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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 singlephase Transformerless Single-stage Buck-Boost Microinverter 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.

INTRODUCTION

The prime motivation of the Building Integrated Photovoltaic
(BIPV) system is the net-zero energy building and the reduction
of CO2 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 accelerate this growth. BIPV systems 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 environmental 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
available in the 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 commercially available microinverters
ranges from 85% to 95% at its maximum power [7]. Alternative
technique is single-stage transformerless 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 1800 .
The main drawback of this topology is high-frequency switches
are hard switched, causing electromagnetic interference problems and high switching losses. Boost microinverter described
in [11] is specifically designed as a microinverter 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 connected to two converters that are
connected in parallel. Although it has low losses, there are few
drawbacks mainly due to the injection 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
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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 former 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, and 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, DC link capacitor is
removed 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 are 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 inductor 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 sensorless 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 requirements. Various new and
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FIGURE 1

Schematic diagram of the TSBBM

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
components 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
Figure 1 demonstrates the proposed TSBBM topology, with
four semiconductor switches, two diodes and a filter capacitor. The LP and LN inductors have been used for buck-boost
operation. In addition, they prevent shoot-through issues in the
inverter. This increases the system reliability and reduces switching operation complexity. Switches SW1 and SW2 are switched
on to charge LP and LN inductors during positive and negative half cycles of the reference signal respectively. The switches
SW3 and SW4 plays a significant part in the discharge of inductors energy into the grid. The switches SW1 and SW2 operates at
high frequency while the switches SW3 and SW4 operates at low
frequency. There are six modes of operation for the inverter,
three of which occur continuously 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
negative 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 Figure 2. It
is important to note that only one switch is used in the conduction path during each operation, even if another switch is on.
This will potentially reduces the overall system power loss.
Mode P1 : As illustrated in Figure 2(a), the P1 operating mode
is used for the current imposition of the LP inductor, switch
SW1 is enabled for this purpose. The interruption of the leakage
current path occurs, due to the high impedance offered. The
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FIGURE 3 Inductor current and capacitor voltage for analysis during the
peak switching interval

dvC f (t )
dt

=−

vg (t )
C f RL

.

(5)

The devices in the conduction path are highlighted in each
mode and the direction of current flow is shown with the dashed
lines in Figure 2.
FIGURE 2

Equivalent circuits for (a) Mode P1 , (b) Mode P2 , (c) Mode P3

following differential equations are derived from the Figure 2(a).
diLP (t )
dt
dvC f (t )
dt

=

The following assumptions are taken for the evaluation of the
proposed topology:

Vi
,
LP

=

(1)

vg (t )
C f RL

.

(2)

Here, Vi and Vg are the input voltage and grid voltage, respectively; ILP and VC f are the current through inductor LP and
the voltage across capacitor C f , respectively; and RL is the
load resistance.
Mode P2 :P2 operating mode begins after storing the appropriate energy in inductor LP to achieve the necessary voltage gain. In this mode, the energy stored is discharged to
the filter capacitor and load. SW1 is triggered off, mean while
diode DP becomes forward-biased and forms a conduction path
through SW3 and inductor LP . Following differential equations
are derived from Figure 2(b).
diLP (t )
dt
dvC f (t )
dt

=

=

vC f (t )

iLP (t )
Cf

LP
−

3
THEORETICAL ANALYSIS OF THE
TOPOLOGY

,

vg (t )
C f RL

(3)
.

(4)

Mode P3 :P3 mode starts when all the energy in the inductor LP
is transferred to the capacitor C f . In this mode, energy from
the output filter capacitor is transferred to the load as shown in
Figure 2(c).

1. The relationship between fundamental frequency Fg and
switching frequency FSW is FSW = 2n × Fg ∀n ∈ 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 TSW .
6. Discontinuous Conduction Mode (DCM) operation is maintained throughout the operation of the inverter.
The discontinuous current ILP and ILN of inductors LP and
LN are shown in Figure 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 P1 mode, from Figure 3 inductor charging current
IL hits its peak value at the instant t = tON ( j ) for j th switching
period. The peak value of the current ILPeak 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 Ein can
be expressed as (8).
Vg = Vi

D1
,
D2

(6)
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iL peak ( j ) =

Vi
D ( j )TSW ,
L 1

1
ein ( j ) = LiL peak ( j )2 .
2

(7)
(8)

Here, D1 and D2 are the on time and off time duty ratio. The
average inductor current Iavg over a switching period can be formulated as (9). It is evident from the expression (9) that the
output current Ig can be specified as a sinusoidally varying Iavg .
Thus, energy at the output side Eout 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.
iavg ( j ) =

iL peak ( j )D2
2

⇒

Vi 2 D1 ( j )2 TSW
,
2Lvg (t )

