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Abstract

Recent works have highlighted the growth of battery energy storage system (BESS) in the electrical system. In the
scenario of high penetration level of renewable energy in the distributed generation, BESS plays a key role in the
effort to combine a sustainable power supply with a reliable dispatched load. Several power converter topologies
can be employed to connect BESS to the grid. There is no defined and standardized solution, especially for medium
voltage applications. This work aims to carry out a literature review on the main converter topologies used in BESS and
highlight the main advantages and disadvantages of each one. The topologies used for each conversion stage are
presented and their combinations are analyzed. In addition, the different services that BESS can carry out when
connected to the distribution system are analyzed in order to demonstrate all the main contributions to the electrical
systems. Finally, a case study is performed to compare and analyze the converter topologies for BESS, considering
some aspects such as efficiency, power quality and number of components.

Keywords: Battery energy storage system (BESS), Power electronics, Dc/dc converter, Dc/ac converter, Transformer,
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Introduction
Battery energy storage system (BESS) have been used for
some decades in isolated areas, especially in order to sup-
ply energy or meet some service demand [1]. There has
been a revolution inelectricity generation. Today, solar
and wind electricity generation, among other alternatives,
account for a significant part of the electric power gener-
ation matrix all around the world. However, in this sce-
nario of high level of renewable energy, BESS plays a key
role in the efforts to combine a sustainable energy source
with a reliable dispatched load and mitigates the impacts
of the intermittent sources [2]. Therefore, the installation
of BESS has increased throughout the world in recent
years. Despite their benefits, the implementation of such
systems faces considerable challenges [3].
The nominal voltage of the electrochemical cells is

much lower than the connection voltage of the energy

storage applications used in the electrical system. For ex-
ample, the rated voltage of a lithium battery cell ranges
between 3 and 4 V/cell [3], while the BESS are typically
connected to the medium voltage (MV) grid, for ex-
ample 11 kV or 13.8 kV. The connection of these sys-
tems in MV grids can contribute with various services,
such as peak shaving, time shifting and spinning reserve
[4, 5]. Therefore, it is common to connect several cells
in series to form a bank of batteries that is capable of
delivering a minimum recommended voltage on the dc-
link. In several applications, this voltage is usually 600 V,
which is converted into ac for the grid connection
through an inverter. Furthermore, a controllable dc-link
voltage can be achieved by inserting a dc/dc stage, be-
tween the battery bank and the dc-link. Under such con-
ditions, it is possible to increase the degree of freedom
to control the battery state of charge (SOC). The dc/dc
converters also allow using less batteries in series, since
the converters can boost the voltages to the grid connec-
tion [6]. It is worth mentioning that the dc/dc converter
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must be bidirectional to ensure the power flow of charge
and discharge of the batteries [7, 8].
In this sense, the general structure of a BESS con-

nected to the MV grid is shown in Fig. 1. This system is
composed of the battery pack, dc/dc stage and dc/ac
stage. The converter topologies in each stage are classi-
fied in topologies with transformer or transformerless. If
low voltage switches are employed in the dc/ac stage for
two or three level topologies, a step-up transformer is
required to connected the BESS to the MV grid [9]. A
disadvantage of these topologies is the high current on
the transformer low voltage side, which can decrease
their efficiency. Therefore, trends of transformerless dc/
ac converter technologies are being applied in BESS,
such as two levels with serial switches and modular
multilevel converter (MMC) [9, 10]. However, a compre-
hensive analysis of cost-benefit, efficiency and system
complexity is necessary to verify the advantages of these
trends. The same idea applies to the dc/dc stage, which
can be isolated with high frequency transformers [11].
In view of the above, this paper proposes to perform a

