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1. INTRODUCTION

Battery energy storage system (BESS) integration into AC grid allows better utilize different
renewable energy sources in the residential electric system and therefore becomes more and more popular.
One approach is to connect renewable sources, energy storages and DC loads to the common DC bus
interfaced to the utility grid through a centralized bidirectional AC-DC converter [1]. In that case the
individual DC-AC converters for each source are eliminated thus improving overall efficiency. Other
approach is to connect each BESS through separate bidirectional DC-AC converter to the AC grid. In such a
case efficiency is lower but the system becomes modular, the BESS can be installed in a simple way, it can
be connected to the existing solar panel or photovoltaic system or even to store energy from the grid at the
night when the price of electricity is low and use it during the day (Figure 1). The efficiency, price and power
density of the bidirectional DC-AC converter is essential for further development of such an approach.

The most common used battery type in the residential energy storage systems is lithium-ion (Li-ion)
battery due to lowest price per kWh if lifetime is also considered [3]. Due to rapid development of the
electrical vehicle industry, a lot of resources are invested into improvement of Li-ion battery cells. This has
lead to decreasing of the price of Li-ion batteries, the average price of Li-ion battery including battery
management system and cooling is about 400 USD/kWh [4] but the trend is for the price to go down due to
high demand and competition. The recommended energy capacity of the battery for residential application
starts from a few kWh to more than ten kWh for larger houses that are using electric vehicle daily [5].

To obtain high-voltage of the battery the individual cells must be connected in series. With many
cells connected in a string, the possibility of one cell failing is high and this would cause a failure of the
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whole battery if there is no bypass switches implemented. Such connection requires careful cell matching to
minimize balancing losses, cell matching is a challenge when replacing a faulty cell. When the voltage of the
battery is high then inverter with a state-of-the-art non-isolated (usually traditional buck-boost) converter can
be used with only two switches and one inductor therefore the converter is cheap, reliable and efficient.

To use traditional non-isolated topologies, the difference between input voltage (DC bus) and the
output voltage (battery) should be less than 4:1 to maintain high efficiency. It means for single phase solution
voltage of the battery must be above 150 V. For realization of a 1kWh Li-ion battery with 48V the capacity
of the cell must be approximately 21Ah but for 400 volt level -0,25 Ah. Whereas for the 10 kWh battery, the
cell size must be approximately 208 Ah for lower and 25Ah for higher voltage. As the energy density of the
state-of-the-art batteries is very high (for example XALT 75 Ah cell [6]), some of them even exceeds 100
Ah, the cells in a range of 40-60Ah are well known and widely used and in the near future the capacity will
be even higher.

48 V Li-ion modules are available from different manufacturers with different capacity. From the
previous calculations can be concluded that low voltage battery is a good choice for storage capacity less
than 5 kWh. By parallel connection of the modules any required storage capacity can be obtained and system
becomes modular. For the connection of the low voltage battery to the grid traditional non-isolated converter
topologies is not suitable [7]. The converter mostly requires galvanic isolation to step-up the voltage, and this
means a transformer and more switches and predictable lower efficiency therefore. Due to this reason
isolated bidirectional or a dedicated non-isolated AC-DC converters plays critical role to decrease price and
increase efficiency of the AC coupled BESS for residential application.

AC coupled storage system provides higher flexibility through off-grid modes, it means that the
home has power even when the grid is down, grid charging and network support capabilities (for example
power factor correction). Very important advantage is that the AC coupled BESS can be fitted to any solar
system, any inverter and can be installed easily.

Although AC coupled system is more expensive and less efficient, it becomes more and more
popular into the real industrial applications due to easy installation. The fastest developing companies that
provides this solution are SMA (www.sma.de), Sonnen (https://sonnen-batterie.com) and Enphase [8]. All of
them are using high voltage battery so it is possible to use simpler non-isolated converter topology. The peak
efficiency of the SMA converter reaches 97 percents. There are a quite a lot smaller companies that also use
AC coupled BESS with 48 V battery, for example, Leonardo Pro 3000/48-16 ac storage system [9] has peak
efficiency equal to 95 percent. Figure 1 shows energy storage unit complement with solar energy generation
[2]. In [10] is provided analysis of some commercial BESS systems for PV generation under load profile that
is close to the real application. Taken into account that BESS provides losses not only during charging but
also during discharging overall efficiency for AC coupled BESS is only 61% [10] therefore can be concluded
that highly efficient in the whole load range bidirectional DC-AC converter is highly requested.

