injected into the grid, then as higher
the mismatch, more battery submodules and less capacitor
submodules must be inserted in the string connected to the
generator terminal at the given moment. This operation will
be further explained through a flowchart and with simulation
results later in this work.

Ill. SIMULATION ANALYSIS

To validate the proposed hybrid MMShC illustrated in Fig. 1,
simulations based on the software PSCAD/EMTDC will be
presented. In these simulations, each string of the hybrid
MMShC is built with N = 5 FB submodules with capacitors
(50 mF) and with M = 4 FB submodules with batteries.
The batteries have rated voltage equal to 1 kV and energy
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value equal to 65 mAh. The converter is connected to a
5-kV, 50-Hz grid and it drives a permanent-magnet syn-
chronous generator (PMSG) that represents the WT. This
is a 3-MVA generator. The power injected into the grid by
the converter (Pg) is controlled in an open-loop fashion by
simply varying the phase of the voltage synthesized at the
grid terminals. The generator speed and power is controlled
through a field-oriented control (FOC).

A. CONVERTER WITH CAPACITORS ONLY

The first simulation aims to explain the operation of the
converter if the batteries remained in stand-by mode and only
the submodules with capacitors were used in the converter
operation. The simulation results are shown in Fig. 6.
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FIGURE 6. (a) Grid-side and generator-side power; (b) Phase-A
String-X submodule-capacitor voltages and (c) Phase-A
String-Y submodule-capacitor voltages.

The MMShC grid-side power (Pg) and generator-side
power (P;) are controlled to assume different values during
the simulation period (see Fig. 6(a)). During some moments,
the grid-side power is kept lower than the generator-side
power, during some moments the grid-side power is kept
higher than the generator-side power and during some
moments the grid-side power and the generator-side power
are kept with equal values. In Fig. 6(b) and (c), the MMShC
phase-A String-X and phase-A String-Y submodule-
capacitor voltages are shown, respectively. Fig. 6(b) is inter-
esting because it is capable to explain the basic operation
of the MMShC in an intuitive way. It is clear that the
submodule capacitor voltages present a ripple with a 5-Hz
frequency. This ripple is a consequence of the operation
of the bidirectional-switch valves that are connecting the
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submodule string to the grid and to the generator terminals
every ﬁ = 0.2 s. Since Fig. 6(b) shows the String-X
submodule-capacitor voltages, then the moments in which
the voltage is decreasing correspond to State 1 of Fig. 2,
which means that String X is connected to the grid terminals
and it is discharging. The moments in which the voltage
is increasing correspond to State 2 of Fig. 2, which means
that String X is connected to the generator terminals and
it is charging. The amplitude of the submodule-capacitor
voltage ripple is a function of the power values charging/
discharging the capacitors, of the switching frequency of
the bidirectional-switch valves and of the capacitor capac-
itance value. For example, if the switching frequency of
the bidirectional-switch valves was reduced to 1 Hz, then
the capacitors of the string connected to the grid would
discharge five times more before the string was connected
to the generator terminal and the capacitors of the string
connected to the generator would charge five times more
before the string was connected to the grid terminal. In other
words, a higher ripple would occur. It is interesting to notice
that the voltage ripple shown in Fig. 6(b) is quite small for
an extremely low switching frequency (5 Hz). It is true that
the submodule-capacitor capacitance adopted in this paper
was considerably big (50 mF). Nonetheless, even if smaller
capacitors were adopted (5-10 mF), a low ripple could still
be obtained by increasing the switching frequency of the
bidirectional-switch valves to values between 25 Hz and
50 Hz. These are still very low switching frequencies.

Another fact that is important to notice in Fig. 6(b) and
Fig. 6(c) is that the average value of the submodule-capacitor
voltages is kept constant when the power injected into the grid
(P,) is equal to the power extracted from the WT (P;). This
is because the capacitors are being charged and discharged
at the same rate. Between ¢t = 4.5 s and ¢t = 5 s, the power
injected into the grid becomes considerably higher than the
power extracted from the WT and, thus, the average value of
the submodule-capacitor voltages decreases. That is because
when the strings are connected to the grid terminals, they are
discharged at a higher rate than they are charged when they
are connected to the generator terminals. On the contrary,
when the power extracted from the WT is higher than the
power injected into the grid, after 1 = 6 s for example,
then the average value of the submodule-capacitor voltages
increases since the capacitors of the strings connected to
the generator terminals are charged at a higher rate than
the capacitors of the strings connected to the grid terminals
are discharged. In order for the WT solution to operate
in a dispatchable fashion while maintaining the submodule-
capacitor voltages regulated, then the insertion of submodules
with batteries is necessary. Finally, another important issue
to observe in Fig. 6(c) is the zoom in the voltage signals
that shows that the five capacitors within the same string
remain with similar voltage values due to a sorting algorithm
responsible for the voltage-balancing control. This algorithm
will be explained later in this paper.
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B. IDEAL OPERATION

