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Abstract: A high gain Single-Stage Boosting Inverter (SSBI) for alternative energy generation is used here. The SSBI has a simple
topology and a lower component count as compared to the traditional two stage approach. A tapped inductor is employed to attain high
input voltage step-up. SSBI has the advantage of high voltage step-up which can be further increased by adjusting the tapped inductor
turns ratio and thus operate off low DC input voltage of a single PV panel. SSBI shares the switches of the power train in a manner that
allows merging the DC-DC step up converter stage and the grid tied DC-AC inverter stage. Hence, SSBI is realized in a single stage.
Pulse Width Modulation was employed to generate AC voltage output. This method was applied to shape the output voltage. It allowed
applying smaller decoupling capacitor value, and low THD output for different types of highly non-linear loads was obtained. Since the
efficiency of a solar cell is very low, in order to increase the efficiency, methods are to be undertaken to match the source and load
properly. One such method is the Maximum Power Point Tracking (MPPT). Incremental Conductance(IC) method is used to track the

maximum power point.
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1. Introduction

A solar micro-inverter, is a device used in photovoltaics that
converts direct current (DC) generated by a single solar
module to alternating current (AC). The output from several
microinverters is combined and often fed to the electrical
grid. Microinverters contrast with conventional string and
central solar inverters, which are connected to multiple solar
modules or panels of the PV system. Each microinverter
harvests optimum power by performing maximum power
point tracking (MPPT) for its connected module. Simple
system design, lower amperage wires, simplified stock man-
agement, and added safety are the factors introduced with
the microinverter solution. Small inverters rated to handle
the output of a single panel are microinverters. Modern grid-
tie panels are normally rated between 225 and 275W, so mi-
croinverters are typically rated between 190 and 220 W.

Micro inverter topologies for PV power generation are clas-
sified into three major groups: the single-stage, the two-
stage and the multi-stage types. The multi-stage microinver-
ters are usually comprised of a step-up DC-DC converter
front stage, under Maximum Power Point Tracking (MPPT)
control, an intermediate high frequency DC-DC converter
stage to attain a rectified-sine waveform, and a low frequen-
cy inverting stage to interconnect to the grid. The multi-
stage power train and the associated high component count
results in a costly product. The two-stage micro-inverter can
be designed cascading a MPPT controlled step-up DC-DC
converter and a grid tied high frequency inverter. While the
single-stage topology has to do the voltage step-up, the MPP
tracking, and the DC-AC inversion all in one stage.

To convert and connect the solar energy to the grid the low
voltage of the PV panel first has to be stepped-up signifi-
cantly to match the utility level. The traditional boost con-
verter cannot provide the required gain at high efficiency
and this poses a challenge to the designer of photovoltaic
inverters. Therefore, an extensive research effort is dedicated

to developing various topologies of high step up DC-DC
converters that can be used in tandem with a half or full
bridge inverter to implement a solar power generation sys-
tem. AC-DC power decoupling problem is another concern
typical to single phase DC-AC power systems. A decoupling
capacitor on the DC link between the input and output stages
is the traditional solution. However, some single stage mi-
cro-inverters may require placing the decoupling capacitor at
the PV module terminals. It result in a substantial decoupl-
ing capacitor value and size.

Single stage topologies that can realize voltage step-up and
inversion in a single stage were proposed in the past. In [15],
a dual boost inverter was suggested. Here the load is con-
nected differentially between the outputs of two bi-
directional boost converters, see Fig. 1. This topology re-
sembles a common H-bridge with the boosting inductors
connected to the legs’ midpoints. The limited DC step-up
gain; circulating currents, which impair the efficiency; and
somewhat complicated control are the demerits of this ap-
proach. Since the function of C1 and C2 is merely output
filtering the decoupling capacitor should be placed at the
low voltage input, which is an additional disadvantage.
Another single stage solution [16], [17] is shown in Fig. 2.
Compared to [15] the topologies in [16], [17] use a single
boost inductor; have no circulating currents; have a high
voltage DC link and, accordingly, a smaller decoupling ca-
pacitor. Also, traditional control methods can be applied.

