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Abstract — This paper proposes a transformerless
common-ground single-phase inverter for battery energy
storage system (BESS) applications. With regard to
conventional converters operating as a voltage source
inverter (VSI), the proposed converter offers the
advantage of a common connection between the battery
bank negative terminal and the ground. Hence, the
common-mode voltage becomes continuous while
common-mode currents flowing through parasitic
capacitances located between the battery bank and the
grounded metallic frame are eliminated, allowing
operation without a transformer. This new topology has
only two power semiconductors, two inductors and one
capacitor, without the need for a filter on the AC grid
side. The converter operation is described and the
relevant equations for sizing are presented along with the
main characteristics. A 1 kKW non-optimized prototype
was dimensioned, built and tested to validate in practice
the theoretical analysis, and a maximum efficiency of
95.25% was obtained. Due to the simplicity, low number
of active components, no clamping circuit requirement
and the common-ground, this topology is a very
interesting option for the above-mentioned application.

Keywords — Battery energy storage system, Common-
ground inverter, Leakage current, Parasitic capacitance,
Transformerless inverter.

NOMENCLATURE

a Vopk t0 V1 ratio.

Aii1p Peak-to-peak current ripple in inductors L; and
Lo.

Al 5 Maximum parameterized ripple in inductors L,
and L.

Avcy g Peak-to-peak voltage ripple in capacitors C;
and Cx.

wf Filter cutoff angular frequency.

Chp Parasitic capacitor between negative or
positive DC source terminal and ground.

d Duty cycle.

fs Filter cutoff frequency.

fy Grid frequency.

fs Switching frequency.

iL12 Instantaneous current in inductors L; and L.
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iL1pk Peak value of current in inductor L.

P Quasi-instantaneous mean current in inductor
Lo.

lopk Peak value of the output current.

lorms Output current RMS value.

iro Current in the resistive load.

Is1,2rms Current in power switches S; and S; RMS
values.

i Instantaneous input current without LC filter.

Leq Equivalent inductance.

Po Output power.

RLpson Resistances in the inductors and the transistors.

Si12 Power switches.

Ts Switching period.

Ve Voltage across capacitor C.

Vcimax Maximum voltage across capacitor Cj.

Vo Output voltage or grid voltage.

Vopk Peak value of the output voltage.

Vsmax Maximum voltage across the semiconductors.

1 Battery bank voltage.

I. INTRODUCTION

The development of renewable energy sources and storage
systems is based on inverters connected to the electrical grid
without galvanic isolation to reduce costs and increase
system efficiency [1]-[6]. Conventional inverter topologies
without a transformer are not suitable for this type of
application due to common-mode voltages and leakage
currents [1], [2].

The schematic in Figure 1 shows the voltage between the
negative DC source terminal and the grid ground point is
dependent on the voltage across the switches. The high
switching frequency of semiconductors in a three-level
modulation, for example, causes a high frequency common-
mode voltage, which generates a significant leakage current
through the parasitic capacitances. This current is
proportional to the common-mode voltage variation, its
frequency, and the parasitic capacitance values.
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Fig. 1. Classic full-bridge inverter used to connect a DC power
source to the grid.



Topologies with galvanic isolation prevent the occurrence
of this leakage current. However, they increase costs and
reduce by over 2% the efficiency of the converter [2], [3].
Transformerless converters allow a cost reduction of around
25% [2]. Several non-isolated inverter topologies have been
proposed to mitigate or reduce leakage currents in grid-tied
applications [6]. The first converters were based on two
known converter families: H-bridge and neutral point
clamped (NPC) [3].

Basically, the new converter structures can be categorized
as: common-mode voltage clamping, disconnection during
the freewheeling modes or common-ground. Common-
ground topologies have gained importance since other
techniques do not eliminate the leakage current completely
and the principle of these topologies is shown in Figure 2
[71-[10].

The leakage current problem has generally been addressed
with regard to photovoltaic systems [1]-[16]. In the
photovoltaic modules, the parasitic capacitances are between
the terminals and the grounded metal frame. These
capacitances are charged and discharged with the common-
mode voltage frequency, possibly causing significant leakage
current.

A recurrent concern of the manufactures is that the
leakage current can be extremely harmful, compromising the
performance of photovoltaic distributed generation systems
[11]. The modules are grounded through their metallic frame.
This frame structure and other factors, such as the cell and
panel manufacturing methods, cell surface area, distance
between the cells and climatic conditions, affect the parasitic
capacitance value [12].