(9)

𝜋
j )TSW ,
n

(10)

eout ( j ) = iavg ( j )Vm sin2 (
√
D1 ( j ) =

2LIavgVm
2

Vi TSW

sin(

𝜋
𝜋
j ) ⇒ Msin( j ).
n
n

(11)

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
LI
(n∕2)2 = 2VgRMS IgRMS TSW ,
2 LPeak
L=

Requirement for DCM operation

DCM operation occurs, if the DC component of IL is smaller
than the maximum ripple . Across the whole grid cycle, the proposed inverter topology works in DCM mode, if it supports
DCM requirements for peak time duration ( j = n∕2). In order
to determine the maximum modulation index M limit for maintaining DCM operation, 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).
Mmax =

Vm
.
Vi + Vm

4Pmax TSW

⇒L≤

2Pmax TSW =

C f [(Vm + △Vm )2 − (Vm − △Vm )2 ]
2
Cf =

Pmax TSW
Vm △ Vm

.

,

(15)

(16)

Design of DC-link capacitor (CP )

In a single-phase grid-connected microinverter model, the
double-line frequency issue is general, that is, 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 (CP ) design equation
can be derived as (18).
Pout = 2Pmax sin2 𝜔t ,
CP =

Pmax
2𝜋 fgVi △ VPV

Here, Vm is the peak output voltage.

Here, △VPV is the PV ripple voltage.

3.2

3.4

As the inverter operates in DCM, energy is transferred in a discrete form. Inductor L stores and transfers energy during each
switching period TSW from the PV module to the load. So, in
order to filter this discrete form, the capacitor C f is used in the
topology. This means that the energy stored in the inductor is
completely transferred to C f . The maximum amount of energy
is transferred from L to C f during the peak period j = n∕2.
If Pmax is the maximum input power, the inductor should have
the capacity to handle 2Pmax . This condition ensures that the
average power Pmax is delivered to the grid during each grid

(14)

Here, △Vm is the ripple voltage.

(12)

Design of energy storage elements

2 T
Vi 2 Mmax
SW
.
4Pmax

The filter capacitor C f is designed based on the changes in
capacitor energy throughout D2 TSW , which can be expressed as
(15) and thus the design value can be stated as (16).

3.3
3.1

2
(n∕2)
Vi 2tON

(13)

(17)
,

(18)

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 current stress on power devices must be calculated. The
maximum break down voltage rating of the MOSFET is greater
than the maximum 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 IRMSi and Vmax as given in (19). The expressions
for IRMSi and Vmax of all switches in the topology are listed in
Table 1.
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RMS current and peak voltage expressions

TABLE 1

IRMS
Vmax

SW1 , SW2
√
Vi TSW
M3
3L
𝜋

SW3 , SW4
√
Vi 2 M 3
TSW
2L
6Vm

DP , DN
√
Vi 2 M 3
TSW
2L
6Vm

Vi + Vm

Vm

Vm
FIGURE 5
Algorithm

Block diagram for Perturbation and observation (P&O)

∑2n

j =1 ILPeakmax Msin

ISWavg =

2( 𝜋
n

j)

2n

,

ICPavg = FgCP △ Vin ,
FIGURE 4

Block diagram of the sensorless control technique

SS =

k
∑

Vmax IRMSi .

IPVavg =

(22)

Vin M 2
+ FgCP △ Vin ,
4LFSW

dI
dP
= IPV + Vin PV .
dVin
dVin

(19)

(21)

(23)
(24)

i=1

4.2
4
SENSORLESS CONTROL
TECHNIQUE

Voltage controller

The sensorless control technique based on current estimation
strategy 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 Figure 4.

The voltage controller determines the output peak current reference IgPeakre f , depending on the power extracted from the PV
module. In order to simplify, the input power PPV is assumed
to be equals to the output power Pg , by neglecting the losses,
and (25) is formulated. Since the relationship between the grid
injected current IgPeak and the modulation index M depends on
the inductor current ILPeak . It is therefore necessary to identify the peak inverter current reference ILPeak . It is determined