Moreover, the topologies proposed in [18], [19] may provide
other choices for single stage solutions. However, the limited
DC step-up of [15]-[19] necessitates using a more expensive
high voltage PV panels with 70-100VDC output in order to
get the desired dc bus voltage compatible to grid connected
inverters. Alternatively, using the popular crystalline silicon
modules with the 25-50VDC MPP range, these topologies
can implement a two-three panel string inverter, which, as
any string architecture, is prone to the mismatch problem.
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Figure 1: Topology proposed in [15]
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Figure 2: Topology proposed in [17]
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2. Single Stage Boosting Inverter (SSBI)

SSBI can achieve higher DC gain and, thus, work off low
DC input voltage of a single PV panel. The switches of the
power train are shared in such a way that it combines the
DC-DC step up converter stage and the grid tied DC-AC
inverter stage. Hence, SSBI is comprehended in a single
stage. Low value of DC link decoupling capacitor is essen-
tial since the power decoupling is done at high voltage. Any
control method can be applied here. The proposed schematic
diagram of the proposed SSBI is given in Fig 3. SSBI is
comprised of semiconductor switches M1..4, arranged in a
full bridge configuration; steering diodes D1, D2; DC link
diode D3, the tapped inductor W1:W2; the decoupling ca-
pacitor Cdc; and the output filter Lo-Co. The resistor R;
represents the load. SSBI is fed by a DC voltage source, Vg,
considered to be derived of a single PV panel, and produces
utility level AC output voltage VVo. Here, the input current is
designated as lg, the output current isi, and its average
component is lo. The tapped inductor turns ratio, is adjusted
in order to obtain a larger voltage step-up and smaller de-
coupling capacitor, which is placed on high voltage DC bus.
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FigIJre 3: Topology of the 5roposed Single Stage Boasting
Inverter

3. Operating Principle

Principle of operation of the proposed SSBI is hinged on
employment of a specialized switching pattern of the H-
bridge. Three topological states are formed during the
switching cycle in order to create output voltage of positive
polarity. Here, buck and boost sub topologies can be identi-
fied.

3.1 State A

The switching cycle starts with State A, shown in Fig.4,
which persists for a duration of t;. Here, the switches M1

and M4 are on, whereas switches M2 and M3 are off, D2
conducts and D1, D3 are cut-off. The tapped inductor pri-
mary magnetizing inductance Lm is charged from the input
voltage source 1, while the DC voltage Vg, is applied to
the input terminals of the output filter so the filter inductance
Lo, is charged feeding also the filter capacitor Co, and the
load A;.

Figure 4: State A operation
3.2 State B

State B, in Fig.5, starts, as the switch M1 is turned off and
M2 is turned on, whereas M4 keeps conducting. State B lasts
for a duration of t;. Here, both D1 and D2 conduct while
D3 is cut-off. As a result, the tapped inductor magnetizing
inductance, Lm, continues charging from the input voltage
source Vg, whereas the input terminals of the output filter
are shorted so the filter inductance Lo, is discharged to the
output capacitor Co and the load R_L .

-Figure 5: S:cate B operation

3.3 State C

State C, in Fig.6, arises as the switches M1, M3 are turned
on and M2, M4 are turned off. State C lasts for duration of
tc, and completes the switching cycle. Here, both D1, D2 are
cut-off and D3 conducts; Lm, is discharged via both wind-
ings and D3 into the DC link capacitor, Cdc, while the input
terminals of the output filter are shorted and the filter induc-
tance Lo, feeds the output capacitor Co, and the load RL.
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.Figure 6: State C operation

Complementary switching states A, B, C are formed by the
controller in order to generate output voltage of negative
polarity. Proper switching signals for the H-bridge switches
should be created of the given buck and boost switching
functions and the output polarity signal Sbk(Dbk),
Sbst(Dbst), P, respectively. S1..S4 represents the driving
signals of the switches M1...M4 respectively. The required
Boolean functions can be derived as:

S1 :P'Sbk'sbsr
Sz :P'Sbk'sbsr
53 zl_)'sbk 'Stm
Sy =P'Sbk'sbst

There are 3! possible permutations or state sequences since
the switching cycle of SSBI is involved of three states. In
other words, the order of appearance of the states is not
unique and other possibilities exist, i. e. A-C-B, C-B-A etc.
An ideal SSBI can produce same DC-DC conversion ratio
under any of these switching regimes. However, some state
sequences may require switches to be activated twice per
switching cycle, which is unwanted in practice due to in-
creased switching loss and/or extremely narrow on time.