Safety aspects are affected by the presence of a leakage
current, generating unsafe operation conditions and the risk
of electric shock, and additional negative factors include: a
reduction in the quality of the electrical energy generated, the
appearance of electromagnetic interference (EMI), increases
in the total harmonic distortion (THD) and system losses,
and the possible occurrence of a trip in the ground-fault
protection devices [2], [7], [17].
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Fig. 2. Common-ground inverter principle.
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Fig. 3. Parasitic capaci_tances present in battery applications.
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Fig. 4. Nissan Leaf lithium ion battery module: (a) with the frame
and (b) just the cells.

Similarly, but less frequently addressed in the literature,
batteries also have parasitic capacitances between their
terminals and the grounded frame, as seen in Figure 3.

A parasitic capacitance is created when part of the
grounded metallic structure is overlapped and parallel to the
electrodes that build the battery cells. So, for example, if the
entire frame of a battery is metallic and the battery is
grounded, the whole electrode area will form a parasitic
capacitance with the frame.

According [18] and [19], capacitance is proportional to the
area formed by two overlapped surfaces perpendicular to
each other and inversely proportional to the distance between
them. Consequently, a battery bank expansion leads to an
increase in the parasitic capacitance value.

The parasitic capacitance present in a 10 MWh lead acid
battery bank was estimated as 1.54 pF in [18]. Nonetheless,
as mentioned in the same publication, LiFePO4 batteries are
ideal for BESS applications.

The lithium ion and nickel metal hydride technologies are
the main chemical elements in electric or hybrid vehicle
applications [20]. In addition, retired vehicle batteries do not
need to be recycled directly, which involves a lot of effort
and waste [21]. The reuse of these batteries is referred to as
second life.

With a low cost compared to the first life, second life
batteries tend to represent a large part of stationary battery
applications. Therefore, to ascertain the parasitic capacitance
of this type of battery, the value for this parameter was
measured for retired lithium-ion batteries originating from a
Nissan Leaf vehicle. Each module has a nominal voltage of
7.6 V, capacity of 64 Ah and total parasitic capacitance of
approximately 1 nF. This module has a metallic casing and is
formed by four cells, as shown in Figure 4.

Herein, a single-phase transformerless inverter topology to
connect a stationary battery bank to the power grid is
presented and analyzed. Its main attribute with respect to
conventional topologies is the connection between the
negative battery bank terminal and the grid neutral point,
which is grounded, and it implies the elimination of the
capacitive leakage currents.

I1. PROPOSED INVERTER AND OPERATION
PRINCIPLE

The proposed inverter power stage is presented in Figure
5, where the battery and the grid have a common ground.
Thus, the voltage across the parasitic capacitor C, is equal to
zero while the voltage across the C, parasitic capacitor is



equal to the battery bank voltage Vi. Accordingly, the
common-mode voltage is set to zero and the common-mode
currents are eliminated.

Conventional topologies are usually connecting to the grid
through an inductor or an LCL filter. Note that the proposed
inverter has an output inductor, which can be well designed
to meet the requirements of grid connection standards. It is
also possible to add an LC pair if the LCL filter is desired.

In order to understand the converter operation, it is
initially observed that the grid frequency (fg), 50 - 60 Hz, is
much lower than the power semiconductor switching
frequency (fs), which is usually greater than 20 kHz. It is
therefore considered that during a switching period the grid
voltage remains constant, which allows it to be analyzed as a
DC-DC converter. In a complete switching period, the
converter has two topological states, which are illustrated in
Figure 6. These are described below for positive output
voltage vo. To simplify the operation description, the case in
which the fundamental component of the current i is in
phase with voltage v, is analyzed.

Mode 1: According to Figure 6(a), during time interval
(0,d.Ts), switch S is turned on while switch S is turned off,
since their command signals are complementary. In this
topological state, the current in the L. inductor increases
while the current in the L; inductor decreases. The main
equations of this mode are given by:

at @
di,,

L, stZ =V =V, )
dv .