In this subsection, simulation results will be presented to
demonstrate how it is possible to operate the WT solution
in a dispatchable fashion while maintaining the submodule-
capacitor voltages regulated and with the submodule bat-
teries absorbing/supplying the mismatch between the power
injected into the grid and the power produced by the WT. The
MMSHC strings are built with N = 5 FB submodules with
capacitors, which means that a 11-level voltage can be syn-
thesized by the converter. In other words, the instantaneous
number of submodules to be inserted (Z) to synthesize the
desired voltage varies between 0 and 5 and these submodules
can be inserted with both positive and negative polarities
since FB submodules are used. Let us suppose that, at a
given moment, the instantaneous number of submodules to
be inserted to obtain the desired voltage at the grid terminals
is equal to Z = 4. The same instantaneous voltage can
be synthesized if different combinations of submodules with
capacitors and with batteries are inserted considering that
the capacitors and batteries have equal nominal voltages. For
example, the number of submodules with capacitors inserted
could be equal to N.qp = 4 and the number of submodules
with batteries inserted could be equal to Np,; = 0. Another
possibility would be to insert N.,, = 3 capacitor submodules
and Npq, = 1 battery submodule. Or insert N, = 2 capacitor
submodules and Np,; = 2 battery submodules. In all the
cases, the same instantaneous voltage would be synthesized
at the grid terminals but the string capacitors and batteries
would be discharged at different rates. In the first example,
only the string capacitors would be discharged to supply
power to the grid, while in the last case, the string capacitors
and batteries would be sharing equally the power injected
into the grid. With this approach, it is possible to maintain a
balance between the power absorbed by the capacitors of the
submodule string connected to the generator terminals and
the power supplied by the capacitors of the submodule string
connected to the grid terminals. In other words, the average
value of the submodule-capacitor voltages can be regulated
by controlling the insertion of submodules with batteries.
In this subsection, an ideal operation is demonstrated in which
the power absorbed/supplied by the batteries through the
insertion of a fixed number of battery submodules is exactly
equal to the surplus power either injected into the grid or
absorbed from the WT. The simulation results shown in Fig. 7
can provide a clear and intuitive explanation of this ideal
operation. The realistic operation case will be presented in
the next subsection.

In Fig. 7(a) and (b), the voltages synthesized by the
hybrid MMShC at the grid and generator terminals are
shown, respectively. As expected, these are 11-level voltages.
In Fig. 7(c), the grid-side power (Pg) and generator-side
power (P;) are shown. Similarly to the previous simulation,
the grid-side and generator-side power values vary along
the simulation period and sometimes the grid-side power
is higher than the generator-side power and sometimes the
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generator-side power is higher than the grid-side power.
In Fig. 7(d), the generator angular speed is shown, which
is regulated with a fixed value equal to 0.22 pu during
the entire simulation period. In Fig. 7(e) and (f), the
phase-A String-X submodule-capacitor voltages and phase-A
String-Y submodule-capacitor voltages are shown, respec-
tively. In Fig. 7(g) and (h), the phase-A String-X submodule-
battery state of charge (SOC) and phase-A String-Y
submodule-battery SOC are shown, respectively. At = 1s,
the system start-up occurs and from ¢ = 1 suntil t = 2.7 s,
the power injected into the grid is regulated with a value
lower than the power generated by the WT in such a way that
the submodule capacitors are charged until they reach their
nominal voltage equal to 1 kV. During the start-up procedure,
the battery submodules are kept by-passed. At = 2.7 s, the
power injected into the grid is regulated to assume a value
equal to the power being produced by the WT in such a way
that the submodule-capacitor voltages are kept constant with
1 kV, i.e., the capacitors of the strings connected to the grid
are discharged at the same rate as the capacitors of the strings
connected to the generator are charged.
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FIGURE 7. (a) Voltages synthesized at grid terminals; (b) voltages
synthesized at generator terminals; (c) grid-side and generator-side
power; (d) generator speed; (e) phase-A String-X submodule-capacitor
voltages; (f) phase-A String-Y submodule-capacitor voltages; (g) phase-A
String-X submodule-battery SOC and (h) phase-A

String-Y submodule-battery SOC.