Figure 2 shows classification of the topologies for low voltage battery integration into AC grid. The
most typical case is to use isolated single or multi stage topologies as these topologies are well known and
the control is simple. The use of high gain non isolated topologies can possibly reduce price and size of the
converter. Also multiport converter can be used for integration of energy source and battery or different types
of storages into the grid. Such type of the converter can be designed with reduced number of components and
smaller size. These converters are good option to supply the balance between the renewable energy source
generation and load due to variable nature of both. Multiport converters can be classified into three types:
non-isolated, partly-isolated and isolated three-port converters. To introduce low voltage BESS isolated or
high-gain non-isolated multiport converters are good option. Usually as a multiport converter is used DC-DC
converter in combination with traditional DC-AC inverter. The possible reduction of size, costs and losses
can be obtained with the development of novel multiport DC-AC single stage converters having less
semiconductor switches and passive elements. The paper will provide overview of the most promising
topologies for BESS integration into AC grid and gives insight into novel topologies that can be improved
further.
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Figure 1. Energy storage unit complement with solar energy generation [2]
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Figure 2. Classification of the topologies for low voltage battery integration in to the AC grid

2. ISOLATED BIDIRECTIONAL AC-DC CONVERTER TOPOLOGIES

This chapter provides a brief review of most promising isolated bidirectional AC-DC converters
proposed by different research groups in recent years and compares their features in terms of the number of
components and reported efficiencies. The structure of the power converter for AC coupled BESS can be
divided into single stage and double stage.

2.1. Isolated Single-stage AC - DC Converter Topologies

The single-stage AC-DC converters do not have intermediate DC-link storage element. Due to only
one conversion stage it is possible to reduce number of semiconductor switches and potentially increase the
efficiency and decrease volume, weight, and costs. Most of the topologies including single-stage and two-
stage topologies use electrolytic capacitors to absorb the 120/100Hz power produced through the single-stage
AC-DC power conversion. This component has a limited lifetime and reduces the reliability of the system.
Some topologies let the 100/120Hz power to go to the battery. This low frequency power ripple produces
extra heat inside the battery which results in a reduction of the lifespan of the battery. This problem also must
be considered when choosing proper topology.

Flyback based topology is very simple, it is commonly used for low power applications. There are
number of different flyback AC-DC unidirectional topologies for low power application. But also it is
possible to develop such converter for bidirectional power flow [11], [12]. From Figure 3 can be seen that it
is needed to add addition flyback converter to provide bidirectional power flow. So the number of the
switches is increased and efficiency is not high. But still it is good solution for low power application where
price is very important. More often bidirectional flyback converter is used in two stage topology.
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Figure 3. Shematics of a bidirectional flyback converter [11]

Highly efficient AC-DC converter is proposed in [13] and shown in Figure 4. Due to the alternating
line voltage, bidirectional switching devices on the AC side have to be employed. These can be realized by
an anti-serial connection of two MOSFETS. As a prototype system, a 3.3 kW battery charger to connect to
the single-phase 230 VV AC grid with an output voltage range of 280 V DC to 430 V DC. The peak efficiency
of the converter exceeds 97.5 percents. Of course, for application to connect 48 V battery the efficiency will
be lower but the topology have low number of switches and control of the converter is not very complicated.
Improved control algorithm of similar topology is presented in [14]. Additional benefit gives possibility to
develop multilevel converter.
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Figure 4. Schematics of a bidirectional single-phase single-stage bidirectional isolated AC-DC converter with
PFC [13]

A very simple topology is proposed in [15] ( Figure 5) but for further improvement of the efficiency
there is used resonant circuit to provide zero voltage switching plus an extra shunt-active filter to absorb the
low frequency AC power. Although in the article is not mention efficiency of the converter, can be predicted
that it can reach high value. A similar topology can be applied to the 3 phase AC system with high frequency
AC link [16], [17] and usage of bidirectional switches.
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Figure 5. Single-stage topology proposed in [15]