4.1

from the (9) at j = n∕2 but the unknown variable D2 need to
V
be identified. From (11) D1 at n∕2 and Iavg as m can be solve

re f

Sensorless MPPT

RL

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 observation (P&O) and Incremental Conductance
(InC ) methods are the most common non-linear MPPT control
methods [22]. So, Perturbation and observation (P&O) 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 sensors, 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 Figure 1, Equation (20) is formulated. From
Figure 3, the average current through the switch ISW can be
written as (21). The average current through the coupling capacitor ICP is given in (22). The average PV current IPV (avg) can
therefore be formulated as (23). Estimated IPV (avg) and sensed
VPV are used in P&O method for MPPT as shown in the Figure 5. After several iterative study optimized 10Hz MPPT frequency is used in the project.
IPVavg = ISWavg + ICPavg ,

(20)

as given in the (26). So, by comparing (26) and (7), D2 can be
equated as in (27). While substituting (27) and (25) in (9), ILPeak
re f
is obtained as (28). Since RL varies in practical case, so it is idenP
tified in terms of 2 .
VRMS
2IPVavg Vre f
,
(25)
IgPeakre f =
Vm
Vg
Vin

=√

D1

,

(26)

2L
,
RL TSW

(27)

2L
RL TSW

√
D2 =

√
ILPeak

re f

4.3

= IgPeakre f Vm

TSW
.
Vre f IPVavg L

(28)

Current estimator and current controller

The current estimator and controller use the inductor energy
conservation principle. From (7), the peak inductor current is
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State variable expressions of the topology at different mode

TABLE 2

Mode P1 (D1 )

Mode P2 (D2 )

Mode P3 (D3 )

VL

Vi

VC f

0

IC f

-

VC f

IL −

RL

VC f
RL

−

VC f
RL

estimated. For current controller, inductor current IL and capacitor voltage VC f are considered as state variables. The state variable expressions during different operating modes are shown in
Table 2. Addition of perturbation signal to the steady-state values of the duty cycle and state variables are presented in (29).
iL = IL + iL̃ , vC f = VC f + vC̃ f ,
.
D1 = D10 + d̃1 , D2 = D20 + d̃2

Gi (s) =

⎤ [ ] ⎡ 2V ⎤
i
⎥ iL̃
I
V
⎢
L
i ⎥ d̃ ,
+
⎥ ṽ
⎥
⎢
Cf
⎥
⎣ VC f ⎦
⎦

iL̃(s)
73s + 8.98 × 105
.
= 2
̃
s + 1.2 × 104 s + 9.22 × 106
d (s)

𝜕IL peak
𝜕xi

Gc (s) = KP +

5

b

PL = a

△B c
fSW
2

(34)

Here, flux swing △B is given in (35).
△B =

△ILavg =

N △ ILavg 𝜇0
lg

IL peak

,

(35)

∑n

𝜋
k=1 sin( n k)

n

.

(36)

Here, N is the number of turns, △IL is the ripple current in
the inductor and lg is the air gap in the magnetic core. 𝜇0 is the
permeability of the air gap which is 4 𝜋 × 10−7 . So, the core loss
is given in (37).
Pcore = PL le Ae ,

(30)

(37)

Here, le is mean path length of the magnetic core and Ae is the
cross sectional area.
(31)

5.2

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 Gc (s) is given in (33). The KP and Ki are obtained
as 652 and 20000, respectively, by using MATLAB PID tunner
tool.The sensitive function Si with respect to each parameter
of the proposed inverter is defined as the change in inductor
peak current (IL peak ) at a fixed duty D1 with respect to different
parameters xi . Inductor peak current depends on input voltage
(Vi ) and inductor(L). The sensitivity is calculated, at D1 = 0.67
with system parameters, sensitivity with respect to Vi is 0.08 on
the other hand it is highly sensitive to the variations in the inductance.
Si =

Core loss

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

(29)

Here, IL , VC f , D10 , D20 are the steady state values and iL̃ , vC̃ f ,
d̃1 , d̃2 are the perturbation signals. The input voltage perturbation is ignored since the objective is to acquire control D to
IL transfer function. Small signal model of the inverter is represented in matrix form in (30). The system transfer function
Gi (s) is given in (31).
D20
[ ] ⎡ 0
⎢
d iL̃
L
= ⎢ D20
1
dt vC̃ f
−
⎢C
RL C f
⎣ f

5.1

,

(32)

Ki
.
s

(33)

LOSS ANALYSIS

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

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 PcondL is based on the ILavg and the
series resistance of the inductor RL as given in the (38).
PcondL = IL2 RL .
avg

5.2.2

(38)

Conduction loss of switching devices

In TSBBM, SW3 and SW4 operates in symmetrical manner in
positive and negative half cycle so both of them is having same
conduction losses, which is determined as given in (39).
PcondSW

3,4

2
= IRMS

SW3,4

Rds .