Att = 4, the power injected into the grid (Pg) becomes
considerably higher than the power generated by the WT (P;).
The power mismatch between P, and P; in this case was
set intentionally to a given value that corresponds exactly
to the necessity of inserting two battery submodules in the
strings connected to the grid terminal in such a way as to
maintain the regulation of the submodule-capacitor voltages.
In this case, when the submodule string is connected to the
generator terminals, then only submodules with capacitors
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must be inserted, i.e., Noqp = Z, which means that the
instantaneous number of capacitor submodules to be inserted
is equal to the instantaneous number of submodules that must
be inserted to synthesize the desired voltage at the generator
terminals. When the submodule string is connected to the
grid, however, then the procedure to insert submodules is as
follows: if Z < 2, then Negp = O and Npyy = Z. If Z > 2,
then Noqp = Z — 2 and Npyy = 2. In other words, the
submodules with batteries are inserted with priority and if
the instantaneous number of submodules to be inserted is
at least equal to Z = 2, then always Np,, = 2 battery
submodules must be inserted and the rest of submodules to
be inserted to reach the instantaneous value of Z are capacitor
submodules. In Fig. 7(g) and (h), it is possible to notice that
the battery-SOC values of both submodule strings are kept
constant before + = 4 s, since only capacitor submodules are
inserted. At = 4 s, the battery-SOC values of both strings
start to decrease as the battery submodules start to be inserted
as previously explained. It is very interesting to notice that
the submodule-capacitor voltages are kept constant, which
means that the capacitors of the strings connected to the grid
are being discharged at the same rate as the capacitors of the
strings connected to the WT are being charged. The surplus
power injected into the grid is coming from the energy stored
in the batteries. At = 5 s, the power injected into the grid
is reduced and it becomes again equal to the power produced
by the WT. Thus, only submodules with capacitors need to
be inserted and all the submodules with batteries are kept
by-passed. In Fig. 7(g) and (h), it is clear that the battery
SOC values become constant again at t+ = 5 s, since the
submodules with batteries are kept by-passed as they don’t
need to be inserted anymore since P, = P;.

Att = 6 s, the mechanical torque of the WT is increased,
representing a step in the wind speed, and the power gen-
erated by the WT becomes higher than the power injected
into the grid. In this case, every time a submodule string is
connected to the generator terminals, then submodules with
batteries must be inserted to absorb the surplus power gener-
ated by the WT in order to preserve the balance between the
power being injected into the grid by the submodule capaci-
tors and the power absorbed from the WT by the submodule
capacitors. This way, the average value of the submodule-
capacitor voltages is kept constant and regulated. The power
mismatch between P, and P; in this case was set intentionally
to a given value that corresponds exactly to the necessity
of inserting one battery submodule in the strings connected
to the generator terminal in such a way as to maintain the
regulation of the submodule-capacitor voltages. In Fig. 7(c),
it is possible to notice that the power mismatch between P,
and P; in this case is approximately half of the mismatch
between the two power values when P, was higher than P;
(between t = 4 s until # = 5 s). In that case two battery
submodules were necessary and that is why in this case, only
one battery submodule is necessary. Since P; is higher than
Py, then when the submodule string is connected to the grid
terminals, only submodules with capacitors must be inserted,
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i.e., Negp = Z. When the submodule string is connected to the
generator, however, then the procedure to insert submodules
is as follows: if Z < 1, then Neyp = 0 and Npyy = Z.
If Z > 1, then Negp = Z — 1 and Ny, = 1. In other words,
the submodules with batteries are inserted with priority and if
the instantaneous number of submodules to be inserted is at
leastequal to Z = 1, then always Np,; = 1 battery submodule
must be inserted and the rest of submodules to be inserted to
reach the instantaneous value of Z are capacitor submodules.
In Fig. 7(g) and (h), it is possible to notice that, att = 6s,
the battery-SOC values of both strings start to increase since
the battery submodules start to be inserted as previously
explained. Once again, it is very interesting to notice that
the submodule-capacitor voltages are kept constant, which
means that the capacitors of the strings connected to the grid
are being discharged at the same rate as the capacitors of the
strings connected to the WT are being charged. The surplus
power produced by the WT is being stored in the batteries.
Another interesting issue to notice in Fig. 7(g) and (h) is that
the batteries are discharged at a higher rate between r = 4 s
and r = 5 s than they are charged betweent = 6sand s = 8.
This is because, between t = 4 s and ¢t = 5 s, the mismatch
between P, and P; is higher and two battery submodules are
always inserted if the instantaneous value of Z is at least
equal to two. However, between t = 6 s and t = 8 s, the
mismatch between P, and P; is lower and only one battery
submodule is always inserted if the instantaneous value of
Z is at least equal to one. Finally, by observing the zoom
in the capacitor-voltage signals and battery-SOC signals in
Fig. 7(e), (), (g) and (h), one can notice the balance of the
capacitor voltages and battery SOC of the submodules within
the same string. This is a consequence of the sorting algorithm
that will be explained later in this paper.

