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Abstract—In this paper, an improved transformer-
less single-phase single-stage grid-tied flying inductor
inverter is presented. The negative terminal of the PV
array is grounded in the improved topology, which
increases reliability and suppresses the leakage
current. The proposed topology has buck-boost
capability without increasing the number of required
components and has a high efficiency. An improved
control algorithm for proper operation of the proposed
topology which decreases switching losses has been
investigated. Moreover, P&O MPPT algorithm has
been adapted to the proposed inverter, which doesn’t
utilize PI controllers, for the purpose of the maximum
power point tracking. Furthermore, design procedure
of the passive elements of the converter based on the
corresponding operating has been demonstrated.
Simulation in Matlab Simulink plus an experimental
prototype is developed to reconfirm the designed
results. Finally, a comparison study has been
investigated for better clarification of the advantages
and disadvantages of the proposed inverter.

Index Terms— Transformer-less, grid-tied inverter,
leakage current, PV.

I. INTRODUCTION

Nowadays, acquiring higher efficiency with reduction
of size, weight and cost are the reasons that make

transformer-less inverter more appealing compared
to ones include transformer, especially in grid-tied
applications [1-3]. However, transformer-less inverter
suffers from flowing of the leakage current through the
parasitic capacitors which form between the PV array and
the grounded frame. Value of the leakage current depends
on factors such as: the value of mentioned parasitic
capacitors, modulation method and common mode
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voltage [4]. Safety issues, electromagnetic interference
(EMI), increment of current harmonics and power
dissipations are the consequences of the leakage current
flow through the grid-tied inverters [5]. Three main
methods of reducing the leakage current value have been
proposed as follows: separating the PV array from the AC
side during the freewheeling mode, clamping the common
mode voltage (CMV) by connection of the neutral point
of the grid to the middle point of the two input DC link
capacitors and connecting the grid neutral point to the
negative terminal of the PV array, directly. Different
structures and control schemes have been investigated to
approach the standard value of the leakage current for
non-isolated grid-tied inverters [6]. In the H5 circuit,
which is a conventional topology, an additional switch is
applied to the full bridge inverter for the development of
the constant CMV [7]. However, the power dissipation
value of the additional switch is almost double of the full
bridge inverter’s switches losses, which is not suitable for
thermal design. An extended structure of the H5 inverter
is presented in [8], which is named as oH5 with an
additional switch for clamping of the CMV to the value
equal to the half of the input voltage for leakage current
reduction. In spite of its advantages, oH5 demands a dead
band between gating signals to prevent the short circuit of
split capacitors which leads to fluctuation of the CMV in
the dead band. Besides, due to simultaneous conduction
of three switches, conduction losses remain high. The H6
inverter [9] has low leakage current and proper thermal
distribution. However, the H6 converter has a high
conduction loss. HB-ZVR topology which has been
presented in [10], keeps the CMV constant by adding zero
voltage mode rectifiers to the conventional full bridge
inverter. The total Conduction loss of this inverter is
lower than the H6 inverter, however high number of
applied diodes is not desirable. Furthermore, HB-ZVRD
is presented in [11] with an additional diode compared to
HB-ZVR which causes further reduction of the leakage
current. The HERIC inverter is presented in [12] with
more reliability and efficiency compared to HB-ZVR by
replacing six power elements of the AC side in HB-ZVR
with only two switches. A current source H5 inverter has
been presented in [13] named as CH5 with reduced
leakage current but not eliminated completely. In [14], a
High efficiency inverter has been presented, which
reduces leakage current value by clamping the CMV.
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However, using seven MOSFETs increases the
converter’s complexity and switching losses. A neutral
point clamped transformer-less inverter is presented in
[15] with buck-boost ability suitable for MPPT of the PV
array with decreased leakage current. However,
simultaneous conduction of four switches increases the
conduction loss. The presented converter in [16] uses the
charge pump circuit idea to present a new topology.
Mentioned converter is doubly grounded and has the
capability of reactive power flow. However, it does not
have the buck-boost ability and its input current is not
symmetrical. Presented topology in [17] is an integrated
two-stage converter, which studies new aspect of grid tied
inverters as low frequency ripple. However the converter
has an extra energy storing level which adds a high
voltage capacitor to the topology, needs a large output
filter, rather high number of passive elements and high
switching frequency. The proposed converter in [18] has
been depicted in Fig.1. The mentioned inverter eliminates
the leakage current, however needs a chopper to track the
maximum power of the PV panel below the voltage of the
grid, which lowers the efficiency and increases the
number of active and passive elements. Although this
converter has low number of active elements, it utilizes
high number of passive components. Furthermore, high
voltage stress of the switches and low efficiency are other
disadvantages of the presented inverter in Fig. 1.