(39)

Similarly conduction loss through the switches SW1 and SW2 are
given in the (41).
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Parameters for power loss calculation

TABLE 3

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

Number of turns N

74

Permeability of air gap 𝜇o

4 𝜋 × 10−7

Losses

CCM

Air gap in the magnetic core lg

2 mm

SW Conduction losses (W)

1.24

2.44

Mean path length of magnetic core le

171.1 mm

SW Switching losses (W)

1.5

5.18× 10−3

Cross sectional area Ae

49 mm2

D Conduction losses (W)

0.93

0.72

Inductor resistance RL

6.75 mΩ

Inductor core loss (W)

4.09

0.89

ON state resistance of MOSFET Rds

0.43 Ω

Inductor copper loss (W)

0.03

0.52

ON state resistance of Diode Rak

0.03 Ω

Fixed voltage drop VFV

1.5 V

Falling time t f

4.5 ns

Turn OFF energy loss EOFF

0.015 mWs

PcondSW

1,2

2
= IRMS

SW1,2

Rds .

(40)

Here, expression for IRMSSW and IRMSSW are given in the
3,4
1,2
Table 1.
A diode’s conductive loss is calculated based on the power
loss associated with the fixed voltage drop (VFV ) and resistive
(Rak ) voltage, and is measured as (42).
PcondD

P,N

2
= IRMS

DP,N

Rak + IRMSD

P,N

VFV .

(41)

Here, IRMSD is given in Table 1, Rak and VFV are determined
P,N
from the datasheet of the diode.

5.3

Switching loss

Since SW3 and SW4 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 SW1
and SW2 turn on losses is zero due to the DCM operation . So total switching losses of the inverter is given
in (42).
PSW1,2

DCM

< Vsw >T < Isw >T
fsw t f + EOFF fsw .
=
2

(42)

Here, t f is the fall time, EOFF is the Turn OFF energy loss of
the switch available in the datasheet. The losses of the inverter
is calculated 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 proposed 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].

FIGURE 6

6
6.1

Comparison of loss breakdown of different microinverters

DESIGN VALIDATION
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 Figure 4.
TABLE 5 Values of the components used for modelling, simulation and
experimental setup
Input parameters

V = 73 V , I = 0.96 A

Output parameters

Pmax = 70 W, VRMS = 110 V
IRMS = 0.63 A, RL = 172.8 Ω
Fg = 50 Hz

Switching devices

FSW = 50 kHz
0.314 ≤ D ≤ 0.669
MOSFET - FQP10N20C
Diode - FEP30JP-4
Gate driver - TLP350

Inductor (LP , LN )

160𝜇H , ILPeak = 6.2 A, Rdc = 14mΩ

Capacitor

C f = 0.47𝜇F , MPX 2 250VAC ,
CP = 220𝜇F

MATHEW ET AL.
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Change in the output current Ig during irradiance change

FIGURE 11

Variation in the active power (P) during irradiance change

Input power versus voltage (P − V ) curve

Variation of iL during irradiance change

In the input, a step change in the level of irradiation was
applied to analyze the reference tracking technique of the sensorless control of the proposed inverter. Figure 7 shows the
MPPT operation while changing irradiation level from 0.8
kW ∕m2 to 1 kW ∕m2 at 1.25 s. It clearly indicates that the
inverter operates at MPP field. Additionally, as the irradiation
increases, the current derived from PV increases as shown in
Figure 8. The effect of Vi with irradiation change is shown in
Figure 9. As the irradiation level increases the current injected
into the grid also increases as shown in Figure 10. Figure 11
exhibits shifts in output power during irradiation changes.
The resonant circuit is formed in a transformerless inverter
as shown in Figure 12. The resonant circuit includes parasitic
capacitance of PV (CPV ) and filter inductor (L f ). Here, X
and Y are the terminals of the inverter which is connected to
single phase grid through L f . The inverter can therefore be

FIGURE 9

FIGURE 10

Variation in the input voltage Vi during irradiance change

standardized into an equivalent circuit consisting of VXN and
VYN as shown in Figure 12. So, leakage current is a function
of VXN and VYN . The Common Mode Voltage can be defined
as (43) [26]. In the case of a VCM difference, the leakage
current flows through the parasite capacitance and to the grid.
In the proposed topology, VXN and VYN are low-frequency
components as shown in Figure 13. The voltage difference
between the ground of the BIPV module and that of the
grid is low frequency so, that the equivalent impedance of the

FIGURE 12
path

Equivalent circuit for TSBBM for showing leakage current

FIGURE 13

Common mode voltage Voltage VXN
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FIGURE 14