In [18] it is proposed topology with a current source inverter (CSI) (Figure 6) to interface the grid. A
DC-DC converter with push - pull or full-bridge in low and high voltage side is used to feed the current to
CSI. Contrary to conventional topology, current instead of voltage is fed from the low voltage to high voltage
side. The proposed circuit has a quit simple control strategy and a continuous BESS charging and discharging
current. In the paper also is presented low scale prototype that shows very smooth waveforms.
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Figure 6. Full-bridge and push-pull in combination with current source inverter proposed in [18]
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Another approach with the use of unipolar voltage switches is shown in Figure 7 [19]. The proposed
topology and modulation strategy is implemented in a 20 kW prototype. Measurements are conducted and
show that the methods operate as expected. The method comprises two essential parts, namely a neutral-
voltage lift capacitor and a quad active bridge topology. Experimental results show that the load step is
stable, the power factor is close to unity, and the phase current THD is less than 5%.
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Figure 7. Quad active bridge single stage bidirectional three-phase AC-DC converter with isolation [19]

In [21] is shown that using a single stage dual active bridge topology (Figure 8), it is possible
improvement of the efficiency, volume, number of components and cost compared to the traditional dual
stage topologies. The experimental prototype is demonstrated in the paper [20] with a 3,7 kW power,
bidirectional power flow and unity power factor. The converter interfaces a 400 V DC - bus with the 230 V
AC grid. The high power density prototype converter has high conversion efficiencies - 96% peak efficiency,
a high power factor and low THD.
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Figure 8. Schematic of the single-phase, single-stage, bidirectional and isolated AC-DC converter topology
presented in [20]

The bidirectional isolated single stage converters is used less often that multi stage topologies due to
control is more complex, there is no one widely used topology, the calculations and optimization process is
complicated. The main benefits of single stage topology are reduced number of semiconductors and volume
of magnetic components. Several topologies shows pretty good efficiency, there is many possibilities to
increase efficiency further including the use of new topologies and wide band gap devices, also important
task is to maintain power factor and THD within the limits

2.2. lsolated Multi Stage Bidirectional AC-DC Converter Topologies

A two stage DC-AC converter consists of a bidirectional DC-DC conversion stage and a
bidirectional DC-AC stage with PFC functionality. DC-DC stage regulates the DC voltage to the necessary
level so that the inverter stage can be directly connected to the AC voltage grid. The AC-DC converter
performs the rectification of the AC voltage into a DC voltage and regulates the power quality of the grid. At
the DC side of the converter is connected a DC-link storage - an inductor to provide current source output or
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more usually a capacitor to provide voltage DC-bus. As AC-DC stage and the isolated DC-DC conversion
stage are separated via the DC energy storage element both systems can be optimized more preciously.

The review of advanced PFC topologies is done in [22] and shows that bidirectional Swiss rectifier
have the best performance for 3 phase application in comparison to six-switch rectifier with switchable
output polarity and ant parallel six-switch converter combination. High efficiency and power density solution
is proposed in [23] that utilizes interleaved multi-cell con Figureuration and works near to the boundary
conduction mode. The principle is validated using measurement results on a 200 W prototype. The realized
PFC rectifier achieved an efficiency of n = 94.6 percents and a power factor of 99.3 percents at a very
small size.

Detailed review of over 400 papers in field of single-phase AC-DC converters is done in [24],
review of multilevel topologies is done in [25]. Multilevel bidirectional converters offer the advantages of
low voltage stresses on switches, reduced losses at reduced switching frequency for the same level of
performance in terms of reduced harmonics and high power factor at the input AC mains and regulated
ripple-free DC output voltage at varying loads. Usually multilevel inverter topologies are used in high
voltage applications but due to possibility to reduce THD and reduced losses they become more popular in
low voltage applications. More frequently used topologies are diode clamped, flying capacitor and cascaded
multilevel converters. The increased costs due to increased number of switches and lower reliability are the
main disadvantages of these topologies. Very high efficient AC-DC converter is proposed in [26]. The
converter is based on multi-cell converter approach that allows to break the performance barriers of
conventional systems by leveraging the advantages of using multiple interleaved low voltage and/or low
current converter cells. The DC-AC converter together with DC-DC converter reaches efficiency of 98
percent, power density 2.2kW/dm3 by 3.3 kW power and 48 V output voltage.

