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Abstract: Building Integrated Photovoltaic (BIPV) microinverter system needs lower component counts and high efficiency at low
power levels. In this context, this paper proposes a single-phase Transformerless Single-stage Buck-Boost Microinverter (TSBBM)
with sensorless control for the Grid-integrated BIPV system. The current estimation strategy is used to control the PV system,
which reduces the costs and volume of the system. The leakage current of the system is reduced within the limits. It operates at a
high level of efficiency, using an optimized number of active and passive components. In the absence of shoot-through problems,
reliability is high for the proposed topology. MATLAB / Simulink simulation with a laboratory experimental setup for the proposed
inverter for the First Solar BIPV module is designed to validate the results. Finally , the proposed inverter was compared to different

Buck-Boost inverters at a power level of 70 W.

1 Introduction

The prime motivation of the Building Integrated Photovoltaic
(BIPV) system is the net-zero energy building and the reduction of
COg emissions by the construction industry. Recent market studies
on BIPV system estimated an annual global compound growth rate
of around 40% from 2009 to 2020 [1], [2]. The development of low
cost production methods for thin-film PV modules will further accel-
erate this growth. BIPV system thus become architectural elements
requiring features such as smaller size, ease of coupling to the grid
system and the ability to capture maximum energy in all the envi-
ronmental conditions. High efficiency and miniaturized inverters are
required to meet these needs. Microinverter based approach is an
optimal technique for BIPV applications [3], [4].

There are ample number of microinverters for PV modules avail-
able in market [5]. However, it can be observed that isolated systems
which are usually used, increases size, weight and cost of the system.
Another common configuration is multiple stage inverters, which
reduces efficiency and lifetime [6]. The maximum efficiency of com-
mercially available microinverters ranges from 85% to 95% at its
maximum power [7]. Alternative technique is single-stage trans-
formerless microinverters, which are designed with high efficiency
[8].

Various single-stage topologies have been reviewed in [9]. In this
area of research, there are different divisions based on the boost
derived and the buck-boost derived topologies. In [10], differential
boost inverter is presented, in which two boost converters produces
a sinusoidal waveform shifted by 180°. The main drawback of this
topology is high-frequency switches are hard switched, causing elec-
tromagnetic interference problems and high switching losses. Boost
microinverter described in [11] is specifically designed as a microin-
verter for rooftop solar PV system however, owing to the use of bulky
inductors, the topology was not suitable for the BIPV applications.
The inverter presented in [12] uses the idea of a charge-pump model
based on capacitor circuit to boost the voltage. It is double grounded
to eliminate the leakage current. However, its Maximum Power Point
Tracking (MPPT) control is difficult due to non-symmetric input
current. Based on the doubly grounded principle, the half bridge
buck-boost inverter was presented in [13]. Two PV modules are con-
nected to two converters that are connected in parallel. Although it
has low losses, there are few drawbacks mainly due to the injection
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of asymmetric current into the grid, which shows a high THD and a
high voltage ripple across the dc link capacitors, which reduces the
accuracy of the MPPT. In [14], an inverter with four bi-directional
switches was introduced. Control of this inverter is highly complex
because the modes of operation of the inverter are different for duty
ratio less than and greater than 0.5, the static gain characteristic of
the inverter is non-linear as a result of which the output voltage is
distorted. The active buck-boost inverter topology with a reduced
number of passive components is presented in [15]. Topology can
be divided into DC-AC inverter and AC-AC module, where the for-
mer performs buck operation and the latter performs boost operation.
Interleaved flyback topology has been used in [16]. One of the main
highlight of this topology is the use of Discontinuous Conduction
Mode (DCM) operation of inductor. The benefits of DCM are listed
as follows: dynamic response is fast, stability is assured, reverse
recovery can be neglected, no power loss during turning ON and
easy to control. High gain single-stage inverter topology based on
coupled inductor is presented in [17], the main advantage of this
configuration is that the component count is lower, high voltage gain
and additional capacitors are not required to capture leakage energy.
A quasi single-stage buck-boost inverter is developed in [18]. The
significance of this topology is as follows: current shoot through is
eliminated, removed DC link capacitor and resistant to current flow
through body diodes of MOSFETS. But the cost and volume of the
topology is high as it uses the series of diodes with all MOSFET,
additionally inductor counts in this scheme is more compared to
other topologies. A CUK derived inverter topology is given in [19].
It presents a configuration with negative terminal of PV module and
grid neutral are always connected together. This precludes ground
leakage current effectively. The configuration includes additional
capacitor and inductor which increases the order of the system, as
well as control complexity. The same principle of grounding is used
in [20]. It is a DCM operated inverter (DCMI), with a flying induc-
tor to buck-boost the voltage. In [21] similar technique is utilized
to prevent common mode voltage. It uses two circuits, that work
together to synthesis two halves of output voltage. These bimodal
operations of the inverter can result in distortion in output voltage.
Control complexity will be high to restrict the harmful effects of
bimodal action.