C. CONTROL FOR REALISTIC OPERATION CONDITION

In the previous subsection, the mismatches between the
power produced by the WT and the power injected to the grid
were set intentionally to given values in which a fixed number
of battery submodules had to be inserted to maintain the
submodule-capacitor voltages constant and regulated. When
P, was higher than P;, then the insertion pattern of battery
submodules was the following: when the submodule string
was connected to the grid, if Z < 2, then Ny = 0 and
Npor = Z. XX Z > 2,then Negp = Z — 2 and Npyr = 2.
In other words, a fixed number of submodules with batteries
(equal to Np, = 2) was always inserted if the instantaneous
value of Z was at least equal to Z = 2. When P, was lower
than Py, on the other hand, then the insertion pattern of battery
submodules was the following: when the submodule string
was connected to the generator, if Z < 1, then N¢y, = 0 and
Npay = Z.IfZ > 1,then Nogp = Z — 1 and Npyy = L.
In other words, a fixed number of submodules with batteries
(equal to Np,; = 1) was always inserted if the instantaneous
value of Z was at least equal to Z = 1. In both cases, the
power supplied/absorbed by the submodules with batteries
was exactly equal to the mismatch between Pg and P;. This
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was an ideal operation condition intentionally imposed to
explain the operation of the hybrid MMShC in a didactic
and intuitive fashion. In reality, the power mismatch between
P, and P; will be constantly varying and the power sup-
plied/absorbed by the batteries if a fixed number of battery
submodules are inserted will rarely be identical to the power
mismatch between P, and P;. It means that the number of
battery submodules to be inserted to keep the submdoule-
capacitor voltages constant and regulated must change along
time. The simulation results shown in Fig. 8 are capable to
explain in a clear and comprehensive way the real operation
of the hybrid MMShC. Moreover, a detailed explanation of
the control adopted in this simulation is illustrated in the
flowchart shown in Fig. 9.
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FIGURE 8. (a) Hybrid MMShC grid-side and load-side power values;

(b) generator angular speed; (c) phase-A String-X submodule-capacitor
voltages; (d) phase-A String-Y submodule-capacitor voltages; (e) zoom of
Fig. 8(c); (f) zoom of Fig. 8(d); (g) phase-A String-X submodule-battery
SOC and (h) phase-A String-Y submodule-battery SOC.

In Fig. 8(a), the power injected into the grid (Pg) and
the power absorbed from the WT (P;) by the hybrid
MMShHC are shown. In Fig. 8(b), the generator speed is
shown and it is kept regulated with a constant value dur-
ing the entire simulation period. In Fig. 8(c) and (d),
the MMShC phase-A String-X submodule-capacitor volt-
ages and phase-A String-Y submodule-capacitor voltages are
shown, respectively. From the begining of the simulation until
t = 2.7 s, the power injected into the grid is kept lower
than the power absorbed from the WT so that the submodule
capacitors are charged until they reach their nominal voltage
equal to 1 kV. At r = 2.7 s, the power injected into the
grid is regulated to a value equal to the power absorbed from
the WT so that the submodule-capacitor voltages are kept
constant. At ¢t = 4 s, a new set point is given to the power
that must be injected into the grid by the hybrid MMShC
and, thus, the converter starts to inject into the grid a power
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FIGURE 9. Flowchart illustrating a reduced version of the hybrid-MMShC control, which was used to obtain the specific simulation results shown in

Fig. 8.