C, d(t:l =l 3

Mode 2: During time interval (d.Ts,Ts), shown in Figure
6(b), switch S is turned off while switch S; is turned on. The
current in inductor L, decreases while the current in inductor
L1 increases as a function of time. The main equations of this
topological state are:

di,
— =V, 4
L ot | 4)
di,,
L, d:z =V —V, 5)
dv., .
1TC1 =l (6)

Conventional pulse width modulation (PWM) is used, in
which the inverter control variable is the duty cycle. It is
represented by d in the schematic of the relevant waveforms
in Figure 7.
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Fig. 6. Topological states for a switching period: (a) time interval
(0,d.Ts); and (b) time interval (d.Ts,Ts).
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Fig. 7. Ideal waveforms of the proposed converter.

It can be seen that the input current i, has presented
negative and positive values inside the switching period.
Therefore, an input filter becomes necessary and will be
discussed further in this article.



I1l. STEADY STATE ANALYSIS

A. Voltage Gain

The values for the quasi-instantaneous mean voltages in
inductors L; and L, are null in a switching period and are
given by (7) and (8), respectively, where d(t) represents the
duty cycle.

(Via); = Ve, (OO +V, (L-d () =0 @)

(Vi )y =V =V, ()0 + (e, () -V, ) A-d ) =0 (8)

Isolating vca(t) in (7) and substituting in (8), the quasi-
instantaneous static gain of the converter is obtained as a
duty cycle function. Considering the steady state, the voltage
gain can be written as:

B ©

and its behavior can be seen in Figure 8. In this figure, the
zero-voltage gain for a 0.5 duty cycle can be observed. This
gain is positive for values of > 0.5, with a maximum unit
value for d = I. For values of < 0.5 the gain is negative,
reaching unity when d is equal to 1/3. It can be observed that
the voltage gain is a non-linear duty cycle function and thus
differs from the case of conventional inverters, where this
relationship is linear.
Considering a sinusoidal output voltage as follows:

v, (@1) =V, sin(ot), (10)

and starting from (9), the duty cycle is obtained as a function
of the output voltage, given by:

V,
d(ot) = ——1—.

@)= N v (@Y (11)

Substituting (10) in (11) gives:

V, 1

d t = 1 =

@)= V,sin(@l)  2-asin(t) (12)
where:

o= opk (13)

In Figure 9, the duty cycle is shown as a function of the w¢
angle to generate a sinusoidal output voltage.

B. Passive Elements Design

During the second operating state, inductor L; is in
parallel with input voltage V1. Thus, the peak-to-peak current
ripple is given by:
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Fig. 8. Voltage gain of the proposed topology.
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Fig. 9. Modulating signal for a unitary a.

Vid-d®)T,

Ai, (1) =
i (1) L

(14)

The parameterized current ripple is obtained from (14) as
follows:

Ai,(ot) = Al (1) L\i/fs =1-d(wt). (15)

1

Similarly, the parameterized current ripple for inductor L
is obtained as:

VY, (@t)
V,

1

— . L,f
Ai,(@t) = Ai,(o1t) \2/ 2 :[1 ]d(a)t). (16)
1
Substituting (12) into (15) and (16) yields (17). The
maximum parameterized ripple for both inductors occurs at
wt = 3m/2, as shown in Figure 10, and can be calculated
according to (18).
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Fig. 10. Normalized current ripple variation in the inductors.



Therefore, the equations for calculating the two
inductance values are:
V, (1+«a
Ll_ALlfs(2+aJ (19)
V l+a
L, =—1 .
2 AN, fs(2+aj (20)

The current in capacitor C; during the second state is the
same as that for inductor L,. Considering its quasi-
instantaneous mean value, the following equation can be
found:

Avg, (ot)

ILZ(wt)ZClm'

(21)

Rearranging (21), the parameterized voltage ripple is
obtained by:

C,f,

AVCl(a)t) AVCl(wt) (@

D =1-d(wt). (22)

With appropriate algebraic manipulation and considering
that the output current i, is equal to the current i, for the
grid-tied case, the sizing equation for capacitor C; is
established as:

C, = %[“_aj _ (23)

Av. f 2+«

Cl's

C. Voltage and Current Stress Analysis

From the expressions that describe the waveforms in
Figure 7, the equations of the root mean square (RMS) value
of the current in semiconductors of the inverter power stage
are obtained. These can be written as (24) and (25), where
Leq is an equivalent inductance according to (26).