With the comprehensive literature study carried out so far, the
design of a single-stage microinverter with the following features
together draws attention:

1.Buck-Boost inverters with a lower number of conduction devices to
reduce losses, size and heat dissipation.

2.Use of optimized number of sensor reduces cost, volume of the
system.

3.Leakage current within the normal limit decreases the impact of EMI
and harmonic distortion.

4.Higher efficiency in lower power ranges.

5.Protection from shoot-through problems.

In this context, this paper proposes a Transformerless Single-
Stage Buck-Boost Microinverter (TSBBM) topology. It uses a sen-
sorless control for Pulse Width Modulation (PWM) by current
estimation, eliminating two expensive current sensors. Overall the
total system incorporates all of the above mentioned vital require-
ments. Various new and scientific contributions to the BIPV system
have been described for the first time in this research:

1.TSBBM topology with less number of active and passive compo-
nents in conduction path.

2.Sensorless control technique using the current estimation technique.

3.Attained higher efficiency in lower power range with less number of
active switches. formerless

4.Limited the leakage current with in the limit.

2  Circuit Description and Operating Principle

Fig. 1 demonstrates the proposed TSBBM topology, with four semi-
conductor switches, two diodes and a filter capacitor. The L p and
L inductors have been used for buck-boost operation. In addi-
tion, they prevent shoot-through issues in the inverter. This increases
the system reliability and reduces switching operation complexity.
Switches SWyp and SWs are switched on to charge Lp and Ly
inductors during positive and negative half cycles of the reference
signal respectively. The switches SW3 and SWy, plays a significant
part in the discharge of inductors energy into the grid.

Fig. 1: Schematic diagram of the TSBBM

The switches ST and SWy operates at high frequency while
the switches SW3 and SWy operates at low frequency. There are
six modes of operation for the inverter, three of which occur contin-
uously in the positive half of the reference cycle, and the other three
in the negative half of the reference cycle. In general, the inverter is
identical to the conventional buck-boost converter in both half of the
reference cycles, where the difference is that the proposed inverter
modulates on a quasi-sinusoidal duty cycle.

The three modes of operation in the positive half-cycle and neg-
ative half-cycle remains the same with the use of different switches.
The equivalent circuits of three modes in the positive half-cycle of
the reference cycle are shown in Fig. 2. It is important to note that
only one switch is used in the conduction path during each opera-
tion, even if another switch is on. This will potentially reduces the
overall system power loss.

Mode P;: As illustrated in Fig. 2(a), the P; operating mode is
used for the current imposition of the L p inductor, switch ST is
enabled for this purpose. The interruption of the leakage current path
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Fig. 2: Equivalent circuits for (a) Mode P; (b) Mode P> (c) Mode
P

occurs, due to the high impedance offered. The following differential
equations are derived from the Fig. 2(a).

din (t) . ﬁ
dt  Lp @
dvg, (1) vg(t) ?)

dt o CfRL

Here V; and Vj are the input voltage and grid voltage respectively,
Iy, and Vo, are the current through inductor Lp and the voltage
across capacitor C'y respectively and Ry, is the load resistance.