In this paper, an improved topology is proposed for
non-isolated grid-tied inverter with negative terminal of
the PV array connected to the neutral point of the grid,
which increases the reliability and eliminates the leakage
current. In addition, the presented structure has buck-
boost ability, which eliminates the need to a DC-DC
chopper to work in the voltages of PV below the voltages
of the grid. The proposed inverter, utilizes IGBTs without
body diodes, operates as a current source inverter and
demands acceptable number of active and passive
components, which makes the proposed inverter more
efficient and attractive. The proposed system considers a
suitable switching strategy which makes the converter
work in discontinuous conduction mode (DCM) and a
perturbation and observation (P&O) method without
utilizing PI controllers for acquiring MPPT.

PV

Fig. 1. Presented'Structure in [18].

Il. PROPOSED TOPOLOGY

Fig. 2 presents the proposed topology which includes
five power switches without body diodes, one flying
inductor and the output filter. The point of common
coupling (PCC) can be seen in Fig. 2 and, is the point that
the output of the proposed inverter is connected to the
grid. Usage of IGBTs without body diodes in the topology

leads to the reduction of the elements number in the
current path, besides the switching losses since the
converter operates in (DCM). The flying inductor L, is

used to boost the voltage of C,, and inject the power of
the PV to the grid. The switches S, and S, are turned-on
simultaneously to charge the inductor L with the power
extracted from the PV. On the contrary, the switches S, ,
S, and S, have an important role in discharge of the L,

inductor and injection of its power to the grid. The output
filter, meaning L, inductor and the C, capacitor are used
to suppress the output harmonics. Fig. 3 presents the

switching pattern of the switches, the output voltage and
current of the converter.
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Fig. 2. Proposed topology.
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Fig. 3. Switching pattern, output voltage and current waveforms.
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According to Fig.3, the switches S,, S, and S,
operate with low frequency. The switch S, is turned on

once in the beginning of the negative half power cycle.
The switch S, always works with high frequency. The

converter has 4 operating modes. Two of them, modes 1
and 2, occur only in positive half power cycle repeatedly
one after each other. Other two operating modes occur
only in negative half power cycle. Generally, the
converter’s operation in both half power cycles is similar
to a conventional buck-boost dc-dc converter in DCM,
where the only difference is that the proposed converter
works with a quasi-sinusoidal duty cycle. Like the buck-
boost dc-dc converter in both positive and negative half
power cycles, first the energy is stored in the inductor via
switches S, and S, and then, the stored energy is

injected to the grid via other switches working in the
corresponding positive or the negative half power cycle. It
should be mentioned that as stated above, the converter
operates in DCM and when the current increases in mode
1 or mode 3, the current flows only through S, and S,

switches and the other turned-on switches have no
flowing current to produce conduction losses. Thus,
turning on the switches S, and S; in the positive half

power cycle and also, S, in the negative half power cycle

once in the beginning of the half power cycle, not only
doesn’t produce conduction losses but also reduces the
switching losses. Eventually, it should be mentioned that
as can be seen from Fig. 4, there are always two
semiconductors in the conduction path despite the
existence of the other turned-on switches in the circuit.

I1l.  OPERATING MODES DESCRIPTION

Based on the Fig. 3, the converter has four operating
modes and every half power cycle is divided into N
intervals. Each of N intervals is divided into two modes in
which modes 1 and 2 are in the positive half cycle and
modes 3 and 4 are in the negative half cycle. As can be
seen from Fig. 3, in order to reduce the switching losses,
the switches S, and S; in the positive half power cycle
and also, the switches S, and S, in the negative half
power cycle are turned-on once in the beginning of the
corresponding half power cycles.