A few hundred publications can be found in the thematic of isolated bidirectional DC-DC converter.
A good comparison of the efficiency of the state-of-the-art converters is done in [21] between one stage dual
active bridge (DAB) (Figure 9) and series resonant converter (SCR) and DAB and SRC combination with
non-isolated buck-boost converter (Figure 9). The results presented in the paper shows that two stage
structure of the DC-DC converter is more efficient and the power density is even higher. The most efficient
topology is dual stage SRC converter. The output voltage in the experiments was equal to 15 V, power 2 kW,
the efficiency of the converter is above 90 percent in the wide load range. In [27] is proposed to use GaN
transistors to increase efficiency of the DAB converter. Dual active bridge topology is investigated in many
scientific papers [28], [29], [30] and LLC resonant converter [31], [32], [33] also. The main drawbacks of
these topologies are that the number of the components are high and control and optimization is complex.

Figure 9. Bi-directional DAB converter and bidirectional dual stage DC-DC converter based on the
combination of an isolation stage with a non-isolated voltage converter [25]

Figure 10 shows a bidirectional isolated DC-DC converter based on current fed half-bridge
topology. The low-voltage side is a current-source half-bridge converter that functions as a boost converter
and an inverter. The high-voltage side is a voltage source half-bridge converter. Lossless snubber capacitors
are used to achieve ZVS in the converter. The half-bridge topology has a minimum count of active devices
and ZVS is achieved without additional active devices. It has the same total device rating as the full-bridge
topology, and a reasonable ripple DC current at the low-voltage side. The drawbacks of the half-bridge
topology is that the switching devices are subjected to twice the DC voltage of the battery. Also the split DC
capacitors in the half-bridge topology have to withstand the rated current value. The buck and boost
operations of the converter have been verified at the rated power of 1.6 KW. An efficiency of more than 94 %
was achieved at the rated power [34]. The bidirectional current fed topologies also is proposed in [35]-[39],
the efficiency of these converters reaches 95-96 percents. In [40] is analyzed current fed two inductor
bidirectional DC-DC converter using resonance but in the paper reported efficiency is not significantly
higher.
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Figure 10. Current fed half bridge converter [34]

In [41] comparison between isolated bi-directional Cuk converter, isolated bidirectional full-bridge
converter and isolated bidirectional half-bridge converter is provided. It is found that isolated bi-directional
half-bridge converter has the best efficiency-in this case around 90 percent for battery voltage 48 V and
power 2 kW.

Very interesting modular principle offers company "Vicor corporation” [43]. They offers
bidirectional resonant DC-DC converter with fixed duty cycle with very high efficiency (Figure 11) in
combination with non-isolated converter that regulates current to the load. The converter supports a wide
input voltage range and high power. It uses unique sine amplitude converter topology with open loop control.
Primary circuit is stacked half bridge and secondary is center tap with synchronous rectification. The
converter uses ZVS and ZCS soft switching techniques and operates at 1.1 MHz fixed switching frequency to
provide low noise output voltage, high efficiency and high power density. The converter with transformation
factor of 1/8 is used to implement 384 V to 48 V bidirectional conversions. The proposed converter can
achieve more than 96% efficiency from 15% load to 100% load in both directions.
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Figure 11. Bidirectional DC-DC converter for high power applications [42]

The performance of the bidirectional converters can be increased by using GaN transistors (as
example [44], [45]), or SiC devices [46], [47] also by optimization or by integrating of the magnetic [48],
[49], by implementing soft switching techniques [50], [56]-[58], by implementing a novel control algorithms
and so on.

3. NON-ISOLATED BIDIRECTIONAL HIGH STEP UP AC-DC CONVERTER TOPOLOGIES

To integrate low voltage battery into the grid it is possible to use not only isolated converters but
also non isolated converters with high voltage step up/step down functionality, the review of such topologies
is given in [54], [55]. The drawbacks of such topologies are complexity, lower efficiency and reliability.
Mostly these topologies have unidirectional power flow.

In [56] is proposed high step-up/step-down bidirectional DC-DC converter (Figure 12) in which the
coupled inductor L. is used. This converter is a combination of the conventional buck-boost and a voltage
doublers cell. In some region it is possible to realize zero voltage switching. A 1-kW prototype is
demonstrated in the paper operating at 100 kHz switching frequency and built for a battery storage system
with voltage 40-60 V and high voltage side voltage equal to 400V. The efficiency of the converter is between
94 and 96 percents. The non isolated high step up bidirectional DC-DC converters with coupled inductors
also are reported in [57], [58], [59]. In these converters much effort has to be made to overcome the problem
associated with the leakage inductor, and the power rating of the coupled-inductor-based converter is limited
by the capacity of the magnetic core.