review of the main topologies of power converters in-
volved in BESS and present a comprehensive insight into
converter technologies for this application. Therefore, it
aims to synthesize the main works in the literature, and
reveal the advantages and disadvantages in terms of
power losses, number of semiconductor devices, output
current harmonic distortions, relevant number of con-
trol loops and the required sensors. Some issues, such as
control strategies and converter design, will be
approached for the analysis of the inherent complexities
of each topology. Several works that deal with these is-
sues will be investigated. Finally, a case study is carried
out to compare and analyze the converter topologies for
BESS, considering some aspects, such as efficiency,
power quality and number of components.
This paper is outlined as follows. Section II presents

an overview about the converter topologies commonly
used in BESS. Section III describes the main control

strategies for BESS. Section IV lists and discusses the
main services provided by a BESS. Section V describes
the case studies in order to compare different topologies
to connect the BESS into the grid. The results are dis-
cussed in Section VI and the main conclusions are stated
in Section VII.

Converters topologies applied in bess
In this work, the converter topologies for BESS are di-
vided into two groups: with transformers and transfor-
merless. This work is focused on MV applications. Thus,
only three-phase topologies are addressed in the follow-
ing subsections.

Converter topologies with transformers
The voltage source converter (VSC), ZSI (Z-source con-
verter) and qZSI (quasi-Z-source converter), shown in
Fig. 2, are the three traditional two-level converters for
the dc/ac stage of BESS. For the grid connection, it is
generally, it is used a low-pass filter in order to attenuate
the injected harmonics. LC or LCL filter configurations
are usually employed. The transformer (Tx) is used to
step-up the low voltage (LV) from the inverter side to
the MV of the grid side [12, 13].
In the VSC configuration, the battery bank can be con-

nected directly to the dc/ac stage capacitor or connected
through the dc/dc stage. The disadvantage of this top-
ology is the possibility of operating only as a buck con-
verter. Therefore, the output voltage must be lower than
the dc voltage. In addition, the upper and lower switches
of each phase-leg cannot be activated simultaneously.
Thus, a dead time between the opening and closing of
the switches must be implemented, which distorts the
output waveform.
ZSI and qZSI were designed to overcome these disad-

vantages inherent of the VSC topology [14, 15]. Basically,
these converters can operate in boost mode, because of
the additional network with capacitors and inductors in
the dc-link. Therefore, the short-circuit state is used to

Fig. 1 Conventional structure of BESS connected to the medium voltage (MV) power grid
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exchange energy between the bus elements and raise the
voltage. In fact, due to these listed characteristics, many
works have used the qZSI converter to integrate renew-
able energy sources with batteries and connect them to
the grid, which prevents the use of additional dc/dc con-
verter and reduces the number of semiconductors in the
system [16, 17].
Despite the advantages of ZSI and qZSI, VSC is more

commonly used due to its simplicity. Therefore, in this
work, VSC is used to represent the two-level converters
in the dc/ac stage and it is the topology simulated in the
case study presented in Section IV.
For high power applications, a parallel association of

BESS in power blocks is used to avoid power concentra-
tion in a single system, as shown in Fig. 3 [18]. Notice
that each block is a conventional system shown in Fig. 2.
This configuration is advantageous in case of battery

failure, since only one power block will be out of service
[19]. Another advantage is the power blocks that can be
connected at different points of the grid, and perform
the services in a distributed way. These aspects are dis-
cussed in Section V. This concept of power blocks has
been used for several commissioned and operating BESS
around the world [20–22].
The three-level neutral-point clamped (NPC) converter

is another topology widely used for BESS applications
[23–25], as shown in Fig. 4. The advantage of this con-
verter topology is the greater degree of freedom to in-
crease the magnitude of the output voltage and improve
the harmonic performance, which reduces filter require-
ments. This is possible due to the clamping of half of the
dc-bus voltage by the NPC diodes, which reduces the volt-
age requirement of the power switches. The disadvantage
of this topology is the more complex control and

Fig. 2 Conventional topologies of two-level converters for the connection of BESS to MV grid