value higher than the power produced by the WT. Then,
as previously explained, when a given submodule string is
connected to the grid, battery submodules must be inserted
to supply the surplus power in such a way as to preserve
the balance between the power absorbed by the submodule
capacitors when connected to the generator terminals and the
power supplied by the submodule capacitors when connected
to the grid terminals. However, in this case, the power mis-
match presents a value that is obviously higher than the power
supplied by the batteries if no battery submodule is inserted,
but lower than the power supplied by the batteries if one
battery submodule is inserted. Thus, the insertion of battery
submodules will have to vary between these two conditions in
order to maintain the submodule-capacitor voltages regulated
within a limited range. By observing Fig. 8(c) and (d), as well
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as Fig. 8(e) and (f) (which are zooms of Fig. 8(c) and (d),
respectively), one can understand the operation of the hybrid
MMShHC. At ¢t = 4 s, battery submodules start to be inserted
when either String X or String Y is connected to the grid
terminals. Initially, one battery submodule is inserted, which
means that the insertion procedure is as follows: when the
submodule string is connected to the grid, if Z < 1, then
Nep = 0and Npyy = Z. IfZ > 1, then Noyp = Z — 1 and
Npqr = 1. However, in this case, the power supplied to the grid
by the batteries is higher than the power mismatch between
P, and P;, which means that the power supplied to the grid
by the submodule capacitors is lower than the power absorbed
from the WT by the submodule capacitors. Thus, the average
value of the submodule-capacitor voltages starts to increase.
When the capacitor voltages reach a pre-defined upper limit
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equal to 1.1 kV in this case, then the insertion procedure of
battery submodules changes to: when the submodule string is
connected to the grid, then only capacitor submodules must
be inserted, which means that Neyp, = Z and Ny, = O.
However, in this case, the power supplied to the grid by the
batteries is obviously lower than the power mismatch between
P, and P;, which means that the power supplied to the grid
by the submodule capacitors will be higher than the power
absorbed from the WT by the submodule capacitors. Thus,
the average value of the submodule-capacitor voltages starts
to decrease. When the capacitor voltages reach a pre-defined
lower limit equal to 0.9 kV in this case, then the insertion
procedure of battery submodules changes back to: when the
submodule string is connected to the grid, if Z < 1, then
Negp = 0and Npyy = Z. I8 Z > 1,then Negp = Z — 1
and Np,; = 1. In this case, the converter must operate
varying between the two mentioned conditions. By observing
the submodule-capacitor voltages in Fig. 8§, it is clear that
the regulation of the average value of these voltages can be
achieved by controlling the number of inserted battery sub-
modules. In Fig. 8(g) and (h), the MMShC phase-A String-X
submodule-battery SOC and phase-A String-Y submodule-
battery SOC are shown, respectively. At ¢t = 4 s, the battery
SOC of both strings start to decrease, as expected, due to the
insertion of battery submodules since the power injected into
the grid is higher than the power produced by the WT. It is
interesting to notice that from # = 4 s until the end of the
simulation, the batteries are being discharged in average, sup-
plying power to the grid. However, even during this period,
there are moments in which the battery SOC decreases and
moments in which the battery SOC is kept constant (steps
can be observed). The moments in which the battery SOC
decreases correspond to the instants in which the correspond-
ing submodule string is connected to the grid and battery
submodules are being inserted. The moments in which the
battery SOC is kept constant occur in two different situations:
either if the submodule string is connected to the generator
terminal (in which battery submodules are never inserted
since P, > P;) or if the submodule string is connected to the
grid and only capacitor submodules are inserted (moments
in which the submodule-capacitor voltages are decreasing
before they reach the limit equal to 0.9 kV).

A detailed explanation of the hybrid MMShC phase-A con-
trol is shown in Fig. 9. This is a reduced version of the com-
plete converter control, which was used to obtain the specific
simulation results shown in Fig. 8. The control shown in the
flowchart was implemented in a C code and it was also used
for the other two phases of the converter. The control receives
as inputs the following signals measured in the simulation: the
generator-terminal and grid-terminal voltage references (v},
and vza, respectively), which come from outer control loops,
the currents measured at the generator and grid terminals (i,
and ig,, respectively), the battery SOC of the submodules
of both strings (SOCxx1, SOCax2, ... SOCaxy and SOCay 1,
SOCay2, ...SOCxypy) and, finally, the capacitor voltages of
the submodules of both strings (vaxi, vax2,...vaxny and
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VAY1, VAY2,...VAYN). Besides, the control receives as an
input a triangular signal (#ri) with amplitude varying between
0 and 1 and with frequency equal to 5 Hz. This is the sig-
nal used to control the switching of the bidirectional-switch
valves.

The first step of the control is the bidirectional-switch valve
operation logic. Basically, if the triangular signal #ri is bigger
than 0.5, then String X should be connected to the generator
terminal (charging mode) and String Y should be connected
to the grid terminal (discharging mode). On the contrary, if the
triangular signal ¢ri is smaller than 0.5, then String X should
be connected to the grid terminal (discharging mode) and
String Y should be connected to the generator terminal
(charging mode). Since the triangular signal has a frequency
of 5 Hz, then it means that the bidirectional-switch valves
switch with this frequency and, every ﬁ = 0.2 s, the sub-
module strings are connected to a different terminal. So, if the
triangular signal #ri is bigger than 0.5, then the bidirectional-
switch valves receive the signals Sx4 = 0, Sx, = 1, Sya = 1,
and Sy, = 0, in which 1 means ON state and 0 means
OFF state. Besides, since String X will be connected to the
generator terminal, then the voltage to be synthesized across
String X becomes equal to the generator voltage reference
(viy = v} and the String-X current becomes equal to the
generator current (iy = ij,). Finally, since String Y will
be connected to the grid terminal, then the voltage to be
synthesized across String Y becomes equal to the grid voltage
reference (v}, = v;a) and the String-Y current becomes equal
to the grid current (iy = ig,). On the contrary, if the triangular
signal #ri is smaller than 0.5, then the bidirectional-switch
valves receive the signals Sx4 = 1,S8x, = 0,Sy4 = 0, and
Sw. = 1. Besides, since String X will be connected to the
grid terminal, then the voltage to be synthesized across String
X becomes equal to the grid voltage reference (viy = v;a
and the String-X current becomes equal to the grid current
(ix = igq). Finally, since String Y will be connected to the
generator terminal, then the voltage to be synthesized across
String Y becomes equal to the generator voltage reference
(viy = v} and the String-Y current becomes equal to the
generator current (iy = ij,).