An Overview of Bidirectional AC-DC Grid Connected Converter Topologies for Low... (Kaspars Kroics)
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Figure 12. Bidirectional DC-DC converter for high power applications [56]

The switched capacitor converters are analyzed in [60], [61] and have relatively light weight and
high efficiency and high power density but have high input current ripple and poor regulation. The switched
capacitor bidirectional converter proposed in [61] is composed of only semiconductor switches and
capacitors. The prototype of the converter is presented in the paper, 75 kHz switching frequency is selected,
the battery voltage is equal to 20 V, output voltage is equal to 173 V and overall power is 100W. The
reported efficiency is from 95 to 98.5 percent in all load range.

In [62] a transformer is integrated into a conventional non-isolated buck-boost converter to achieve
high voltage conversion ratio. The switches are shared by the buck-boost converter and the transformer.
Experimental results of 1 kW prototype that transforms voltage from a 48 V to 400 V and vica versa
demonstrates peak efficiency equal to 96.6% for both the step-up and step-down modes.

Multilevel switching cells are introduced into the buck-boost converters in solutions described in
[63], [64] to improve the voltage conversion ratio and reduce the voltage stress of power switches. Such
multilevel bi-directional converters are attractive for energy storage systems but hard switching reduces the
efficiency of the converters and additional circuit or control strategy is needed to keep the voltage balance of
the switches. Cascaded and series con Figureurations are adopted to reduce the voltage stresses on switches
and increase the voltage conversion ratio of the conventional bidirectional buck-boost converter in [65], [66].

In [68], [69] is proposed bidirectional quadratic boost based inverter. Experimental results in [68]
shows that a input voltage of 19 V DC is capable of producing a 240 V AC without the use of a step up
transformer. In [70] proposed transformerless Cuk derived high boost DC-AC converter that can reach
efficiency even higher than 97 percents. In [67] is presented the study and simulations of a new family of
symmetrical hybrid multilevel inverters based on Cuk (Figure 13) and Zeta converters, that are able to high
step up/down voltages.
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Figure 13. Quadratic bidirectional cuk converter [67]

The non-isolated DC-DC converter together with bidirectional inverter is also worth considering for
low voltage battery integration in the AC grid. There is a lack of topologies for bidirectional power flow. The
reported efficiency of some converters are high, each of the topology has own drawbacks and advantages so
in each particular application must be made deeper analysis to select more appropriate one or even to develop
a new topology.

4.  MULTIPORT STORAGE DC-AC SYSTEM WITH RENEWABLE ENERGY INTEGRATION
A multiport converter is preferable topology if it is possible to place BESS near to the energy source
owing to its lower cost and higher power density [71]. Multiport topologies with energy storage more often
are used to smoothly supply loads in a stand-alone renewable power system. A review of topologies of three
port isolated and non-isolated DC-DC converters for the integration of renewable energy and energy storage
system is given in [72], [73]. For applications where the voltage of the renewable energy source is low, the
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isolated topology is good choice for the converter. There are many publications on the isolated three-port
DC-DC converters, for example [74], [75], but usually they are used to supply energy to the grid but not
vice versa.

Multiport bidirectional converters for a hybrid energy storage system have been reported in [77],
[78], [76] and to integrate renewable energy source and BESS [77], [79], [80]. Such topologies allows to
utilize two storages for example Li-ion battery as long term storage and ultracapacitor as short term storage.
Figure 14. shows one of the possible solution. One of the challenges that must be solved in the converter is
energy management between all of ports therefore not only simple-rule method but also the filter method, the
fuzzy-control method and the optimization method or other methods are used [76]. In many three port
converters full bridge structure are used but also half bridge, current fed and other topologies can be used.
Three port triple half bridge bidirectional converter with zero voltage switching is described in [79], the peak
efficiency of the 1 kW prototype is equal to 92 percents.

0

Vbcbus

Figure 14. The topology of three port isolated DC-DC converter [76]

A high step-up three-port DC-DC converter for stand-alone power systems is proposed in [81] to
integrate PV and battery power. In the proposed topology, two coupled inductors are employed as voltage
gain extension cells for high voltage output applications. The highest converter efficiency is measured as 90
percents at 110 W power.

A multi input zero voltage switching bidirectional DC-DC converter has been proposed in [82]. A 6
kW prototype was built and tested to verify the power flow control. The reported efficiency of the prototype
is around 91 percent by input voltages equal to 20 volts and by output voltage 430 volts.