Fig. 3 Use of the power block configuration for connecting BESS to the MV grid
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modulation techniques required in relation to the two-
level converters [26]. The 200 kWh pilot project commis-
sioned in Norfolk, UK, in 2011, which used ABB’s Dyna-
PeaQ solution with a NPC converter, is an example of
such application [27].
Structures similar to the conventional NPC are also widely

used. The flying capacitor converter, for example, uses ca-
pacitors instead of clamping diodes to divide the dc voltage
input. In addition, the balancing of the capacitors can be
carried out easily through the modulation. The active NPC
(ANPC) converter is another structure, that uses electronic
switches to perform the voltage clamping [28, 29]. These
two topologies are shown in Fig. 4. Further redundancies in
the switching states and better capacitor voltage balancing
are advantages of these topologies in relation to the topology
with diode clamping. For this reason, some HVDC projects
and some ABB medium voltage drives are based on this top-
ology. Nevertheless, the ANPC topology has a greater num-
ber of semiconductor switches, which affects the final cost
of the system.
Five-level NPC converters can also be employed in BESS

[30]. By increasing the converter levels, it is possible to im-
prove the output voltage waveform and, depending on the
number of levels, eliminate the transformer. Thus, BESS can
be directly connected to the MV grid.

Transformerless topologies
Two-level topologies can still be used for direct connec-
tion to MV grid, as shown in Fig. 5 [31, 32]. In this

configuration, several insulated gate bipolar transistors
(IGBTs) are usually connected in series. This connection
can be understood as a single IGBT capable to block
voltages of some kV. The main disadvantage of this top-
ology is the increased complexity in the gate drive cir-
cuits, in order to ensure the synchronization between
the on and off states of the switches. It is easy to observe
that the greater the numbers of switches in series, the
more complex is the converter design. This topology is
also designed to operate with low switching frequency,
in order to limit the switching losses. However, a low
switching frequency increases the filtering requirements.
In relation to the direct connection of BESS to the

MV grid, the multilevel topologies have demonstrated
prominent technologies in recent researches on BESSs
[10, 33]. These topologies make it easier to deal with the
state of charge (SOC) unbalance of the batteries. They
also present low losses, modularity and scalability,
among other characteristics [34]. The cascaded H-bridge
converter (CHB) and the modular multilevel converter
with chopper or bridge cells (CC or BC) are two highly
discussed multilevel topologies in power storage
applications.
The CHB converters, shown in Fig. 6, consist of sev-

eral cells of single-phase H-bridge converters connected
in series in each phase [35–37]. This converter is pre-
sented in literature, in star configuration, as shown in
Fig. 6 (a), or in the delta configuration, as shown in Fig.
6 (b). The implementation of the star CHB is less

Fig. 4 Three level converter topologies
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expensive [38], while the delta CHB dynamics is better
in situations of grid unbalances [39]. The development
of physical systems with CHB converters has already
been achieved. Reference [37] shows the development of
a 500 kW real-scale star CHB for BESS, with successful
test results.
The use of the cascade converter topology allows to con-

nect the BESSs directly to the MVgrid without step-up trans-
formers [10]. Each H-bridge converter regulates the power
flow of each battery (or battery string) connected to its dc-
link. The inclusion of the dc/dc stage is controversial. Many
works use the CHB topologies without the dc-dc stage [34,
35]. On the other hand, other papers argue that it is better to
use this stage to improve the lifetime of the batteries [40].
The advantages of the CHB topologies are the inherent ad-
vantages of multilevel topologies, such as: the use of low volt-
age switches, modularity, fault-tolerant, low frequency
switching operation and high output voltage quality [19, 41].
The insertion of a zero-sequence voltage between each phase
is used to balance the energy between the CHB arms in a star
configuration. On the other hand, for the delta CHB arms,
the insertion of a zero-sequence current between each phase
is used for energy balancing. The high number of switches
and, consequently, high costs and high-power losses, raises
doubts about the viability of this topology.