4. SSBI Analysis

To ease the analysis approach the following assumptions are
adopted: (a) all semiconductors are ideal with zero on resis-
tance and voltage drop; (b) the decoupling capacitor and the
output filter capacitor are sufficiently large and their voltage
ripple is negligible; (c) continuous current operation of both
the tapped inductor and the output filter inductor is assumed.

4.1 Derivation of Voltage Conversion Ratio

The converter’s equivalent circuit discloses that the power
stage operates as a boost-derived tapped inductor DC-DC
converter merged with a buck-derived full-bridge DC-AC
inverter. tg, £5 and £. are the extent of states A, B and C
respectively and T;=t,,+ t;+£. is the switching period. The
time interval devoted to charging the primary winding of the
tapped inductor, that is boost charging state takes place dur-
ing the states A and B, whereas, boost discharge takes place
in state C. The total duration of the boost charging is, there-
fore:
ti:'.?l.‘ :fc+fa

Accordingly, the resulting boost duty cycle, Dz is

_Ig+ip
Dper=

Hence, SSBI performs the DC-DC step-up conversion func-
tion identically to the tapped inductor boost converter. The

DC-DC voltage conversion ratio of SSBI is
M. :l«'ﬁ _ 1+nDpee
gst L 1-Dpee

The time interval devoted to charging the output inductor,
Lo, that is the buck charging state, occurs in state A,
whereas buck discharge takes place in states B and C while
the terminals of the output filter are shorted. Thus, the time
duration of the buck charging is:

tpi=tg

Accordingly, the resulting buck duty cycle, Dbk, is

Dy, :i—:
Clearly, under CCM condition of the output filter inductor,
the voltage gain of the output section is identical to that of a

buck converter and is given by:

l‘ﬁ‘
Mpge =1~ = Dix

Hence, the overall DC-AC voltage conversion ratio, M can

be derived as followed:

v, ':1+ﬂDE':erE.;C

J-Mi?‘gr _E B L-Dper

In stand-alone application in order to achieve a sinusoidal
output voltage Vo of requiredl amplitude and frequency, the
buck duty ratio, Dbk is modulated. Whereas the boost duty
ratio, Dbst, is adjusted to fulfill load power demand and so
stabilize the DC link voltage, Vdc. It should be noted that
buck duty ratio, Dbk, should be smaller than the boost duty
ratio, Dbst, at all times: Dbk < Dbst.
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Figure 7: Comparison of conversion ratio, Mbst, of the tra-

ditional boost and the tapped inductor (T1) boost converters

5. Maximum Power Point Tracking (MPPT)

The efficiency of a solar cell is very low. In order to increase
the efficiency, methods are to be undertaken to match the
source and load properly. One such method is the Maximum
Power Point Tracking. This is a technique used to obtain the
maximum possible power from a varying source. In photo-
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voltaic systems the 1-V curve is non-linear, thereby making
it hard to be used to power a certain load. This is done by
utilizing a boost converter whose duty cycle is varied by
using a MPPT algorithm.

Incremental Conductance method uses the PV array’s in-
cremental conductance to calculate the sign of dI/dV. When
it is equal and opposite to the value of 1/V (where dl/dV= 0)
the algorithm learns that the maximum power point is
achieved and thus it stops and gives the corresponding value
of operating voltage for MPP. This method tracks rapidly
changing irradiation conditions more accurately than PO
method.This algorithm uses incremental measurements on
the change in conductance of the photovoltaic array. By
comparing these calculated incremental measurements, we
can calculate whether there was an increase or decrease in
power since it was last measured. The incremental conduc-
tance is defined dl/dV as By comparing this measurement to
the actual conductance of the photovoltaic array, one can
determine which side of the MPP the current operating point
is located. The disadvantage of the perturb and observe me-
thod cannot track the peak power under fast varying atmos-
pheric condition. This is overcomed by IC method.
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Figure 8: PV panel power curve

The IC can determine that the MPPT has reached the MPP
and stop perturbing the operating point. If this condition is
not met, the direction in which the MPPT operating point
must be perturbed can be calculated using the relationship
between dlI/dV and I/V.This relationship is derived from the
fact that dP/dV is negative when the MPPT is to the right of
the MPP and positive when it is to the left of the MPP.Figure
above shows that the slope of the P-V array power curve is
zero at The MPP, increasing on the left of the MPP and de-
creasing on the Right hand side of the MPP.