A. Positive half power cycle

As stated above, in this half power cycle, modes 1 and
2 occur one after each other and the switches S, and S,
are maintained on to reduce the switching losses.
However, the mentioned switches despite of remaining
on, only conduct in one of the operating modes in this half
power cycle which is mode 2 and have no role in the other
operating modes as will be explained in the following.
Mode 1 [0<t <t ]

In this mode, the switches S, and S, are turned-on and
the energy is stored in the inductor L, . The voltage
across the inductor L, is equal to the voltage of the
capacitor C,, as follows:

di

VLm = Lm ﬁ (1)

Considering DCM, the following equation validates
linearity of the current through the L inductor.

= Yoy @

Lm
m

Mode 2 [t, <t <T /2N ]

In this mode, the switches S, and S, are turned-off
and the switches S, and S, which are on all over the
positive half power cycle conduct, so the inductor
discharges to the grid. During this mode, (1) is still valid,
however the voltage across the L, inductor is -V, and

the Initial value of the inductor current i, is equal to the
following value in (3):
.V
ILm (ti ) =2 (3)
Lm
The time interval of the mode 2 is considered as t.

Considering (1), (2) and (3), the inductor current value in
mode 2 can be achieved as (4).

. \Y V
im :_LL“[t + LPV t 4)

m m

(©)
Fig. 4. Operatinion modes. (a) Mode 1. (b) Mode 2. (c) Mode 4.

In this mode, the current decreases to zero and remains
zero until the next switching period in which the inductor
will be charged via S, and S, switches. It should be
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mentioned that the inductor current crosses zero before
T/4N . Since the time interval in which inductor’s current
is equal to zero has no effect on the circuit’s analysis, it
has not been considered as an operation mode.
B. Negative half power cycle

In this half power cycle, modes 3 and 4 occur one after
each other, and the switches S, and S, are maintained

on. The switch S, conducts in both of the modes 3 and 4,
however the switch S, conducts only in mode 4.
Mode 3[0<t <t ]

This mode’s operation is similar to the mode 1 in the
positive half power cycle except the output voltage is
negative.

Mode 4 [t, <t <T /2N ]

In this mode, the switch S, is turned-off and the
switches S, and S, which are on already conduct. Thus,
whenever mode 3 ends, there is a path through the
switches S, and S, to conduct the current of L. Fig. 4
shows the different modes. Mode 3 has not been shown
because it is similar to mode 1, however with a reverse
output polarity. In each mode only the switches which are
in conduction path are depicted chromatic and the current
path has been shown with dashed lines.

IV. DESIGN CONSIDERATION
The discontinuous current of the inductor i, is shown
in Fig. 5. 1, is the summit value of the inductor current’s
envelope (i, ., (K)), in case the converter operates in
nominal output power P, . The sum of t_  and t

intervals plus the interval in which the inductor’s current
is zero would be equal to 1/2Nf, in which f is the

power frequency and N is the number of the intervals
which the half power cycle is divided to. So, the values of

t,, and ty in circuit’s different operating modes can be
obtained as follows [19].
L,!
L ®)
VC_PV
L,
— p (6)

t, = N
V,c is the RMS value of the grid voltage and V. o, is
the voltage of C,, . Considering (5) and (6), the value of
the L, inductor is obtained as follows.
— \/E/ACVC
2NfI WV +2/ )
The maximum value of the converter’s output power is

considered as P

out *

P, = ﬂwlpzisin2 o(k) 8)

™

m

0(k) is the electrical angle at the beginning of the K"
switching period and is equal to 8(k) = % Combination

of (7), (8) and considering the value of @(k), results (9)
for L, whichrelates L to P,

out *

i
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Fig. 5. Inductor current. (a) Envelope and peak value. (b) Detailed
diagram.
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The peak value of the inductor current i, during the