After defining the voltage references and currents of the
two strings, the next step is the String-X and String-Y con-
trol. Taking String X as an example for the explanation,
the first step of the control is the modulation. In this paper,
a level-shifted-carrier pulse-width modulation (LSC-PWM)
technique is adopted. The modulation block receives as an
input the String-X voltage reference (v§y) and it provides
as an output the instantaneous number of submodules to
be inserted (Z) in order to track the voltage reference. The
flowchart shown in Fig. 9 explains how the hybrid MMShC
was controlled to obtain the simulation results shown in
Fig. 8. This flowchart is interesting because it explains
the converter control in a didactic and intuitive way. However,
the flowchart only explains partially the converter control
for the specific operation condition of the simulation results
shown in Fig. 8. The complete control would not be possible
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to be represented in such a figure. Nonetheless, the expla-
nation of the complete control will be provided later in this
paper. So, since in the simulation, whose results are shown
in Fig. 8, the power supplied to the grid was higher than the
power absorbed by the WT, then if String X were connected
to the generator terminal, then no battery submodule had to
be inserted. On the contrary, if String X were connected to
the grid terminal, then battery submodules had to be inserted.
The signal fri is the one that defines the bidirectional-switch
valves operation and, thus, defines the connection of the
submodule string. Then, according to Fig. 9, if tri is bigger
than 0.5, then String X will be connected to the genera-
tor terminal and, thus, only capacitor submodules must be
inserted, i.e., Neqp = Z and Npy;, = 0. If #ri is smaller
than 0.5, however, then battery submodules must be inserted.
The variable auxX was initialized with a value equal to 0.
The control algorithm will test if auxX = 0, which will be
true in the first time the code is read. Thus, the code will
start in the left-hand side of the if statement. This condition
corresponds to the situation in which the average value of the
submodule-capacitor voltages are increasing as illustrated in
Fig. 8(e) and (f). So, while the submodule capacitor voltages
(vax1) remain smaller than the upper limit (L,, = 1.1 kV),
the submodule insertion pattern is the following: if Z < 1,
then Neqp = O and Npyy = Z. If Z > 1, then Ny =
Z — 1 and Ny, = 1. This means that one battery submodule
must always be inserted when Z is at least equal to 1. Once
again, during this period the submodule-capacitor voltages
are increasing since the power supplied by the batteries to the
grid is higher than the power mismatch between P, and P;.
When the submodule-capacitor voltages exceed the upper
limit (L,, = 1.1 kV), then the insertion pattern becomes the
following: N¢qp = Z and Ny, = 0 and the variable auxX
assumes a value equal to 1. Now, only capacitor submodules
will be inserted when String X is connected to the grid.
Thus, the average value of the submodule-capacitor voltages
starts to decrease, since the capacitors are discharged at a
higher rate when connected to the grid terminals than they
are charged when connected to the WT terminals. Since now
auxX = 1, then the code will enter the right-hand side of
the if statement. In this case, while the submodule-capacitor
voltage (v4x1) remains bigger than the lower limit (Lj,, =
0.9 kV), then the insertion pattern is the following: Negp =
Z and Np,;; = 0. When the submodule-capacitor voltages
exceed the lower limit (L;,,, = 0.9 kV), then the insertion
pattern becomes the following: if Z < 1, then N = 0 and
Npat = Z.IfZ > 1,then Nogp = Z — 1 and Npyy = 1.
Moreover, the variable auxX assumes a value equal to 0. Now,
the average value of the submodule-capacitor voltages starts
to increase again, since battery submodules are inserted. The
control remains operating between these two states and, thus,
the submodule-capacitor voltages remain regulated within the
upper and lower limits (L, = 1.1 kV and L, = 0.9 kV,
respectively).

The previously explained stage of the control was respon-
sible for defining the instantaneous number of capacitor
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submodules (N¢qp) and battery submodules (Npy) to be
inserted. The next step is the sorting algorithm that decides,
which of the N available capacitor submodules and which
of the M available battery submodules of the string should
be inserted. The sorting algorithm aims to maintain all the
capacitors within the same string with similar voltage values
and all the batteries within the same string with similar SOC
values. The sorting algorithm basically checks the polarity of
the submodules to be inserted (which is equal to the polarity
of the voltage reference v}y ) and it checks the instantaneous
direction of the current (if ix has a positive or a negative
value). Depending on the combination of voltage polarity and
current direction, this current will be charging or discharging
the capacitors and batteries of the inserted submodules. If this
is a charging current, then the N¢y, submodules with lower
capacitor voltage values and the Np,; submodules with lower
battery SOC values are selected to be inserted. On the con-
trary, if this is a discharging current, then the N4, submodules
with higher capacitor voltage values and the Nj,; submodules
with higher battery SOC values are selected to be inserted.
With this algorithm, all the capacitors within the same string
remain with similar voltage values and all the batteries within
the same string remain with similar SOC values as demon-
strated in Fig. 7. Finally, the N4, selected capacitor submod-
ules and the Nj,; selected battery submodules are inserted.