Mode P»: P operating mode begins after storing the appropri-
ate energy in inductor L p to achieve the necessary voltage gain. In
this mode, the energy stored is discharged to the filter capacitor and
load. SW7 is triggered off, mean while diode D p becomes forward-
biased and forms a conduction path through SW3 and inductor L p.
Following differential equations are derived from Fig. 2(b).

dip,(t) vc,(t)
dt — Lp

(3

dvc, (t) _inp(t)  ve(t) @
dt C f C f Ry,
Mode P53 : P3 mode starts when all the energy in the inductor
L p is transferred to the capacitor C'y. In this mode, energy from the
output filter capacitor is transferred to the load as shown in Fig. 2(c).

duc, () vy(t) )

dt T C f Ry,
The devices in the conduction path are highlighted in each mode and
the direction of current flow is shown with the dashed lines in Fig.2.

3 Theoretical Analysis of the Topology

The following assumptions are taken for the evaluation of the
proposed topology.
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1.The relationship between fundamental frequency F; and switching
frequency Fayy is Fgy =2n x FgVn € N

2.The characteristics of the semiconductor devices are ideal

3.Grid voltage vg(t) is constant during each switching time period
Tsw.

4.The forward resistance is zero and reverse resistance is infinite for
MOSFETs and Diodes.

5.The value of the duty ratio is constant over a switching period T'syy .

6.Discontinuous Conduction Mode (DCM) operation is maintained
throughout the operation of the inverter.
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Fig. 3: Inductor current and capacitor voltage for analysis during the
peak switching interval

The discontinuous current Iy, , and Iy, of inductors Lp and L
are shown in Fig. 3. Since both inductors operates in the same way
during positive and negative cycles, they are commonly represented
as L in the analysis section. From (1) and (3), the voltage gain is
obtained as given in (6). Inductor current increases in P; mode,
from Fig. 3 inductor charﬁing current [, hits its peak value at the
instant t = to () for 54" switching period. The peak value of the
current Iy, . is specified in (7), it depends on the output power,
because the amount of energy transmitted to the output is determined
by the magnetizing current of the inductor. The energy stored in the
inductor E;,, can be expressed as (8).

D
Vg = Viﬁ; (6)
. . Vi .
Lpear (1) = 7 D1(0) Tsw ©)
. 1. .
ein(i) = 5 LiL,0 (3)° ®)

Here, D and D> are the on time and off time duty ratio. The average
inductor current I4y4 over a switching period can be formulated as
(9). It is evident from the expression (9) that the output current /g4
can be specified as a sinusoidally varying /qvg. Thus energy at the
output side Eyq¢ is formulated as in (10). The charging duty ratio
can be expressed as (11) by equating the expressions (8) and (10),
here M is the inverter modulation index.

L (D2 VED(G)Tsw
tavg(7) = 2 7 T 3Lug () ©)

cout(§) = iavg () Vimsin® (") Tsw (10)

. 2LIqvgVim . m . T
Di(j5) = lmmn(;]) = Msm(;]) (11)

3.1  Requirement for DCM Operation

DCM operation occurs, if the DC component of [7, is smaller than
the maximum ripple. Across the whole grid cycle, the proposed
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inverter topology works in DCM mode, if it supports DCM require-
ments for peak time duration (j = n/2). In order to determine the
maximum modulation index M limit for maintaining DCM oper-
ation, the critical conduction mode condition for peak sampling
duration (j = n/2) of the grid cycle is applied. With respect to these
requirements, the maximum modulation index limit is determined as
given in(12).
Vi

Vi + Vn
Here, V;, is the peak output voltage.