7
| ot ——a’+4

N L, f
ISlrms =2t 2|orms +2— (24)
V, 2\°
1 12,/(4-a”)
| ISZrms Leq fs
S2rms Vl
(3 1 30t~ 52 128 (25)
Lo (—a2+2j+—— 2
4 12 12 (4_a2)
LL,
L, =12
Leq L1 + L2 (26)

The behavior of the parameterized RMS current in S; and
S, as a function of the parameterized RMS output current is

shown in Figure 11. It can be noted that the « value has a
weak influence on the current in S; and the worst case for S;
occurs for o values close to 1.

Since quasi-instantaneous mean voltage value on each
inductor is zero, the maximum voltage value across capacitor
Ci, neglecting the high frequency component, which is
exceedingly small, is determined by:

VClmax :Vl +Vopk . (27)

The ideal value of the voltage across the switches is given
by:

Smax - ZV +V (28)

Thus, the semiconductors of this topology are subjected to
a much higher voltage than those of a conventional inverter,
which is equal to V1.

D. Input Filter

The high frequency present in the input current is a
common issue, as seen in the classic VSI inverters. As is
normally done, a filter is inserted between the inverter and
the batteries, as shown in Figure 12. The chosen filter can
reduce the high frequency harmonics in the batteries.
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Fig. 11. Parameterized RMS current in the switches as a function of
the normalized RMS load current, for different values of a: (a)
current in switch Si; and (b) current in switch Sz.

Fig. 12. Schematlc showmg |nsert|on of LC filter.



Current iy is equal to ir» during the time interval of mode 1
and equal to i1 during that of mode 2. The equation that
describes i1 can be obtained by analyzing the current in
capacitor Cj, since this mean value is zero in steady state.
Therefore,

<i01(a’t)>Ts =i, (ot)d(ot) +i,(et)(1-d(wt)) =0. (29)

Hence,

. o (1-d(wt))
i,(ot)= ILz(a)t)—d(a)t) . (30)

Replacing (12) in (30), for the fundamental component of
the current in Ly, (31) is found.

i (ot) =1, Sin(cat)[asin(a)t) —1] (31)

Thus, current i1 switches at high frequency between
iLi(wt) and iz(wt) and its low frequency behavior can be
seen in Figure 13. Unitary « and a pure and unitary
sinusoidal current i, were considered.

The maximum current ripple in both L; and L, occurs at
ot =31/2 and the peak value in L; is given by:

I = oA+ ). (32)

The capacitance of the input filter capacitor is determined
by the following expression:

o V21, (L+a) @)
' 2, f,

This filter cutoff frequency is given according to (34). By
rearranging this equation, L can be calculated for the desired
cutoff frequency using (35).

1
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L.C, (34)
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Fig. 13. Low frequency envelope of iL1, iL2 and i1.

IV. EXPERIMENTAL RESULTS

A 1 kW prototype was designed, built and tested in the
laboratory. An RC load was used instead of the grid in order
to validate the theoretical analysis. The experimental
prototype specifications are shown in Table I. The
parameters determined using the equations obtained in the
theoretical analysis are shown in Table Il. The thermal
design was performed considering both  power
semiconductors mounted on a single heatsink. A junction
temperature of 100 °C was adopted and an ambient
temperature that was considered to be 40 °C.

The components used in the prototype construction are
listed in Table 111 and a photograph can be seen in Figure 14.
In addition to the power stage, the prototype includes a signal
processing printed circuit board (PCB), used to generate the
semiconductor gate signals, employing the DSP
LAUNCHXL-F28069M.

The results reported below were obtained from tests
performed in open loop, in order to verify the operation
described herein.

The output voltage and current in the resistive load, v, and
iro respectively, are shown in Figure 15. This figure also
shows the input voltage Vi and current i«. The voltage THD
was 3.96%, according to the power analyzer (Tektronix
PA4000).

The currents on inductors Ly and L can be seen in Figure
16. As expected, these currents are envelope-shaped,
similarly to that shown in Figure 13.

The voltages on the power semiconductors can be seen in
Figure 17, where the peak value occurs at the negative peak
of the output voltage. This time interval is shown in detail in
Figure 18. It is interesting to note that there are almost no
overvoltages in these waveforms, even though there is no
voltage clamping circuit.

The leakage current measurement has been performed and
is shown in Figure 19. The 50 mA/div scale is observed in
the reading of this current because it is a low amplitude
signal, whose measured RMS value is 1.4 mA.