The complete hybrid-MMShC control algorithm would
require as an input the power values P, and P; since if
P, > Py, then battery submodules would have to be inserted
in the strings connected to the grid to inject the surplus power
into the grid. On the contrary, if P; > P,, then battery sub-
modules would have to be inserted in the strings connected
to the generator to absorb the surplus power produced by
the WT. Besides, different voltage limits would be required
to define the number of battery submodules to be inserted
to maintain the capacitor voltages regulated, as illustrated in
Fig. 10 and Fig. 11.

2 Voltage (pu)

1.08
1.05F - - ——--

095} ------
0.92

PR P R —

<= F; becomes higher than P, Time

FIGURE 10. Submodule-capacitor voltages.

Let us consider the example shown in Fig. 10. Initially
(interval 1), the power injected into the grid by the hybrid
MMShC (Py) is equal to the power absorbed from the WT
(P7) and, thus, the average value of the submodule capacitor
voltages is kept regulated at the nominal value equal to 1 pu.
At the beginning of interval 2, the power injected into the
grid becomes higher than the power produced by the WT
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and, thus, the average value of the submodule-capacitor volt-
ages starts to decrease since only capacitor submodules are
inserted at the grid terminals. In other words, the submodule
insertion pattern of the strings connected to the grid, during
interval 2, is: if the submodule string is connected to the
grid terminal, then Ny = Z and Npyy = 0. As soon as
the submodule-capacitor voltages reach the first lower limit
Liow1 = 0.95 pu (represented by a dashed green line), then
the submodule insertion pattern changes to insert one battery
submodule in the strings connected to the grid. In other
words, the insertion pattern becomes: if the submodule string
is connected to the grid, then if Z < 1, then Noyp = 0
and Npyy = Z,andif Z > 1, then Noyp = Z — 1 and
Npa: = 1. This is the beginning of interval 3. In this example,
the insertion of only one battery submodule is enough to
make the submodule-capacitor voltages to increase, which
means that the power supplied by the batteries are higher
than the mismatch between P, and P;. The submodule-
capacitor voltages increase until they reach the first upper
limit L,,; = 1.05 pu (represented by a dashed green line).
As soon as the submodule-capacitor voltages reach the first
upper limit, the insertion pattern goes back to: if the submod-
ule string is connected to the grid terminal, then Negp, = Z
and Np4; = 0. Thus, the submodule-capacitor voltage starts
to decrease again, which corresponds to interval 4. Finally,
interval 5 is exactly the same as interval 3 and the control
stays switching between these two stages until a new power
mismatch between P, and P; occurs.

Let us now consider the example illustrated in Fig. 11.
In this example, intervals 1 and 2 are exactly the same as
intervals 1 and 2 of the previous example shown in Fig. 10.
In other words, in interval 2, the average value of the
submodule-capacitor voltage decreases, since P, > P;, and
the submodule insertion pattern is: if the submodule string is
connected to the grid terminal, then N¢y, = Z and Npy; = 0.
However, in this example, the power injected into the grid is
higher than the power injected into the grid in the previous
example, which means that the power mismatch between P,
and P; is higher. So, as soon as the submodule-capacitor
voltages reach the first lower limit (Lj,,; = 0.95 pu), the
submodule insertion pattern becomes: if the submodule string
is connected to the grid, then if Z < 1, Nogp = 0 and
Npat = Z,andif Z > 1, Negp = Z — 1 and Npyy = 1.
However, in this case, the power injected into the grid by
the batteries is still lower than the power mismatch between
P, and P;, which means that the average value of the sub-
module capacitor voltages will continue to decrease but with
a lower rate. This condition corresponds to interval 3 of
Fig. 11. As soon as the submodule-capacitor voltages reach
the second lower limit Lj,,» = 0.92 pu (represented by a
dashed orange line), the submodule insertion pattern changes
to insert one more battery submodule in the strings connected
to the grid. In other words, the insertion pattern becomes: if
the submodule string is connected to the grid, then if Z < 2,
Negp = Oand Npyy = Z,and if Z > 2, Neypy = Z — 2
and Np,; = 2. Now, the power injected into the grid by the
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batteries becomes higher than the power mismatch between
Py and P; and, thus, the average value of the submodule-
capacitors starts to increase. This condition corresponds to
interval 4 of Fig. 11. It is clear, now, that the conditions
to make the submodule-capacitor voltages to increase and
decrease (for this specific power mismatch between P, and
P;) corresponds to the insertion of two battery submodules
and of one battery submodule, respectively. Thus, as soon as
the submodule-capacitor voltages reach the first upper limit
(Lupt = 1.05 pu), the submodule insertion pattern comes
back to: if the submodule string is connected to the grid,
thenif Z < 1, Negp = O and Npyy = Z,and if Z > 1,
Neap = Z — 1 and Ny = 1. So, the submodule-capacitor
voltages start to decrease once again, which corresponds to
interval 5 of Fig. 11. Finally, it is important to emphasize that,
since the two states between which the control needs to switch
are already known, then as soon as the submodule-capacitor
voltages reach the first lower limit (Lj,,; = 0.95 pu), the
insertion pattern becomes again: if the submodule string is
connected to the grid, thenif Z < 2, Nogp = 0 and Npoy = Z,
and if Z > 2, Negp = Z — 2 and Np,, = 2. This condition
corresponds to interval 6 of Fig. 11.