Mmafc = (12)

3.2 Design of Energy Storage Elements

As the inverter operates in DCM, energy is transferred in a discrete
form. Inductor L stores and transfers energy during each switching
period T'syy from the PV module to the load. So, in order to filter this
discrete form, the capacitor C'y is used in the topology. This means
that the energy stored in the inductor is completely transferred to C'y.
The maximum amount of energy is transferred from L to C'y during
the peak period j = n/2. If Pinaz is the maximum input power, the
inductor should have the capacity to handle 2 P, 4. This condition
ensures that the average power Ppqz is delivered to the grid during
each grid cycle so, (13) is formulated from (8). The inductor value
can be determined using equation (14) by substituting (7) in (13).
The design value of L is determined based on the maximum power
level of PV module.

1
iLleeak (n/2)2 = 2VQRMSIgRMSTSVV (13)

2,2
L= V1 tON(n/Q) = I < V'L‘QME”LMJTSW (14)
4PmaxTSW - 4Pmax
The filter capacitor C'y is designed based on the changes in capac-
itor energy throughout D27 sy, which can be expressed as (15) and

thus the design value can be stated as (16).

Ct(Vim + AVin)? — (Vin — AVin)?]

2PmazTsw = 2 (15)
Pma:rTSW

Cy=—F—"7"2— 16

U YN (10

Here, AV, is the ripple voltage.

3.3 Design of DC-Link Capacitor (Cp)

In a single-phase grid-connected microinverter model, the double-
line frequency issue is general, i.e. the power generated from the PV
panel must be at the maximum power point while the power required
by the grid varies for time. It is necessary to place the decoupling
capacitor in order to ensure power balancing. The injected power
into the grid and input power is given in (17). So, the decoupling
capacitor (C'p) design equation can be derived as (18).

Pout = 2Pmazsin’wt (17)

Pm(lfl'
—_ -~mar 1
Cr 2rfgVi A Vpy (15

Here, AVpy is the PV ripple voltage.

3.4  Selection of Power Device

The rating of the power devices influences the overall cost and the
performance of the system. This ensures that the voltage and cur-
rent stress on power devices must be calculated. The maximum
break down voltage rating of the MOSFET is greater than the max-
imum difference between the input voltage and output voltage. If
the inverter comprises k number of switching devices, that the total
active switch stress SS is defined based on RMS current I )5, and



Vimaz as given in (19). The expressions for Irpsg, and Vimaa of all
switches in the topology are listed in Table. 1.

k

SS = Vimazlrus, (19)
i=1

Table 1 RMS current and peak voltage expressions

SWl,SWQ SW3,SW4 DP,DN
ViTsw | M?> Tsw |VZM? Tsw |VZM?®
Irms —
3L P 2L 6V 2L 6V,
Vimaa Vi+ Vi Vin Vi

4 Sensorless Control Technique

The sensorless control technique based on current estimation strat-
egy consists of four modules, the PV current estimator, the peak
average inductor current estimator, the voltage controller, and the
current controller. The detailed block diagram is presented in Fig. 4.

V, (0, Execution rate = S0kHz

—> ADC - RMS
Vialt

‘ Estimator Controller

1

Fig. 4: Block diagram of the sensorless control technique

(Ge(s)

4.1  Sensorless MPPT

As the power, voltage and current of the PV modules shows non-
linear characteristics, the maximum power of the PV module cannot
be extracted by linear control techniques. Perturbation and observa-
tion (P&QO) and Incremental Conductance (/nC') methods are the
most common non-linear MPPT control methods [22]. So, Perturba-
tion and observation (P&QO) MPPT technique is used in this project.
In this method, the operating point is controlled by either increasing
or decreasing the PV voltage to its Maximum Power Point (MPP).
Generally, MPPT operation is done using current and voltage sen-
sors, which increases the cost and the volume of the system. An
alternative MPPT method without a current sensor, but estimating it
using the relation between the input and output voltage is proposed
in this work. From Fig. 1 equation (20) is formulated. From Fig. 3
the average current through the switch I gy can be written as (21).
The average current through the coupling capacitor I, is given in
(22). The average PV current I py (avg) can therefore be formulated
as (23). Estimated Ipy (avg) and sensed Vpy are used in P&O
method for MPPT as shown in the Fig 5. After several iterative study
optimized 10Hz MPPT frequency is used in the project.