The MMC converter, shown in Fig. 7, consists of sev-
eral single-phase chopper or bridge inverter cells con-
nected in series at each phase [42–44]. This topology
has the same advantages inherent to multilevel con-
verters, as already mentioned for the CHB converter. Be-
sides, it is observed active power support between dc
and ac system and a greater freedom of SOC control,
since the converter has 3 circulating currents [45–48].
This topology presents flexible disposition of the batter-
ies between the cells of each phase, according to Fig. 7
(a) or between the physical dc-link, according to Fig. 7
(b). The safety of the MMC converter, can be increased
by the use a transformer so as to ensure the galvanic iso-
lation of the converter with the grid (MMC + ITx). This
principle guarantees the flow of current and conse-
quently, power, without creating forms of metallic con-
ductions, which increases the safety of the system.
Some issues should be investigated when using the

MMC topology. For example, if the batteries are con-
nected directly to each cell, unbalances between the volt-
ages can lead to dc current injection into the grid [49].
The dc-dc stage, shown in Fig. 7 (a), decouples the bat-
tery from the capacitor, thus reducing the dc filter re-
quired and increasing the battery lifetime. Furthermore,
the capacitor of the cell can be smaller [50].

Fig. 5 Transformerless two-level converter connected directly to the grid of MV level

Fig. 6 CHB converter and the cells composed of single-phase H-bridge converters. a star CHB b delta CHB
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Another important issue is the impact of the low har-
monic order circulating currents between the arms of
the dc-ac converter and the batteries [44]. These current
components can degrade the battery cells, thus, impact-
ing the battery lifetime [51]. Frequencies below 10 Hz
have the greatest potential to deteriorate the capacity of
lithium cells. On the other hand, at levels above 100 Hz,
the cells submitted to these components presented a
lower level of degradation [52]. Thus, the harmonic
second-order current characteristic of the MMC con-
verter can lead to negative impacts on the battery cells.
This range of frequencies between 10 and 100 Hz is still
questionable.

BESS control strategies
Different control strategies can be applied to BESS [7,
33, 53]. However, most of them are based on the same
principles of power control cascaded with current con-
trol, as shown in Fig. 8. When the dc/dc stage converter
is not used, the active power reference for the dc/ac
stage control strategy is calculated by the battery SOC
during charge process and by grid services requirements
under discharge process, as shown in Fig. 8. These ser-
vices are discussed in the following sections.

In relation to the current control of the dc/ac stage
converter, it may be in different reference frames such as
natural abc coordinate, stationary reference frame (αβ)
and synchronous reference frame (dq) [54, 55]. An ex-
ample of the control strategy based on the stationary ref-
erence frame is shown in Fig. 9. However, the active
power reference, generated by SOC or for some grid ser-
vice requirements, and the reactive power reference, the
current references ( i�α , i

�
β ) for the dc/ac stage converter

control are calculated using the instantaneous power
theory, given by [56]:

i�α
i�β

� �
¼ 1

v2α þ v2β

vα vβ
vβ−vα

� �
P�

Q�

� �
ð1Þ

where vg is the grid voltage and vα, β are the grid voltage
components in the stationary reference frame. The
current references are compared with the converter
currents ðisα;βÞ and the controllers Gc reduce the error
between these currents. Finally, a PWM technique cal-
culates the pulses for the converter.
The BESS based on the MMC topology can handle

some problems regarding the structure of the converter.
The use of chopper cells involves low frequency currents

Fig. 7 MMC – disposition of batteries. a disposition of batteries in cells b disposition of batteries in dc-link

Fig. 8 BESS control strategies
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in the cells and requires interfaces between the battery
bank and the cells input, such as the dc-dc stage, which
increases the complexity. SOC balancing is another
issue, especially in the unbalanced operation, which
deals with the unbalanced SOC on converters arms.
Thus, it is necessary to control the SOC between the
average SOC of each arm and between the difference
SOC in the upper and lower arm of each phase.
The MMC control presents two distinct external refer-

ence loops to inject or absorb power, similarly to the 2 L
and 3 L topologies. In case of charging the batteries, a SOC
reference is provided to the main current control, as shown
in Fig. 10. Besides, the circulating current control is used
to control the average and individuals SOC. Finally, these
signals are used to the modulation each cell [41].