Figure 20 presents the theoretical mapping of the main
power losses in the proposed converter operating at rated
power. Considering that, the expectation is for the inverter to
achieve about 96.2% efficiency at rated power. However, it
can be seen that 77% of the power losses are in the
transistors, so using better transistors can allow higher
efficiencies to be reached, similar to those achieved by well-
known converters.

TABLE |
Experimental Prototype Specifications
Symbol Description Value
Vi DC input voltage 400 V
Vorms Load voltage (RMS) 220V
P Output power 1kwW
fs Switching frequency 50 kHz
fy Output voltage frequency 60 Hz
Al Current ripple in L, 50%
Aioy Current ripple in L, 50%
Avcin Voltage ripple across C, 5%
Avcio Voltage ripple across C; 1%
fi Filter cutoff frequency 4.8 kHz




TABLE Il
Design of Components and Stresses
Symbol Description Value
Ly Inductance L, 4.10mH
L, Inductance L, 1.59 mH
C; Capacitance C; 2.31 yF
Ci Capacitance Cy 28.57 pF
L¢ Inductance L; 38.48 uH
ILarms RMS currentin L, 553 A
lioms RMS currentiin L, 4.60 A
lcirms RMS currentin C; 458 A
Is1rms RMS currentin S; 6.46 A
Isorms RMS currentin S, 716 A
IL1pk Peak current in L; 1143 A
1 ook Peak current in L, 6.43 A
TABLE Il
Prototype Components
Component Specification
Inductor Ly Inductance: 4.13 mH
Number of turns: 173
Wire: 1 x 15 AWG
Core: 2 Xx MMTS60T7713 (Magmattec)
Inductor L, Inductance: 1.60 mH
Number of turns: 152
Wire: 1 x 15 AWG
Core: 1 x MMTS60T7713 (Magmattec)
Inductor L¢ Inductance: 39.26 pH
Number of turns: 19
Wire: 1 x 15 AWG
Core: 1 x MMT026T4015 (Magmattec)
Capacitor C; 2 uF (2 x 1 pF/1.25 kV - B32656S7105K577)
Capacitor C; 30 pF/650 V - C4AAQCBW5300A3JJ
Capacitor C, 1 pF/630 V
Switches S; and S, C2M0080170P (1700 V/40 A)
Heatsink LAM 3 K 150 12 (Fischer Elektronik)

Fig. 14. Photograph of the converter prototype.
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The experimental efficiency curve can be seen in Figure
21. The measurements were taken with the Tektronix
PA4000 power analyzer. According to this figure, the
efficiency is greater than 90% when the output power is
higher than 20% of the rated power. At over 50% of rated



power the efficiency is greater than 94%, with a maximum of
95.25% in the rated power. Due to the components available,
the design was not optimized to reduce losses.

After thermal stabilization of the converter at rated power,
the maximum temperatures occurred in the semiconductors
and inductors, especially in S; and L, which reached values
of 66.3 °C and 65.5 °C, respectively.

V. COMPARISON

The summarized data gathered in Table IV allow a
comparison between the proposed topology and other non-
isolated inverters with common-ground in terms of the
number of components, input and output voltage, maximum
voltage stress on the semiconductor, output power, switching
frequency and efficiency at rated power. It can be noted that,
of the structures included in Table 1V, this proposal contains
the smallest number of components and employs the lowest
number of power semiconductors. The efficiency obtained
was adequate, even with the non-optimized prototype.

It should be noted, however, that considering the voltage
stress in the semiconductors the value for the prototype is
among the highest, which may be a limitation in terms of the
choice of components.

VI. CLOSED-LOOP CONTROL

In this section, the modeling and control are presented in a
summarized way. Some simulation results are shown to
prove that the proposed inverter can operate connected to the
grid by controlling the output current.

Figure 22 depicts the connection of the inverter to the
electrical grid, with the current control stage represented as a
block diagram.