9)

m

K™ switching period, as observed in Fig. 5(b), is
determined as below.
Iimen (K) =1, sin{O(k ~1) +27ft + ¢} (120)
t is the time value in Seconds at the beginning of the
K™ switching period and ¢ is a relatively little
controllable phase shift angle that makes the control of
the reactive power possible. Considering 2z ft+¢ =0,
(11) can be written as follows.
e (K) = Ip{sin(e(k —1)+¢)+27xft coso(k —1)} (11)
As the proposed converter operates in DCM and
observed in Fig. 5(b), the initial value of the switch’s
current is equal to zero and the switch’s current equation
is similar to (2). If the initial time of the K" switching
period is considered as zero, the intersection of ig, (k)

and i (k) would be equal to the on-time interval of

Lm,env
the switches. Considering (2) and (11), the switch’s on-
time in K™ switching period can be written as below.
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I, sin(0(k —1)+9)
toy (k)=
Ve o /L, —22fl, cos(6(k 1))
Although (12) is extracted as the switch’s on-time
equation, it is not the exact on-time value used for the
switches in simulation and experimental prototype. The

exact on-time value for the switches will be obtained by
modifying (12) as below.

I,sin(0(k-1)+¢) ~
ve /L, —2xfl cosOk-1) *
K, and K, will be explained in MPPT algorithm

section. The proposed converter is capable of regulating
the reactive power by shifting ¢ , however it may lead to

spoil of the THD, especially in zero crossing points.

(12)

t (k) = K, + (13)

V. MPPT ALGORITHM

A For the MPPT of the proposed converter, P&O
method is exploited. 1., and V., is given to the P&O

Cpv
MPP tracker which obtains P, and Vv P.x 1S the

mpp * max
maximum power which can be extracted from the PV

array and v, is the corresponding voltage of the

maximum power point [20]. Considering (8), P, is used
to calculate I, .

V., and I, measurement [«

Cpv
v
P&O

P, &V,

mpp mpp

K.K,=0

Ky (k). K, (k) =0

t, calculation |

v

| t " calculation |

on

Vv, <0.01

pv — Vmpp =

Ve,

No

v L4

dvg,,
>V, & —<0.1 V,
dt

V,

Cpv Cpv

Ve
<Vmpp &T <0.1

K, (0)=0
(t,, (k) +0.05)x0.01= K}
Ky (k) =K, (0) +--+ K, (k1)

K/ (0)=0
(t,, (k) +0.05)x0.01= K/
K,/ (K)=K,(0)+---+ K/ (k-1

Fig. 6. MPPT controller.

According to (12), I,
calculatet, . In this stage, the MPPT algorithm is

and v, are used to

'
on?

accomplished if |v,,,, —v|<0.01 and t,, is equal to t

mpp

however if |v,,,

~Vc|20.01, the MPPT algorithm enters

the K, and K, calculations loop which are used in (13).
The initial values of K, and K, are equal to zero and
their values are calculated four times in a half cycle. The
complete MPPT algorithm is clarified in Fig. 6, including
calculation of K, and K,. It is obvious from the above-
mentioned explanations that the MPPT algorithm is an
open loop algorithm and easy to develop. It is important
to mention that the values and coefficients used to
calculate K, and K, are chosen arbitrarily and can be

modified due to the number of times the MPPT is done in
one power cycle.

VI. VOLTAGE GAIN CALCULATION

The voltage gain of the proposed inverter is calculated
like a conventional buck-boost dc-dc converter’s gain as
follows.

Ve ><d1_Vo(9)dZ:0’ dl:tonT(e)l dz:EFi
s s

By substituting (5) and (6) in (14), the equation (15) is
obtained.
Vo (0) __ Ved!

Ve 2L, fsi, (0)

(14)

(15)

By defining r, (6(k)) , the voltage gain

can be obtained as in (16).
r, (0(k))

vo(0(K)) _Vedin (0(k)) o, [nl(0(k) o
VC 2meSvo (0) ! 1 2L fs

m

VII. DESIGN EXAMPLE

The Design procedure of circuit components is done
based on the nominal power of the converter which is
equal to the maximum power that can be extracted from
the PV array. Considering N =200, v, =220V,

Ve gy =100V , P, =200V and f =50Hz, the value
of L, can be derived using (9) as L,~3x10"H.
Calculation of 1 is done by substituting (14) in (7).

310100

g 2x200x50x410x3.5x10™
The output filter is designed for the worst condition

which in this case is the boundary condition mode

(BDM). After obtaining the L, and 1., t, has a

constant value but t, is variable and considering the
switching frequency f, =20KHz , the maximum value
for t,, and as a result the maximum value for I, can be
calculated as follows.