Services performed by BESS
The viability of the installation of BESS connected to MV
grids depends on the services provided and agreements
with the local power system operator. The typical services
provided are illustrated in Fig. 11 and described below:

� Peak Shaving: The energy purchased from the utility
during peak demand hours can be reduced through
BESS. Since the energy price in the peak demand
hours is typically more expensive, BESS has become
an attractive alternative to companies with high
electricity consumption during peak hours. BESS is
usually controlled to charge at low demand hours and
discharge at the critical time of demand [57–59];

� Transmission and distribution (T&D) upgrade
deferral [60–62]: If there is a constant overload at a
specific point in the T&D lines, the electric utility
needs to adapt its infrastructure to support this new
demand. However, this is expensive and usually
complex, as it may be necessary to upgrade T&D
devices, such as transformer lines, to support the
new power flow. An increasingly viable alternative is
the installation of BESSs near the overloaded grid
point, to reduce the effects on T&D devices. As a
result, the upgrading in the T&D infrastructure can
be delayed or avoided;

Fig. 9 Current control example of BESS

Fig. 10 Overall system control block diagram for MMC-BESS
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� Time Shifting (Arbitrage): This is an expression to
designate energy trade. Basically, BESS stores energy
in hours of low demand, when energy is cheaper,
and injects it into the grid in hours of high demand,
when energy is more expensive. Therefore, the main
benefit is the energy price difference between those
hours [5, 63, 64];

� Support for Renewable Power Generation Plants:
The intermittent power generation in renewable
energy systems, such as wind or photovoltaic, can
be maintained at an appropriate level for a period of
time, which alleviates the output power and reduces
the rapid oscillations of the voltage and power in the
grid [64, 65];

� Backup Power: For example, since photovoltaic power
plants generate energy only during few hours of the
day, especially at low demand times, the BESS system
can be used to store this generated energy and supply
the loads out of the generation time [53, 66];

� Spinning Reserve: Large power generators usually
operate below their total capacity and maintain
some reserve to withstand unexpected load
variations. It is well known that an overload in the

generator tends to reduce its rotation frequency,
which affects grid stability. In this scenario, the
power reserve is used to increase the torque and
recover the nominal rotation of traditional
synchronous generators. Studies indicate that BESS
can be used to supply this additional power and
support the grid during an overload [5, 67].
Therefore, the generator could operate close to its
maximum capacity, which means increased energy
production;

� Frequency support in microgrids: Recent studies
have addressed the ability of microgrids to operate
without the grid and BESS ability to provide
frequency support and uninterrupted supply in the
absence of the main grid [53, 66];

� Power Quality improvement: In order to deal with
the effects of variation in the grid voltage during
periods of high and low demand, different concepts
of BESS are proposed to guarantee the voltage
quality requirements, especially in scenarios with
considerable distributed generation. In this sense,
the voltage support and harmonic compensation are
applied to the BESS so as to improve aspects of
energy quality [4, 68];

Fig. 11 Services performed by BESS
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� Black Start Capability: Several studies propose the
use of BESS to promote the recovery of a total or
partial electrical grid subjected to a blackout. Under
such conditions, the assistance given by BESS
impacts the time of grid interruption and the
economic losses [69].

Basically, these functions can be implemented regard-
less of the converter topology used. The use of a power
block structure, as shown in Fig. 3, may have advantages,
considering the distribution of these blocks in different
points of the grid. Each BESS can provide the services
locally and contribute to the whole power system.