Ipv,,s = IsWany +1Cp,,, (20

2 .92 .
Z’ll ILpeakmazMSZn (%J)
J

I = 21
SWaug on 21
Iy, = FoCp D Vi @)
Vip M?
1 =" 1 F AV 2
PViayg 4LFSW + gCP Vin (23)
dP dlpy
— =1 Vi 24
dVin pPv + Vin d‘/in 24

Execution rate = 50Hz

ADC " Avg 7
Topeak Execution rate = 10Hz
Estimator
\ ‘ X
Current
’ Trviny ‘ Tpeaterer, /- 7\ €
PV Current Iy e | Vi y Volage [awiones (SO | R wvalll

Fig. 5: Block diagram for Perturbation and observation (P&QO)
Algorithm

4.2 Voltage Controller

The voltage controller determines the output peak current reference
Iypeak,. ;> depending on the power extracted from the PV mod-
ule. In order to simplify, the input power Ppy is assumed to be
equals to the output power Py, by neglecting the losses, and (25) is
formulated. Since the relationship between the grid injected current
Iy peqk and the modulation index M depends on the inductor current
Iy, ... - Itis therefore necessary to identify the peak inverter current
reference I, . Itis determined from the (9) at j = n/2 but
the unknown varialgle Do need to be identified. From (11) D at
n/2 and Tavg as X”LL can be solve as given in the (26). So, by com-
paring (26) and (7), D2 can be equated as in (27). While substituting

(27) and 25)in 9), I, .. ; is obtained as (28). Since R, varies

in practical case, so it is identified in terms of VQL.

Aars
Typeak,.; = % (25)
ILPeakref = IgPeak,,.erm % (28)

4.3 Current Estimator and Current Controller

The current estimator and controller use the inductor energy conser-
vation principle. From (7) the peak inductor current is estimated. For
current controller inductor current Iy, and capacitor voltage V¢, are
considered as state variables. The state variable expressions during
different operating modes are shown in Table 2. Addition of pertur-

Table 2 State variable expressions of the topology at different mode

Mode P; (D;) Mode P, (D>) Mode Ps (D3)
1% Vi ch 0
Vo Vo \e]
f f £
Ic; " Rp I — &, T Rp

bation signal to the steady-state values of the duty cycle and state
variables are presented in (29).

ip = I +ig,vc; = Vo, +voy,

29
Dy = Dig +di, Do = Dag + da 3

Here, I, Vo I D19, Dog are the steady state values and i~L, Vo .

dy, dy are the perturbation signals. The input voltage perturbation
is ignored since the objective is to acquire control D to I, transfer
function. Small signal model of the inverter is represented in matrix
form in (30). The system transfer function G;(s) is given in (31).
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d [ig 0 % iL 2l
d)-ln % Y] R
Cr  RiCy Cr
ir(s) 735 + 8.98 x 10°
i(s) = 2 = 31
Gils) d(s) 82+ 1.2x 10%s +9.22 x 106 @D

The main objective of the current controller is to track the current
reference precisely, to minimize a steady-state error . A Proportional
and Integral controller (PI) is implemented to mitigate the steady-
state error. The transfer function of the PI controller G(s) is given
in (33). The K p and K; are obtained as 652 and 20000 respectively
by using MATLAB PID tunner tool.The sensitive function .S; with
respect to each parameter of the proposed inverter is defined as the
change in inductor peak current (I7,__ ) at a fixed duty Dy with
respect to different parameters x;. Inductor peak current depends on
input voltage (V;) and inductor(L). The sensitivity is calculated, at
Dy = 0.67 with system parameters, sensitivity with respect to V; is
0.08 on the other hand it is highly sensitive to the variations in the
inductance.