(7
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1 Ll

t, o = ————"—=38x10°S 18

- fq \/EXVAC {18)
v xt 100><(38><10’6)

| — C_PV on _max — 512 A 19

Pmax L 3x107 (19)

Considering the equivalent circuit presented in Fig.7,
(20) can be written as follows.

iC_f :-L_m _<i5> (20)

Fig. 7. The equivalent circuit considering output filter.

Considering the worst condition, the current of the
capacitor is calculated as follows.
. t . t
ICJ (t):-EXImeax_<ls>zT_SXIP7max_IO (21)
The equation for the voltage of the capacitor has been
obtained in (22).

1 tcr\imax .
Vo =g, e @atve  (0) (22)
In (24), AV ; has been obtained.
| —2x1,)xt
AVC_, =( P_ max O) on_ max (23)

2C,
For the maximum ripple of 10% the value of the
capacitor is calculated as C, >55x10°. Since the

design has been done for the worst condition, the values
lower than the obtained value can be utilized without a
problem. As for the filter inductor it is obtained as

L, #3x10™. The last passive element which has been

used in the topology is C,, , which is the input PV

capacitor. It is important to mention that the proposed
converter would have a high low-frequency ripple if the
design is done regardless of considering low-frequency
current ripple. By the proper design, the current ripple
could be limited to values which would not affect the
MPPT but it cannot be eliminated completely.
Considering 8(a) and 8(b), the equation (24) and (25) can
be written as follows.

ic =loy =(ii_n(t))=1ey —|1,sin(at) (24)
. dv
(ic_p (t))=Co —;tf’v (25)
Maximum ripple of the voltage is AV |: .
2 (47
Vs, :EJ.:(IC—PV >dt +V, (26)

r r
AV =v1—v0=C2 {£4|Wdt—£4lmsin(ai)dt] @27)
v 71 1

By solving (27), the equation (28) can be written as
follows.

2 T |
AV o [lw (Z—tlj—;m(cos(a)xtl))j (28)
iC,Pv .
) ey
I i
Ve pv|t i T
Iw IC_PVl-[CPV éohm(t)) _V1 E _Ef‘- g_%i E
. VLJ;' N/ ;

(@) (b)
Fig. 8. Equivalent circuit for design of the capacitor C,, . (a)
Equivalent circuit. (b) Current and voltage of the C,, .

I, is the peak of the average current of the inductor
L., .Considering a proper voltage ripple for the capacitor
C,, , its value is obtained in (29). The peak value of the
inductor current’s 50 Hz component is equal to 2.5 A .

1

L5= (7x10")=C,, =470uF (29)

PV

VIll. THE PARASITIC CAPACITORS VOLTAGE AND

LEAKAGE CURRENT’S VALUE DISCUSSION.

Considering Fig. 9 from [15] and also the equations
(30), (31) and (32) in which v, is the common mode

voltage and v, is the differential mode voltage, it is
obvious that v, =0 and also L/ =L/ =L/"=0 for the

proposed converter. v, can be calculated as shown in
(33).

Vv L r_ L m V
v N T _ch - Zd((l_f'f + Lf;’)) +V grid _cm _% (30)
L ’ _ L m
Ve =V, _\M grid _cm +V o (31)
2 ( L/ + Lf"') - 2
Vgid_eom =V grid /2 (32)
Vim :Vgrid /Z_VDC /2 (33)

Substituting (33) in (31), v, can be calculated as in (34).

v ri V v i V
LT

The above analysis show that the voltages of the PV
panel terminals in the proposed converter have constant
values. Thus, the leakage current is equal to zero.

(34)

+
PV |Voc ==C,, |Inverter

Vi -

Fig. 9. Grid-connected transformer-less inverter with parasitic
capacitors [15].
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IX. SIMULATION RESULTS

To validate the analysis given above, the inverter is
simulated in Matlab Simulink using the values in Table I.