Case study
Since this work is mainly focused on the power con-
verter topologies applied to BESSs, the following topolo-
gies were chosen to compare the aspects of a 1 MVA
BESS:

� Two-level VSC with transformer (2 L + Tx), shown
in Fig. 2;

� Three-level NPC with transformer (3 L + Tx), shown
in Fig. 4;

� MMC, shown in Fig. 7(a).
� MMC with insulation grid transformer (MMC+

ITx).

The comparisons are based on simulations carried out
in the PLECS software system. The main parameters of
each converter topology and battery pack information
are shown in Table 1.
For the 2 L and 3 L converter, four 600 V / 500 Ah bat-

tery packs are associated in parallel. For the MMC, 600
V / 10 Ah battery pack is employed. In all cases, the bat-
tery packs are arranged to meet 600 V for each converter
or cell and total power of 1MW.
For sake of simplicity, the dc/dc stage converter was

not considered for any topology. All topologies are con-
nected to a 13.8 kV/60 Hz grid. The 2 L and 3 L requires
a power transformer to step-up the output converter
voltage from 380 V to the grid voltage level. The MMC
directly connected to the 13.8 kV grid without trans-
former. The MMC + ITX presents an insulation trans-
former (ITx) with turns ratio 1:1.
The converter topologies are compared mainly for effi-

ciency and power losses under different operation condi-
tions. For this purpose, power modules with
semiconductor modules with blocking voltage of 1200 V
are selected for all converters. As the 2 L and 3 L con-
verters are connected to the low voltage side of the
transformer, high current is necessary, which led to the
selection of the 1600 A Infineon power module

FZ1600R12HP4. The MMC topologies operate directly
connected to 13.8 kV. In these cases, the 50 A Infineon
FF50R12RT4 is employed.
For the MMC topology, it was considered a dc-link

21.6 kV storage station. Thus, considering a modulation
index of 1.05, for the MMC topology with chopper cells,
each arm of the converter will contain N = 36 cells. Con-
sidering a 600 V operating voltage in each cell of the
MMC, a 3.6 V lithium battery cell was designed with a
pack of 167 cells. Finally, the arm impedance was taken
as 16.83 mH (0.05 pu), and the constant X/R of 40. The
power losses associated with the arm inductor were
computed from the ohmic losses in the inductor.

Results
The results are comparatively quantified for power losses
at various power levels, total harmonic distortion, device
number and energy storage in the inductors and

Table 1 Main parameters of the converter topologies for this
case study

2 L + Tx Value

Battery pack voltage 600 V

Battery pack charge 500 Ah

Number of battery packs in parallel 4

Dc-link voltage 600 V

Switching frequency 2.4 kHz

Converter output voltage 380 V

Filter equivalent Inductance 51 μH

Filter X/R ratio 40

3 L + Tx Value

Battery pack voltage 600 V

Battery pack charge 500 Ah

Dc-link voltage 600 V

Switching frequency 1.2 kHz

Converter output voltage 380 V

Inductance filter 150 μH

Filter X/R ratio 40

MMC and MMC + ITx Value

Battery cell nominal capacity 10 Ah

Battery cell nominal voltage 3.6 V

Number of battery cells in series per cell 167

Dc voltage per cell 600 V

Dc-link voltage 21.6 kV

Effective switching frequency 140 Hz

Converter output voltage 13.8 kV

Arm inductance 16.8 mH

Arm inductance X/R ratio 40

Number of cell per arm 36
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capacitors. The quantized power losses are related to the
conduction and switching losses of the semiconductors,
copper losses of the output filters in the 2 L and 3 L con-
verters, copper losses in the arm inductor of the MMC
topologies and total losses in the transformer.
In terms of power losses, a set of results are presented