Variation of leakage current iLeakage during irradiance change

parasitic capacitance is high. This high impedance limits the
flow of leakage current ILeakage , as shown in the Figure 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
iLeakage reaches 30 mA. Figure 14 indicates that leakage current
of the proposed inverter is negligibly small.
VCM =

6.2

VXN + VYN
.
2

(43)

Experimental results

An experimental model of 70 W, 110 V, 50 Hz inverter was
designed based on the specification given in Table 5. The experimental setup in the laboratory is presented in Figure 15(a) and
the proposed TSBBM topology is presented in Figure 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 interlinked
with the dSPACE-1104 control desk. All the waveforms are
obtained from DSOX3014 oscilloscope.
Figure 16 shows the switching pulses generated from the
dSPACE-1104 through TLP350 gate driver. Here, SW1 and SW2
shows 50 kHz pluses, whereas SW3 and SW4 shows 50 Hz pulses
as explained in the theory. Figure 17 shows currents through
LP and LN during 1 kW ∕m2 irradiation level. It clearly validates the DCM operation of the inverter and ILPeak ≈ 6A during
maximum power as mentioned in theoretical study. The output
voltage and current with input voltage and current during steady
state are displayed in the Figure 18. The RMS value of the output voltage and current is equal to the value designed and simulated. From Figure 18, the efficiency obtained is 96.4% as given
in (44).
E f ficiency(%) =

(109.84 × 0.593)
× 100 = 93.3%.
73.5 × 0.95

(44)

FIGURE 15
TSBBM

(a): Complete experimental setup, (b): power circuit of

FIGURE 16

Switching pulses generated for TSBBM inverter

FIGURE 17

Inductor currents ILP and ILN at 1 kW ∕m2 irradiation
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FIGURE 18 Steady state output and input voltage and current
waveforms at 1 kW ∕m2 irradiation

FIGURE 19

Power quality measurements at 1 kW

∕m2

Output and input voltage and current with efficiency at

FIGURE 22

Efficiency curve of the proposed inverter

irradiation

Figure 19 gives the power factor, real power, reactive power
and phase angle with generated voltage, current and apparent
power waveforms at 1 kW ∕m2 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 Figure 20. The current fed to the
grid has a THD value approximately equal to 4%. Figure 21
shows the steady state output and input voltage and current at
0.8 kW ∕m2 irradiation with efficiency calculation. In Figure 22,
the inverter efficiency curve for different input voltages is

FIGURE 20

FIGURE 21
0.8kW ∕m2

THD of injected current at 1 kW ∕m2 irradiation

illustrated. In order to identify the variation in the efficiency
of the proposed topology when working from low to rated
power, it is conducted by means of a DC source and resistive
load.

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 Figure 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.
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TABLE 6

Comparison of different topology
No. of components in
conduction path

Topology

SW

D

L

C

Efficiency

SS

THD

Leakage
current
(mARMS )

[28]

2

2

1

1

Moderate

1944.3

≤ 5%

≤ 30

Moderate

102.18

[14]

2

2

2

2

Moderate

2208.5

≤ 5%

≥ 30

Moderate

160.00

[15]

3

1

1

1

Moderate

1253.7

≤ 5%

≥ 30

High

80.36

[16]

2

0

2

1

High

979.1

≤ 5%

≤ 30

High

203.17

[17]

3

0

2

1

low

1269

≤ 5%

≥ 30

High

203.44

[18]

3

1

2

2

Very high

1154.7

≤ 5%

≥ 30

High

203.18

[29]

2

2

2

2

Very high

876.36

≤ 5%

≤ 30

High

200.61

[19]

3

0

2

2

low

2530.2

≤ 5%

≤ 30

Moderate

116.82

[20]

2

0

1

1

High

1379.1

≤ 5%

≤ 30

Moderate

105.39

[30]

2

0

2

2

High

1104.4

≤ 5%

≤ 30

Moderate

128.25

TSBBM

1

1

1

1

Very high

972.3

≤ 5%

≤ 30

Moderate

120.6

Cost

Size (cm2 )

Very high − 𝜂 >90% , High − 80% < 𝜂 ≤90% , Moderate − 70% < 𝜂 ≤ 80% , Low − 𝜂 ≤ 70%

7

CONCLUSION

TSBBM with a lower number of passive and active elements
has been proposed in this paper. Without a specialized DC–DC
converter or step-up transformer, the desired voltage gain was
achieved. High performance 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 efficiency, allowable THD levels for the current injected, prevented shootthrough problems and no current sensors. TSBBM can therefore be recommended as an efficient system to be used and marketed as an interface device for BIPV applications.
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