A transformer coupled multiport zero voltage switching bidirectional DC-DC converter with wide
input range is described in [83] (Figure 15). A prototype rated at 3.5 kW and 100 kHz switching frequency
using all full-bridges wa successfully tested. The efficiency is not reported in the paper. Very similar
topology is used in [84], [85].
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Figure 15. The topology of three port isolated DC-DC converter [83]

In [84] the prototype with low voltage ports voltages equal to 14 V and 42 V and DC bus voltage
equal to 300 V and 100 kHz switching frequency exceeds 91 percent efficiency by wide load range. In [86] is
proposed high step up three port converter, the prototype of the converter with 250 W power, a low voltage
input port 24 V, a bidirectional battery port 48 V, and a high voltage port with 400 V for output is
implemented. The reported efficiency are above 94 percents at all load conditions.

Only a few papers can be found on the multi port single stage inverters [87]-[91]. In [87] (Figure 16)
is proposed a soft-switched isolated three port single stage inverter for power management of a PV system, a
battery, and an AC load. Converter can be turned on under the zero voltage switching condition therefore

An Overview of Bidirectional AC-DC Grid Connected Converter Topologies for Low... (Kaspars Kroics)
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efficiency is high. The converter has the advantages of using less active switches and that all the switches are
capable of being turned on under the ZVS condition.
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Figure 16.The topology of three port single stage DC-DC converter for PV applications [87]
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5. NOVEL TOPOLOGIES FOR RENEWABLE ENERGIES AND LOW VOLTAGE BESS
INTEGRATION TO THE AC GRID

Promising approach to store the extra energy when the load is light and to supply the load power
during the period without or shortage of the source is to use Z-source inverter with integrated battery energy
storage, the papers about this topology are summarized in [92]. The battery is connected in parallel to the
quasi-Z-source capacitor (Figure 20), it is possible to control output power, and state of charge (SOC) of the
battery at the same time by controlling the shoot-through (ST) duty ratio and modulation index.

There are three power sources or consumers - unidirectional DC source, battery, and the grid. If two
power flows are controlled, the third one automatically takes the power difference. It is possible to use
sinusoidal PWM (SPWM) based control for gZSI or specific gZSI-SVM. In [93] is shown that by using more
advanced control technuique the efficiency can be increased by about 1 percent. In [94] it is shown that
converter (Figure 17) can operate in battery charging mode in wide range as current in diode D is higher than
zero but the discharging battery is limited to ensure that the converter operates in the continues conduction
mode. Therefore, the battery discharge power ratio over the inverter output power and also the power of the
inverter have limitations and also it is not possible to store energy in the battery from the grid.
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Figure 17. Battery energy stored quasi-Z source inverter (qZSl) [92]

The multilevel converter applications in power electronics becomes more and more wider because it
can be achieved higher efficiency by using semiconductors with lower voltage ratings and better parameters.
Important advantages of such converters are improved output power quality, better electromagnetic
compatibility, lower switching losses. The diode clamped or neutral point lamped inverters are the most
attractive solution for industrial applications [95]. In the paper [96] it is concluded, that the combination of
the gZSI with NPC topology in comparison with traditional NPC multilevel converter have not voltage
unbalance and common mode leakage current problems so also this kind of topology can be extended to
utilize BESS.

As single stage buck boost inverter can be used impedance source network based inverter. The
comprehensive analytical comparison is done in [98]. Many solutions based on Z-source and gqZS networks
exist but usually these solutions are unidirectional, bidirectional solutions is discussed in [99]-[102], [97] and
[103]. Such topology (Figure 18) has reduced passive component ratings, less input semiconductors but more
capacitors, continuous input current, and substantially wider regulation freedom. The efficiency is lower than
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of voltage source inverter but it seems to be interesting solution as single-stage solution or in combination
with isolated DC-DC converter with bidirectional feature.