TABLE I.
VALUES OF THE ELEMENTS DERIVED FROM THE DESIGN

Rbut max L C .

m

0.3mH 220uF | 220vqys | 20kHz

The linearized PV characteristic used in simulation has
been shown in Fig. 10. Series connection of six Sun40M-

12 PV panels in irradiance of 800 W /m?and
temperature of 25°C forms an array which produces

200 W in the corresponding voltage of 100V . Fig.11
presents the output voltage, current and power of the PV.

200
S
> 100
; \
0
0 50 100
Vv (V)
Fig. 10. The linearized PV characteristic.
R 100 .
s /
2 50
>
0
0 0.5 1 1.5
Time ()
@
2
. 1.995
< \
= S
= 1.99
1.985
0 0.5 1
Time (S)
(b)
200 —
s | /7
£ 100
o
0 L
0 0.5 1 15
Time (S
(©

Fig. 11. PV outputs. (a) Voltage. (b) Current. (c) Power.

Fig. 12 shows the inductor current and Fig. 13 shows
the injected active and reactive power. Fig. 14 presents
the output current and voltage of the converter.

0278-0046 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

1.01 1.02 1.03 1.04 1.05
Time (9

Fig. 12. Inductor current.
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Fig. 14. The injected current along with the grid voltage.

In order to further investigation of the open loop
control algorithm utilized in the proposed inverter, a step
change study has been investigated. As can be seen from
Fig. 15, at first, the converter has the maximum output

power of at the corresponding voltage of

At , a step change has been applied. The results

demonstrated in Fig. 15 show the proper operation of the
proposed converter in case of a step change.

X. EXPERIMENTAL VERIFICATION

In the experimental setup, three DC sources have been
utilized. In the control section, an ARM micro controller
named STM32F407ZG has been utilized which calculates
the switches’ on time. For the switches driving, TLP250
gate drivers have been utilized. For the body diode-less
IGBTs, BUP-314 has been utilized. The values in Table I
are used for the experimental study. The schematic block
diagram of the experimental setup has been presented in
Fig. 16. Fig. 17(a) presents the experimental setup and
Fig. 17(b) presents the proposed topology. Fig. 18 shows
the output voltage and current of the converter. A power
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Fig. 15. The step change waveforms. (a) Variation of PV
characteristic. (b) Variation of the output power. (c) Variation of @- 409021
the output current. (d) Variation of the PV capacitor voltage. Vime=208 \osome Hpes00e o
analyzer by the name of PROVA 6800 has been used to @)
measure the output power, and power factor. The I3 ~an a A &
outcome of the power analyzer in the operating point has :

been shown in Fig.19. It can be seen from Fig. 19 that the
proposed topology has a proper efficiency, which is
obtained in (35) and its value is equal to 92.5%.

P
eff % =10 = 185 =925%  (35)
P, (39.2+39.1+25)x1.94

=49.9021Hz

Vrms=224.0v Vrms=840.0maA
CHI= 100V CH2=2.004 M5.00ms  MPos100.0 us AC Line

(b)
Fig. 18. Experimental results. (a) Inductor current i, . (b) Output
current and voltage at PCC with power factor equal to 1.
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Power & Harmonics Analyzer

Fig. 19. Power analyzer results: Output power, power factor and
THD.

In Fig. 20 the voltage of filter capacitor along with the
voltage of the grid has been presented. Fig. 21 presents
the voltage of filter capacitor along with the output
current, where the power factor of PCC is equal to 1. The
setup for the leakage current measurement is shown in
Fig. 22(a) and the leakage current is shown in Fig. 22(b),
which the leakage current’s RMS value is equal to zero.

Vims=2240V  Vim
CHI=500v  CH:

Fig. 20. Voltage of the filter capacitor anng Wlth the voltage of the
grid.

M5.00ms M Pos-200.0us

@=49.0021H

Vims=224.0V  Vrms=840.0mA
CHE= 00V CH2=2.00A  M5.00ms MPos-200.0s ACLine

Fig. 21. Voltage of the filter capacitor along with the output current
with power factor of PCC equal to 1.

@ =49.9021Hz

Vrms=0.00mA

CHE=50.0mA M10.0ms  MPos-20.80ms AC Line

(b)

Fig. 22. Leakage current measurement. (a) setup. (b) waveform.
In Fig. 23, the efficiency of the converter versus output
power of the converter in various voltages is presented.
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Xl. LOSS ANALYSIS AND EFFICIENCY CALCULATION

The switches S, and S, have turn off losses. Using
Fig. 24, the switching losses can be calculated as follows.

Py (t):ij"afts e t+ip

TS 0 tof‘f_S off _S

By simplification the (36), the equation (37) has been
obtained.