The dynamic behavior of the inverter, considering the
resistances in the inductors and the transistors, is described
by the set of differential equations

di . .
d_lil = _Vc1d +Vi (1_ d )_ I (RL + Roson ) +1,Rpson (36)

di i i
LZ # :Vld _VC1 (1_d)_vo + ILlRDSOH _ILZ (RL + RDSO“) (37)

v, . .
Cld—il =i,d+i,(1-d). (38)

Thus, the small-signal model i, (s)/d(s) is given by

i,(S)  num,s® +nums-+numg 29
d(s) den,s®+den,s® +den,s+den, (39)

where
num, = L,C, (V, +V,) (40)

num, =L, (1-D)(I,-1,) (41)
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Fig. 20. Power losses distribution for the proposed topology at
rated power: (a) per element and (b) detailed in the transistors.
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Fig. 21. Efficiency of the converter under unity power factor load.
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Fig. 22. Power losses distribution for the pr_oposed topology at
rated power: (a) per element and (b) detailed in the transistors.

numy = D(V, +Ve, )+ Rpson (1, = 111) (42)
den, = L,L,C, (43)

den, = C,Ryq,, (L +1L,) (44)

den, = L, (1-D)” +L,D? (45)

den, = Ry, - (46)



TABLE IV
Comparation of Transformerless Common-Ground Inverters

Number of components Voltage
(;rorr?]r;ig%rgigljzsd (é) o EC’_L g ot Output Max, Output fwitching Reptortcteddefficiency
Topology g § s §_ (Vo) (Vaws) semiconductor power requency at rated power
2 n 3 3 stress
Proposed 2 0 2 1 400 220 2Vi+Vo 1kw 50 kHz 95.2 %
Converter in [4] 8 1 1 2 200 240 2V, 1kw 20 kHz 96 %
Converter in [7] 5 0 2 1 ~ 100 220 > Vopk 200 W 20 kHz 925 %
Converter in [8] 4 1 1 2 350 230 Vi 1kw 24.4 kHz 99.2 %
Converter in [9] 4 2 2 3 400 220 2V, 500 W 24 kHz 97.4%
Converter in [10] 5 1 2 2 340 220 2V, 1kw 100 kHz 916 %
Converter in [13] 5 0 1 1 400 220 Vi 500 W 20 kHz = 96.5 %
Converter in [14] 5 3 2 1 92 100 - 168 W 10 kHz ~87 %
Converter in [15] 4 0 3 2 60 120 ~ 300 V 250 W 50 kHz -
Converter in [16] 3 1 4 3 38 110 1.6Vopk* 280 W 40 kHz 93 %
Three-ph ~ 460 W
conve‘reteerp inas[EZ] 4 L 2 2 200 =110 ] perg?]ase 9 khz ]
* Only for VoudV1 equal to 4.1
15 375 VII. CONCLUSIONS
10 250
5 125 A new single-phase voltage source inverter has been
[A]0 0[V] proposeq. The converter topology contains _few_co_mponents
and a simple modulation strategy. Also, it eliminates the
-5 i -125  leakage current in the parasitic capacitors.
-10 g =250 The effectiveness of the proposed converter was
-15 375 demonstrated. The prot_otype built in _the Igbqratory and
0.1 0.12 0.14 0.16 0.18 0.2 subsequently tested confirmed the operation principle and the
Time (s) theoretical analysis results. Although this prototype was not

Fig. 23. Grid voltage, current reference, and iL2 current of the grid-
connected inverter.

Substituting the parameters of the power stage given in
Table 1lI, with R =R.,,=0.1Q , and obtaining the

variables function of the wt angle for ot =27/3 , which is

the critical angle from the system stability point of view, it
can be found:

K

12(S)  6.945x10°s? —3.555x10°s +3.0048 x10"
d(s)  s°+173.4s% +1.437x10°s+1.165x10"

A PI controller was employed, with a current sensor gain
equal to 3x10* and a PWM modulator gain equal to 1. The
transfer function of the controller with these parameters is
given by

(47)

| 13.339(s +4788)

(48)
s

Pl

The simulation result of the system in Figure 22 is
presented in Figure 23, which shows the grid voltage, current
reference, and current in Lp. It can be observed that
regardless of the phase angle wr , the output current i,
follows the reference current iy , indicating that the inverter
operates with both positive and negative power flow.

optimized for loss reduction, a maximum efficiency of
95.25% was obtained.

Through computer simulation, it was shown that the
inverter with proper current control can interconnect a
bidirectional DC voltage source with the grid, being able to
operate with both positive and negative power flow.

Thus, the proposed inverter topology is suitable for the
power interface between a battery bank and the grid, without
the need for a high or low frequency transformer. A
disadvantage, however, with respect to the conventional
voltage source inverters is a higher voltage stress across the
power semiconductors.

ACKNOWLEDGMENTS

The authors would like to thank the CAPES - PROEX for
financial support.