Voltage (pu)

34— Py becomes higher than P, Time

FIGURE 11. Submodule-capacitor voltages.

The examples illustrated in Fig. 10 and in Fig. 11 only
consider the cases in which Np,; = 1 and Np,; = 2. However,
in practice, more limits would be required to account for the
cases in which more battery submodules would have to be
inserted. Another possible approach would be to estimate
the number of battery submodules to be inserted based on
the power mismatch between P, and P; and based on the
calculation of the battery power. In other words, by know-
ing the instantaneous battery current and the battery volt-
age, it would be possible to calculate the amount of power
charging/discharging the batteries and, then it would be
possible to estimate how many battery submodules would
have to be inserted to absorb/supply the surplus power
between P, and P;. This approach will be analyzed in future
works.

IV. CONCLUSION

This paper introduced an enhanced version of the recently
presented MMShC with integrated energy storage, which
could be suitable to drive modern/future high-power medium-
voltage WTs. The enhanced converter proposed in this paper
is a hybrid topology in which the submodule strings are
composed of a combination of battery submodules and of
capacitor submodules. In this paper, a control technique was
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proposed to regulate the submodule-capacitor voltages of the
converter by controlling the insertion of battery submodules,
while allowing for the dispatchable operation of the WT.
In other words, a given number of battery submodules had
to be inserted depending on the mismatch between the power
produced by the WT and the power to be injected into the grid,
in a way to preserve the balance between the power charging
the converter capacitors when connected to the generator
terminals and the power discharging these capacitors when
connected to the grid terminals.

Simulation results were presented, which demonstrated the
dispatchable operation as the proposed solution injected into
the grid a power value different from the power instanta-
neously generated by the turbine. These results proved that
the conventional capacitors, implemented into the converter,
were the ones responsible for transferring the power gen-
erated by the WT to the grid, and the submodule batteries
only had to handle either the surplus power generated by the
turbine or the extra power required to be injected into the
grid. In Fig. 6, simulation results demonstrated the opera-
tion of the converter with capacitors only while the turbine
operated in a dispatchable mode. These results showed that
the average value of the capacitor voltages varied along the
simulation since a different power value was injected into
the grid in relation to the power generated by the turbine,
in a way that the capacitors were discharged with a different
rate when connected to the grid terminals than they were
charged when connected to the generator terminals. In Fig. 7,
however, simulation results were presented in which some
battery submodules were inserted to preserve the balance
between the power charging the capacitors of the strings
connected to the generator and the power discharging the
capacitors of the strings connected to the grid. This way,
the submodule-capacitor voltages were kept constant and
regulated throughout the simulation. However, the results
shown in Fig. 7 corresponded to an ideal case where the
power absorbed/supplied by the inserted batteries was exactly
equal to the difference between the power instantaneously
produced by the WT and the power instantaneously injected
into the grid. Thus, in Fig. 8, simulation results were pre-
sented demonstrating the real operation of the converter in
which the multiple limits explained in Fig. 10 and Fig. 11
had to be used to perform the submodule-capacitor voltage
regulation.

The hybrid topology presented in this paper should be more
cost effective than the original one (with batteries handling
the full turbine power) since the dimensions of the battery
system could be reduced and these batteries would have a
longer lifetime. The following are important issues to be
analyzed in future works:

« Study the possibility of enhancing the control algorithm
by implementing the decision-making process of the
required number of battery submodules to be inserted
based on the calculation/estimation of the battery power
instead of based on the multiple upper/lower limits
explained in Fig. 10 and in Fig. 11.
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o Develop a cost analysis of the proposed hybrid solu-
tion in relation to the original topology with batteries
only, as well as in relation to other well-established
approaches to integrate an ESS into wind power plants,
as for example the usage of an extra converter exclu-
sively dedicated to the ESS.

« Present experimental results based on a low-scale proto-
type of the proposed topology to further validate it.
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