[¢] +VC7PV t

dt (36)

|:|P><Vm><f xt

SR et 0(4)

400

v (1) = [#]\ %0 +Ve o
ip(e) /ViT (t): t;ips t+iP

P

off _total =

@37)

—

tuff _S
Fig. 24. Voltage and current of the switches during the switch off.

Replacing the corresponding values in (37),
switching loss of the switch S, is obtained as

Pst o s1 ~2.68W . The total switching losses are 1.5

times the switching losses of the switch S, because the
switch S, operates with low frequency in the negative

half power cycle, Py u s =15x2.68W =4W .

Another loss which exists in power circuits is conduction
loss. As stated before, there are always two switches in
the conduction path. By assuming V. =0, the
conduction loss is calculated as below:

2
Pconductionftotal7convener = (2 X Ronis + I:sz )>< I p_RMS
is the on-resistance of the switches, R,

R
resistance of the inductor and I, .y is the RMS value

of the current of the inductor.
P =(2><0.09+0.1)><4.22 =5W (39)

conduction _total _converter
The total loss of the converter is calculated as follows.
P =4W +5W =9W (40)

losses _total _converter

(38)

is the

on_S
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TABLE Il
COMPARISON BETWEEN DIFFERENT STRUCTURES
HBZVR HBZVR -D converter converter Heric OH5 Converter Proposed
[10] [11] in [17] in [16] [12] [8] in [18] converter
Number of switches 5 5 5 4 6 6 3 5
Number of diodes 10 11 6 6 6 6 3 0
Number of switches
. . 2 2 3or 2 2or1l 2 2 2 2
in the conduction path
Number of capacitors
. . . 2 2 2 3 0 2 3 1
without input capacitor
Number of inductors 2 2 3 2 2 2 4 2
Buck —boost capability No No Only boost No No No No Yes
Voltages stress of switches >V >V, >V >V, >V, >V >V, >V
Leakage current (mA) 74.4 427 ~2 ~0 84.3 449 ~0 ~0
Input capacitor(uF) 470 470 220 470 470 470 250 470
Voltage rating of
. . 350 350 350 350 350 350 400 150
the input capacitor(V)
Efficiency (%) 90.16 90.27 91.9 88.5 91.25 | 88.65 87 92,5
European efficiency (%) 90.6 90.6 92.8 90.5 91.6 90.6 89.2 93.28

Considering P, =200W , the efficiency is 95%. Also,
European efficiency can be calculated as follows [16]:
Meuro %0 =0.03x0.86+0.06x0.9+0.13x0.91+

(41)
0.1x0.92+0.48x0.94 +0.20x.95 = 93.28%

XIl. COMPARISON STUDY

As illustrated in Table II, the proposed converter has an
acceptable number of switches and low voltage stress. The
efficiencies of the other references have been calculated in the
same condition as used for the Simulink and experimental
prototype in this paper. Majority of these topologies don’t
have buck-boost capability. Therefore, the efficiency is
obtained by multiplying the DC-DC converter’s efficiency by
the inverter’s efficiency. The proposed converter has the
grounding ability of the negative terminal of the PV which
eliminates the leakage current. The proposed topology is more
efficient compared to other topologies and has low number of
passive elements which makes the proposed topology suitable
for PV applications. Almost all of the discussed converters in
table 11 including the proposed converter, except the converter
in [17] have high low-frequency current ripple when working
single stage, but with proper design of the input capacitor, it
can be restricted to a level that will not affect MPPT as it is
done in the design section.

XII.

An improved flying inductor transformer-less single- phase
single-stage grid-tied inverter has been proposed. A modified
control algorithm compatible with the proposed converter has
been presented. An MPPT algorithm suitable for the proposed
converter has been illustrated and the design procedure for all

CONCLUSION

of the converter’s passive devices has been investigated and
validated by the simulation and experimental results. A
comparison between the proposed converter and similar
structures has shown that the converter has acceptable number
of switches and low number of passive elements, almost zero
leakage current, buck-boost capability, high efficiency and
excellent dynamics in case of the input voltage variation.
Therefore, the proposed circuit can be utilized and
commercialized as the interface device between the PV array
and the distribution system.
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