REFERENCES

[1] A. K. Raji, M. T. E. Kahn, “Investigation of common-
mode voltage and ground leakage current of grid-
connected transformerless PV inverter topology”, in
Proc. of Journal of Energy in South. Afr., vol. 26, n° 1,
pp. 20-24, Feb. 2015.

[2] C. A. Varghese, M. Karpagam, T. Alwarsamy,
“Analysis of leakage current and DC injection in
transformerless PV inverter topologies”, in Proc. of Int.
Journal of Eng. and Tech., vol. 6, n°® 1, pp. 453-459,
Feb. 2014.



(3]

[4]

(5]

(6]

[7]

(8]

[0l

[10]

[11]

[12]

[13]

R. Teodorescu, M. Liserre, P. Rodriguez, Grid
converters for photovoltaic and wind power systems,
John Wiley & Sons, Ltd., 1sted., 2011.

B. Shaffer, H. A. Hassan, M. J. Scott, S. U. Hasan, G.
E. Town, Y. Siwakoti, "A common-ground single-phase
five-level  transformerless  boost inverter  for
photovoltaic applications”, 2018 IEEE Applied Power
Electronics Conference and Exposition (APEC), San
Antonio,  TX, 2018, pp.  368-374, doi:
10.1109/APEC.2018.8341037.

S. A. Khan, Y. Guo, J. Zhu, "A high efficiency
transformerless PV grid-connected inverter with
leakage current suppression”, 2016 9th International
Conference on Electrical and Computer Engineering
(ICECE), Dhaka, 2016, pp. 190-193, doi:
10.1109/ICECE.2016.7853888.

M. lIslam, S. Mekhilef, M. Hasan, “Single phase
transformerless inverter topologies for grid-tied
photovoltaic system: A review”, Renewable and
Sustain. Energy Rev., vol. 45, pp. 69-86, May 2015.

M. Tofigh Azary, M. Sabahi, E. Babaei, F. Abbasi
Aghdam Meinagh, "Modified Single-Phase Single-
Stage Grid-Tied Flying Inductor Inverter With MPPT
and Suppressed Leakage Current”, IEEE Transactions
on Industrial Electronics, vol. 65, n® 1, pp. 221-231,
Jan. 2018, doi: 10.1109/TIE.2017.2719610.

Y. P. Siwakoti, F. Blaabjerg, "A novel flying capacitor
transformerless inverter for single-phase grid connected
solar photovoltaic system”, 2016 |IEEE 7th
International Symposium on Power Electronics for
Distributed Generation Systems (PEDG), Vancouver,
BC, 2016, pp. 1-6, doi: 10.1109/PEDG.2016.7527086.
J. F. Ardashir, M. Sabahi, S. H. Hosseini, F. Blaabjerg,
E. Babaei and G. B. Gharehpetian, "A Single-Phase
Transformerless Inverter With Charge Pump Circuit
Concept for Grid-Tied PV Applications”, IEEE
Transactions on Industrial Electronics, vol. 64, n® 7,
pp. 5403-5415, July 2017, doi:
10.1109/TIE.2016.2645162.

S. U. Hasan, B. Shaffer, H. A. Hassan, M. J. Scott, Y.
Siwakaoti, G. E. Town, "Common-ground
transformerless inverter for solar photovoltaic module”,
2018 IEEE Applied Power Electronics Conference and
Exposition (APEC), San Antonio, TX, 2018, pp. 167-
172, doi: 10.1109/APEC.2018.8341004.

SMA Solar Technology AG, “Duennschicht-TI-
UPT114630 Versdao 3.0: Informagdo técnica -
tecnologia de modulos”. [Online].  Available:

http://files.sma.de/dl/7418/Duennschicht-TI-

UPT114630.pdf, Accessed on: Jan. 21, 2018.

L. Ma et al., "Leakage current analysis of single-phase
transformer-less grid-connected PV inverters", IECON
2015 - 41st Annual Conference of the IEEE Industrial
Electronics Society, Yokohama, 2015, pp. 000887-
000892, doi: 10.1109/IECON.2015.7392211.

Y. Gu, W. Li, Y. Zhao, B. Yang, C. Li, X. He,
"Transformerless Inverter With Virtual DC Bus
Concept for Cost-Effective Grid-Connected PV Power
Systems"”, IEEE Transactions on Power Electronics,

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

vol. 28, no. 2, pp. 793-805 Feb. 2013, doi:
10.1109/TPEL.2012.2203612.