Figure 18. Scheme of the grid connected three phase bidirectional Z-source inverter [97]

In [101] is proposed bidirectional converter for control of the motor of the electric vehicle. It seems
also possible to use modification of this converter for grid connected application (Figure 19). The main
benefits are that the converter can provide bidirectional power flow and as this converter has small number of
switches and two types of storages can be used. The usage of combination of supercapacitor and li-ion
battery gives reduction of losses due to low series resistance of the supercapacitor and increased lifetime of
battery due to smoother current waveforms.
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Figure 19. Bidirectional battery and supercapacitor energy stored quasi-Z Source Inverter

Operation modes of the converter also are shown in [101]. The grid and battery power can be
regulated through switch T7 and the inverter (T1-T6). The power flow to the supercapacitors can be
controlled indirectly by controlling difference between power from the battery and the AC grid.

The principle and characteristic of gZSI have been studied in [104]-[107]. The main equations is
given in [108]. Parameters that are used for the control are modulation index of the inverter (M) and the
shoot-through duty ratio (D). The relationship of the average currents in one switching period [101]:

(1-2D)lsc +Dlgar = Ipc @

where are used the average currents supplied by the supercapacitor, battery and DC link (inverter)
respectively. From the equation can be concluded that current flow can be controlled by meaning of D and
modulation index M but the control loop is complex as change in one parameter leads to changes in others
and is hard to get stable operation of the converter.

The converter have three operational modes: when the battery and supercapacitor supply power to
the grid; when the power from the grid is transferred to the battery and supercapacitors; when the battery
supplies power to the supercapacitors and grid. The battery current has low pulsations that is beneficial for
long life of the battery. It is very complicated to get desired values of currents. This is a reason why in [101]
is proposed to use frequency and time domain control of the converter. Beside these functions the controller
must also control power factor, take into account state of charge of the battery and supercapacitor this leads
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to very complicated control system that must be implemented into powerful digital control system. It s
possible also mode when the power from the battery is transferred to the supercapacitors and a grid.

It can be concluded that quasi Z-source inverter is suitable for bidirectional power flow to integrate
battery in the AC grid and usage of this topology allows to control energy flow with inverters and only one
additional semiconductor not only to the battery but also to the renewable energy generation system or other
type of storage technology. The main drawback of the converter is complex control system to control energy
flow as change in one parameter influences all of energy flows. Main advantages are reduced number of
switches and small pulsations of the battery current.

6. CONCLUSIONS

Energy storage systems utilizing the state-of-the-art battery need to be efficient in the low voltage
and high current range with a high power density. Therefore in this paper the highly efficient topologies of
bidirectional isolated AC-DC converters for grid connected AC BESS have been overviewed. Bidirectional
isolated AC-DC power converters are classified into single stage and two stage solutions.

Although single stage AC-DC isolated converter have less components, is cheaper and in some
research reports it is shown god efficiency, this structure is not so popular due to complex optimization
process and control algorithms to maintain necessary power quality. The number of research papers that
published results of a study of isolated single stage bidirectional AC-DC converter is relatively low as usually
is used high battery voltage concept with non-isolated converter. Can be concluded that this is a very
attractive topic for research to make single-stage isolated AC-DC converter more efficient, to develop new
control algorithms and topologies to attract interest from the industry. The application area that will promote
the need for such structure will be usage of the electrical vehicle as grid connected energy storage.

The two stage structure consists of PFC AC-DC converter and single or two stage DC-DC
converter. As bidirectional inverter can be used traditional bidirectional AC-DC converter or more advanced
topologies. There are many papers that proposes improvements of isolated bidirectional DC-DC converters.
For high-power applications, the full-bridge topology is known to be more suitable due to the lower voltage
and current stress. To improve efficiency resonant topology often are employed and two-stage DC-DC
converter topology.

The solutions that is proposed from the industry sometimes reaches higher efficiency and power
density than the proposed from the researchers so there is still potential to the further improvement of the
efficiency and power density, the use of wide band gap devices are very promising tool to do that. Mainly the
AC-DC and DC-DC converters are addressed as separate parts so there is possibility for more integration of
both these parts to improve performance of the converter. Very important becomes not only good topology
but also optimization of the separate components, a new passive components, optimization of the heat sink,
optimal placement of the components.

A more rapid development and real life implementation of the AC battery storage system concept
can be reached if there were available topology that gives preference to this solution. The simulation based
analysis of novel quasi Z source topology shows that this topology has low battery current ripple, only one
additional switch and possibility to integrate different kind of storages and therefore is well suited for battery
integration in AC grid. To wider use of this topology not only in research but also in practical applications
new algorithms that can be more easily implemented in digital control systems must be developed and also
more scientific analysis that reveals limitations, passive component selections, optimization and
improvements of the topology.
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