with variation ranging from 0.1 to 1 pu of injected active
power by the BESS, according to Fig. 12. The results
show that the MMC presents the minor losses in rela-
tion to the other related topologies and the 3 L + Tx con-
verter has the major losses in almost all power range. In
the rated power, the topology 3 L + Tx has power losses
almost four times higher than the MMC and three times
higher than 2 L + Tx. The analysis of the losses associ-
ated to the isolation transformer in the MMC converter
(MMC + ITx) shows that it is two times higher than the
MMC directly connected to the grid, which demon-
strates the impact of the use of a connection
transformer.
The MMC topology presented the minor power losses,

since each cell processes less power than the converters
of the 2 L and 3 L topologies. Furthermore, these last
topologies present high inductive elements in the con-
verter output, due to higher filtering requirements and
the presence of the connection transformer.
Once the values of the power losses are obtained,

the efficiency values of the topologies for different
injected power levels are quantified and shown in
Fig. 13. All topologies presented efficiency superior to
94%. The MMC topology presented higher efficiency
levels for all cases of injected power, followed by the
MMC + ITx topology. The 2 L + Tx converter showed

an efficiency higher than 96%, which is higher than
the 3 L + Tx converter above 0.4 pu of injected power.
The 2 L + Tx converter presented the least efficiency
at low power levels.
The power losses are detailed for each topology at

nominal power (1 pu), as shown in Fig. 14. In Fig. 14(a),
the power losses of the converter 2 L + Tx is concen-
trated in the step-up transformer (35%), and the semi-
conductor conduction and switching have similar
impacts on the power losses 26 and 24%, respectively.
The copper losses in the filter inductor account respon-
sible for 14% of the total losses.
On the other hand, the 3 L + Tx topology presented

the highest losses in the semiconductor conduction
(38%), as shown in Fig. 14(b), while the transformer and
the inductor filter account for 26 and 31%, respectively.
Notice that, since the switching frequency of the 3 L
converter is less than 2 L, the switching losses contribute
with only 5% for the total losses.
Figure 14(c) shows the power losses for the MMC

topology, the conduction losses characterize more
than 75% of the total losses and concentrate the lar-
gest percentage term in relation to the other con-
verters. Considering the use of a transformer in the
MMC topology, as observed in Fig. 14(d) the losses
of the transformers exceed those of conduction and
are the most significant in this case. For both cases
of MMC topologies, the switching losses are less than
1%, which is the least contribution.
Table 2 presents other relevant parameters for the

assessment of topologies. In relation to the total har-
monic distortion (THD) of the injected current by the

Fig. 12 Comparison of the power losses for each converter topology at various power levels
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BESS into the grid, the MMC inverter presented the
lowest value among the other topologies, with a dis-
tortion of less than 1%, mainly due to its ability to
synthesize a voltage with a higher number of output
levels. The 2 L and 3 L present the THD of the
injected current equal to 2.52 and 3.48%, respectively.
The current waveforms for each topology are shown
in Fig. 15. The higher current distortion of the 3 L

topology is due to the low switching frequency gener-
ally adopted for this converter.
The impact of the passive components, such as in-

ductor and capacitor, on the cost of the converter is re-
lated with the energy storage requirements in these
elements. For the 2 L + Tx and 3 L + Tx topologies, the
total stored energy values in the filter inductors and dc-
link capacitor are given, respectively, by:

Fig. 13 Efficiency for each converter topology at various power levels

(a) (b)

(c) (d)
Fig. 14 Detailing of losses between conduction, switching, inductor and transformer at nominal power (1 pu). a 2 L + Tx. b 3 L + Tx. c MMC.
d MMC + ITx
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Eind ¼ 3
2
LI2n ð2Þ

Ecap ¼ 1
2
CV 2

dc ð3Þ

where L is the inductance per phase, In is the nominal
current, C is the dc-link capacitance and Vdc is the dc-
link voltage. Energy storage is an indirect measurement
of the volume of the components [40].
According to [70], 2 L and 3 L converters have an energy

storage requirement in the dc-link between 2 and 4 J/kVA.