H. Patel, V. Agarwal, "A Single-Stage Single-Phase
Transformer-Less Doubly Grounded Grid-Connected
PV Interface”, IEEE Transactions on Energy
Conversion, vol. 24, n° 1, pp. 93-101, March 2009, doi:
10.1109/TEC.2008.2006551.

M. Verma, S. Gangavarapu, A. K. Rathore, "Analysis
and Design of a Novel Transformer-less-Inverter in
Grid-Connected Photovoltaic System", 2019 14th IEEE
Conference on Industrial Electronics and Applications
(ICIEA), Xian, China, 2019, pp. 79-84, doi:
10.1109/ICIEA.2019.8834150.

A. Sarikhani, M. M. Takantape, M. Hamzeh, "A
Transformerless ~ Common-Ground  Three-Switch
Single-Phase Inverter for Photovoltaic Systems", IEEE
Transactions on Power Electronics, vol. 35, n° 9, pp.
8902-89009, Sept. 2020, doi:
10.1109/TPEL.2020.2971430.

B. Gu, J. Dominic, B. Chen and J. Lai, "A high-
efficiency single-phase bidirectional AC-DC converter
with miniminized common mode voltages for battery
energy storage systems", 2013 |IEEE Energy
Conversion Congress and Exposition, Denver, CO,
2013, pp. 5145-5149, doi:
10.1109/ECCE.2013.6647396.

S. Thomas, M. Stieneker, R. W. De Doncker,
"Development of a modular high-power converter
system for battery energy storage systems",
Proceedings of the 2011 14th European Conference on
Power Electronics and Applications, Birmingham,
2011, pp. 1-10.

A. Ginart, A. Salazar, R. Liou, "Transformerless
Bidirectional Inverter for Residential Battery Storage
Systems”, 2016 IEEE Green Technologies Conference
(GreenTech), Kansas City, MO, 2016, pp. 18-23, doi:
10.1109/GreenTech.2016.11.

T. B. Reddy, D. Linden, Linden’s Handbook of
Batteries, Mcgraw-hill, 4th ed., 2011.

S. Kratz, P. Hanses, B. Krueger, R. Wegener, S. Soter,
"Integration of Second Life Batteries into a Smart
Overhead Contact System based on SiC-Technology",
2019 IEEE Transportation Electrification Conference
and Expo (ITEC), Detroit, MI, USA, 2019, pp. 1-5, doi:
10.1109/1TEC.2019.8790484.

W. -. Oh, S. -. Han, S. -. Choi, G. -. Moon, "Three
Phase Three-Level PWM Switched Voltage Source
Inverter With Zero Neutral Point Potential,” IEEE
Transactions on Power Electronics, vol. 21, n° 5, pp.
1320-1327, Sept. 2006, doi:
10.1109/TPEL.2006.880300.

BIOGRAPHIES

Gabriel de O. Assuncdo, was born in Londrina, Brazil, in

1988. He received his B.S. degree in electronic engineering
and M.S. degree in electrical engineering from the Federal
University of Technology — Parana (UTFPR), Ponta Grossa,
Brazil, in 2013 and 2016, respectively. He is currently
working toward a Ph.D. degree in electrical engineering at



the Federal University of Santa Catarina (UFSC),
Florianopolis, Brazil.

His research interests include power electronics, rectifiers,
inverters, power converters for storage systems and
renewable energy sources.

lvo Barbi (Life Fellow, IEEE) was born in Gaspar, Santa
Catarina, Brazil. He received the B.S. and M.S. degrees in
electrical engineering from the Federal University of Santa
Catarina (UFSC), Floriandpolis, Brazil, in 1973 and 1976,
respectively, and the Dr. Ing. degree in electrical engineering
from the Institut National Polytechnique de Toulouse,
Toulouse, France, in 1979.

He founded the Brazilian Power Electronics Society, the
Brazilian Power Electronics Conference, in 1990, and the
Brazilian Institute of Power Electronics and Renewable
Energy, in 2016. He is currently a Researcher with the Solar
Energy Research Center, Florianopolis, SC, Brazil, and a
Professor Emeritus of electrical engineering with UFSC.

Dr. Barbi was a recipient of the 2020 IEEE William E.
Newell Power Electronics Award. He was an Associate
Editor for the IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS and the IEEE TRANSACTIONS ON
POWER ELECTRONICS for several years.