81Lpeak
Si= o (32)
K;
Gels) = Kp+ = 33)

5 Loss analysis

The power-loss analysis of the TSBBM inverter is discussed in this
section.

Table 3 Parameters for power loss calculation

Number of turns N 74
Permeability of air gap . 47 %1077
Air gap in the magnetic core i, 2mm

Mean path length of magnetic core [, 171.1 mm
Cross sectional area A, 49 mm?
Inductor resistance Ry, 6.75 mQ
ON state resistance of MOSFET R, 043 Q

ON state resistance of Diode R, 0.03
Fixed voltage drop Vrv 15V
Falling time ¢ ¢ 4.5ns

Turn OFF energy loss Eorr 0.015 mWs

5.1 Core loss

Core loss is caused within a material by the changing magnetic flux
field. The core loss density (Ff,) is a function of half the flux swing
(A B) and the switching frequency (fsy) as given in (34). Core loss
charts can be approximated to identify constants such as a, b, and c.

AB®
P, ZGT f§W (34)

Here flux swing A B is given in (35).

NAT
AB = L2 Law M0 (35)
lg
I nosin(Zk
AILm,g _ Lyecak Zkgl (n ) 36)

Here N is the number of turns, A is the ripple current in the induc-
tor and [g is the air gap in the magnetic core. y is the permeability
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of the air gap whichis 4 m x 1077 So, the core loss is given in (37).
Peore = PLleAe (37)

Here, [ is mean path length of the magnetic core and Ae is the cross
sectional area.

5.2 Conduction loss

The conduction loss is the sum of inductor conduction loss and
power device conduction loss.

5.2.1 Inductor conduction loss: Inductor conduction loss
Peondy, is based on the Iy, — and the series resistance of the
inductor Ry, as given in the (38).

Peona, =17,,,RL (38)

5.2.2  Conduction loss of switching devices: In TSBBM
SW3 and SWy operates in symmetrical manner in positive and neg-
ative half cycle so both of them is having same conduction losses,
which is determined as given in (39).

2
Pcondsw3,4 = [RMSSW&‘LRds (39)

Similarly conduction loss through the switches SW; and SW» are
given in the (41).

2
P)condSWL2 = [RMSSWLQ Rds (40)

Here expression for Ip MSsw, , and I'p MSsw, , e given in the
Table 1.

A diode’s conductive loss is calculated based on the power loss
associated with the fixed voltage drop (Vpy/) and resistive (Rqg)
voltage, and is measured as (42).

2
Peondp,, v =IRMSp,,  Rak + IrMSH,  VFV (41)

Here, IRMSDP N is given in Table 1, R, and Vi are determine
from the datasheet of the diode.

5.3 Switching loss

Since SW3 and SWy are operating at low switching frequency the
switching loss of those switches is negligibly small. Similarly since,
the inverter operate in DCM the switching loss of diode due to
reverse recovery is zero. In switches SWy and SWa turn on losses
is zero due to the DCM operation . So total switching losses of the
inverter is given in (42).

< Vsw > < Isw >T
Psw, , = 5

fswtf +EOFFfsw (42)

Here, t is the fall time, Fopp is the Turn OFF energy loss of the
switch available in the datasheet. The losses of the inverter is cal-
culated based on the parameters tabulated in the Table 3. In Table
4, the power loss of the TSBBM inverter operating in CCM and
DCM shows that the topology efficiency is higher when operating in
DCM. Based on the analytical calculation, the efficiency of the pro-
posed topology is calculated to be 93.7 %. Comparing the TSBBM
inverter with recently developed topologies, as shown in Figure 6,
shows that the proposed topology is more efficient compared to most
other topologies [23].