Therefore, both 2 L and 3 L presented equal stored energy
requirements in the dc-link capacitor around 4000 J. For
the inductor, the stored energy is 360 J and 1050 J for 2 L
and 3 L, respectively. Thus, the MMC topology presents a
higher stored energy requirement for the capacitors,
which increases the cost by ten times, while for the energy
stored in the inductors, it presents a lower cost for the
MMC converter, compared to the 2 L topologies and 3 L,
namely, eight and twenty-four times, respectively.
The energy storage in the passive components for the

MMC topology can be obtained from equations below:

Eind ¼ 6
2
LI2n ð4Þ

Ecap ¼ 6N
2

CV2
dc ð5Þ

where In, N, and Vdc designate the nominal arm current,
number of cells per arm, and average operating voltage
of the capacitor, respectively. The stored energy require-
ments for the MMC topologies is 40 J/kVA, according to
[34]. Therefore, the energy storage is 40,000 J and 45.5 J
for capacitor and inductor, respectively.
The number of semiconductors is smaller for the 2 L con-

verter. The MMC presented higher number of semiconduc-
tors due to the various cells. The number of current sensors
for 2 L and 3 L is 3, i.e., one sensor for each phase.

Table 2 Comparison about 2 L + Tx, 3 L + Tx, MMC and MMC +
ITx

Comparison 2 L + Tx 3 L + Tx MMC MMC + ITx

Efficiency at rated power (%) 97.70 96.91 99.23 98.42

THD at rated power (%) 2.52 3.48 0.87 0.87

THD at rated power (%) 4000 4000 40,000 40,000

Inductor Energy Storage (J) 360 1050 45.5 45.5

Number of IGBTs 6 12 432 432

Number of Diodes 6 18 432 432

Number of Control Loops 3 3 12 12

Number of Current Sensors 3 3 6 6

Number of Voltage Sensors 4 4 4 4

Fault Tolerance No No Yes Yes

Fig. 15 Current waveforms injected by BESS into the grid. a 2 L + Tx. b 3 L + Tx. c MMC. d MMC + ITx
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Furthermore, 4 voltage sensors are required, one to measure
the dc-link voltage and 3 to measure the ac line voltage. The
current sensors are used in the MMC to measure the arm
currents of each phase, revealing a measurement number
two times greater than the measurements when topologies
2 L and 3 L are compared. Furthermore, 3 voltage sensors
are required to measure the ac line voltage, besides one to
the voltage from the dc-link pole to pole. The number of
sensors has a slight impact on the system costs, but can
affect its reliability.
The fault tolerance is a characteristic of the MMC, i.e.,

if one or more cells present failures, they can be re-
moved from the system and the system can continue in
operation. This characteristic ensures a higher fault-
tolerance of the MMC compared to the 2 L and 3 L
converters.

Conclusion
This work presented a literature review on the converter
topologies commonly employed in BESS connected to MV
grids. Furthermore, a case study is performed to compare
some converter topologies to connect the BESS to the grid.
It can be concluded that, although the two-level and three-
level topologies present a step-up transformer for the con-
nection with the medium voltage grid, which means higher
losses, they are still preferable due to their physical and con-
trol simplicity if compared with the MMC topologies. How-
ever, due to the low losses and greater reliability, it is
possible to verify a growing trend of using MMC topologies
in BESS applications.
Energy storage systems raise controversial opinions in

the literature, and have been among the most discussed
issues in recent works. Challenges such as handling the
battery lifetime for low frequency cycles and feasibility
of the inclusion of the dc/dc stage are presented as un-
certain topics. Besides, aspects related to optimization of
BESS, impact the analysis of operating costs, power
losses, energy quality and lifetime evaluation.
Another important issue to determine the feasibility of

the project is the BESS services, which can be used to
obtain an efficient system, maximizing the investment
payback. Recent studies show that BESS can contribute
even more to the expansion of renewable sources in the
electric system and reduce the impacts related to the
intermittent generation of these sources.
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