Table 4 Power loss of TSBBM inverter while operating in DCM and CCM
operation

Losses CCM DCM
SW Conduction losses (W) 1.24 2.44
SW Switching losses (W) 1.5 5.18*10~2
D Conduction losses (W) 0.93 0.72
Inductor core loss (W) 4.09 0.89
Inductor copper loss (W) 0.03 0.52

TSBBM
[28]
[20]
[19]
[27]
[18]
[171
[16]
[15]
[14]
[26]

Topology

[ SW Conduction loss
[ S W Swiching loss
[ D Conduction loss
[C—Jinductor Core loss
[inductor Copper loss

0 5 10 15 20 25 30
Power Loss (W)

Fig. 6: Comparison of loss breakdown of different microinverters

Table 5 Values of the components used for modelling, simulation and experi-
mental setup

Input Parameters
Output Parameters

V=73V, 1=096A

Praz =70W, Vrys =110V
Irms =0.63A, R, =1728Q
Fy =50 Hz

Fsw =50 kHz

0.314 < D < 0.669

MOSFET - FQP10N20C

Diode - FEP30JP-4

Gate driver - TLP350

160puH, I, =62A, Rac = 14mQ
Cy=04TpuF, MPX2250Vac,
Cp =220uF

Switching Devices

Inductor (Lp, Ln)
Capacitor

6 Design Validation
6.1  Simulation Results

To verify the feasibility of the above theoretical analysis, the inverter
is simulated in the MATLAB / Simulink software using the ratings
and component values as shown in the Table. 5. The First Solar FS
270 thin film PV module is used as a source, which is modelled
using the methodologies presented in [24] and [25]. The inverter
test control circuit is designed based on the block diagram shown
in Fig.4.

In the input, a step change in the level of irradiation was applied
to analyze the reference tracking technique of the sensorless con-
trol of the proposed inverter. Fig.7 shows the MPPT operation while
changing irradiation level from 0.8kW/m? to 1kW/m? at 1.25s. It
clearly indicate that the inverter operates at MPP field. Additionally,
as the irradiation increases, the current derived from PV increases
as shown in Fig.8. The effect of V; with irradiation change is shown
in Fig.9. As the irradiation level increases the current injected into
the grid also increases as shown in Fig.10. Fig.11 exhibits shifts in
output power during irradiation changes.

The resonant circuit is formed in a transformerless inverter as
shown in the Fig 12. The resonant circuit includes parasitic capac-
itance of PV (Cpy) and filter inductor (L ). Here X and Y are
the terminals of the inverter which is connected to single phase grid
through L . The inverter can therefore be standardized into an equiv-
alent circuit consisting of Vx n and Vy y as shown in Fig 12. So,
leakage current is a function of Vx y and Vy y. The Common Mode
Voltage (CMV)can be defined as (43) [26]. In the case of a Vo
difference the leakage current flows through the parasite capacitance

and to the grid. In the proposed topology Vx n and Vy n are low
frequency component as shown in the Fig 13. The voltage differ-
ence between the ground of the BIPV module and that of the grid
is low-frequency so, that the equivalent impedance of the parasitic
capacitance is high. This high impedance limits the flow of leakage
current I7,¢qkqge as shown in the Fig 14. Here parasitic capacitance
of 70nF" was used in the simulation to check the leakage current
flow for the proposed inverter [27]. As German standards DIN VDE
0126-1-1, inverter must be disconnected from the grid if the RMS
value of leakage current iy,¢qkqge reaches 30mA. Fig.14 indicates
that leakage current of the proposed inverter is negligibly small.

_Vxn+VynN

Veu 5

(43)
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6.2  Experimental Results

An experimental model of 70W, 110V, 50Hz inverter was designed
based on the specification given in Table 5. The experimental setup
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in the laboratory is presented in Fig.15(a) and the proposed TSBBM
topology is presented in Fig.15(b). The same simulated PV module
characteristic data were used for the experimental study using the
chroma programmable DC power supply 62150H-600S solar array
simulator. The programmable AC / DC electronic load 63802 was
used for loading purposes. The grid was replicated using chroma 3-
phase programmable AC source 61704. In the control section, the
switching strategy has been developed in MATLAB and is inter-
linked with the dSPACE-1104 control desk. All the waveforms are
obtained from DSOX3014 oscilloscope.

Fig.16 shows the switching pulses generated from the dSPACE-
1104 through TLP350 gate driver. Here SW7 and SWs shows 50
kHz pluses whereas SW3 and SWj shows 50 Hz pulses as explained
in the theory Fig.17 shows currents through L p and L during 1
KW/ m? irradiation level. It clearly validates the DCM operation of
the inverter and I, ., ~ 6A during maximum power as mentioned
in theoretical study. The output voltage and current with input volt-
age and current during steady state are displayed in the Fig.18. The
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PV simulator

dSPACE control desk

Gate driver
TLP350

Fig. 15: (a): Complete experimental setup, (b): power circuit of
TSBBM

RMS value of the output voltage and current is equal to the value
designed and simulated. From Fig.18 the efficiency is obtained is
96.4% as given in (44).

(109.84 x 0.593)

35 %095 < 100=93.3% @44

Ef ficiency(%) =

200v/ 2 200V 3 00y, 4 200V/ 0.0s 5.0002/ Stop

t SWs

Fig. 16: Switching pulses generated for TSBBM inverter
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Fig. 17: Inductor currents Iy, , and Iy, at 1 kW/ m? irradiation

Fig.19 gives the power factor, real power, reactive power and
phase angle with generated voltage, current and apparent power
waveforms at 1 kW/ m? irradiation. It clearly shows that the power
factor is = 1. The Fast Fourier Transform (FFT) and Total Harmonic
Distortion (THD) value of the injected current from the inverter
appear in Fig.20. The current fed to the grid has a THD value approx-
imately equal to 4%. Fig.21 shows the steady state output and input
voltage and current at O.SkW/m2 irradiation with efficiency cal-
culation. In Fig. 22, the inverter efficiency curve for different input
voltages is illustrated. In order to identify the variation in the effi-
ciency of the proposed topology when working from low to rated
power, it is conducted by means of a DC source and resistive load.
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6.3  Comparison of topologies

The review of the various micro-inverters is presented in the Table
6. All inverters are simulated for 70 W using PLECS software with

the same benchmark as the proposed topology [23]. Efficiency, THD
of injected current and leakage current of all topologies have been
identified. The size of the inverters is determined using the Eagle
software based on the circuit board required for the power circuit.
Based on the number of components used, cost of the topologies
are compared. The loss break down of each topology based on the
same benchmark is shown in the Fig.6. The [18] and [29] is more
efficient than the proposed topology while, observing number of
components in conduction path and size of the topology the proposed
topology shows an optimized microinverter for BIPV application. In
addition to this point, fewer sensors are used in the topology, which
reduces the cost of the system further. As a whole, TSBBM topology
is efficient and has minimal active, passive and sensor components,
making the topology suitable for applications involving BIPV.

7 Conclusion

Transformerless single-stage buck-boost microinverter (TSBBM)
with a lower number of passive and active elements has been pro-
posed in this paper. Without a specialized dc-dc converter or step-up
transformer the desired voltage gain was achieved. High perfor-
mance and cost reductions are obtained due to the minimal number
of components. Simulation and experimental performance verified
the design methodology for all passive elements of the inverter
and current sensorless control of the system. A comparative study
of the proposed inverter, with identical topologies, shows that the
TSBBM had negligently low leakage current, high operating effi-
ciency, allowable THD levels for the current injected, prevented
shoot-through problems and no current sensors. TSBBM can there-
fore be recommended as an efficient system to be used and marketed
as an interface device for BIPV applications.
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