One disadvantage of this is the increased complexity when
compared with PO. This algorithm has fewer branches for
each node and is less complicated than the PO algorithms
flowchart; however, the simplicity of the algorithm flow-
chart does not account for the increased complexity of bi-
nary calculations required for this algorithm.Since calcula-
tion of both the InC and conductance requires the use of
division, a large amount of processing power is necessary in
order to acquire the result before the next sample time.

decrease d mcrease d

Figure 9: IC flowchart

6. Simulation and Test Result

A stand-alone variant of the proposed SSBI and its control
circuits were implemented using Simulink. Simulation
waveforms support the theoretical predictions. Under the
PWM control the proposed SSBI can deliver high DC input
voltage step-up as well as high quality AC output. Due to the
superior transient response of the controller, the substantial
ripple component of the DC link voltage has no negative
effect on the quality of the AC output. Lower decoupling
capacitor can be employed without compromising DC-AC
decoupling. The controller required no sensing of the AC
output voltage is an advantage of this approach. Hence, there
is no need for isolated floating sensors, which further simpli-
fies the circuitry suitable for distribution.
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Figure 10: Simulink model of SSBI with R load
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The PV array can be simulated with an equivalent circuit
model based on the PV model. PV modules are connected in
series or in parallel in order to model the PV array block that
accepts irradiation in W/m”"2 and temperature in degree cen-
tigrade and provides array current and voltage that can be
measured using current measurement and voltage measure-
ment block respectively. Input to the MPPT block is photo-
voltaic current and photovoltaic voltage and the output is
duty cycle. PWM wave for converter switch is generated
from the duty cycle obtained by MPPT. A SSBI is supplied
by a 48V solar panel. When a 48V PV Panel is supplied to a
SSBI we get an output voltage of 110V. A good quality of
AC output waveform is obtained.

Fig. below shows the waveforms of input and output volt-
age, along with the output inductor current. The measure-
ments were taken at three different power levels at constant
input voltage. SSBI generated high quality AC output volt-
age in a wide range of output power.

Figure 11: Waveform showing AC output voltage

Figure 12: Waveform for 200KW

Figure 13: Waveform for 100KW

Figure 14: Waveform for 50KW

Table 1: Comparison of Single Stage and Two Stage Topol-

ogies
Vin |Pout|max. Eff.
Class |Topol Sw|D
IS V1 |Wl] [%]
SSBI |4 |3|3548[200| 893
. [51 |4]|2| 48 |so0| 80
Simngle-
stage | 81 |4]2| %0 |300| 87
[7] |6|o| 30 |s0o| 87
[s] |5 ]3| 92 |170| 87
[o] |7 [3]2240[250 92
[10] |6 [2]31-51|210| 982
;Ptaf"gz (1] |8 |2]38-s0/2000] 939
[2] |g |4 20 |250| 925

Several different load types were presented to SSBI. The
measured THD of the output voltage was 5.56%, 9.78%,
respectively for linear RL load and non linear load.

Peak efficiency of 89.3% was achieved by a SSBI topology.
The conduction losses of the steering diodes, D1 and D2
were identified as the major reason of efficiency drop at
relatively low input voltage level. However, since it is a
rather common practice to install a blocking diode in series
with a PV panel to prevent back flow, such configuration
and the associated losses are comparable to some other ap-
proaches. Comparison of the proposed SSBI with selected
single and two-stage topologies is presented in Table below.
SSBI has the best efficiency performance among the single
stage topologies. Another conclusion arises when these two
classes are compared. Obviously, it is a choice of perform-
ance vs. cost: two-stage inverters attain better efficiency;
however, at the expenditure of using about twice the number
of active switches than the single-stage topologies.

In particular, SSBI is compared with a full bridge based two-
stage topology. The former has a total of 4 switches and 3
diodes, whereas the latter used 8 switches and 4 diodes yet,
the reported efficiency was 89.3% and 92.5% respectively.

7. Conclusion

A high gain single-stage boosting inverter for alternative
energy generation applications is simulated. A tapped induc-
tor is employed to attain high input voltage step-up and so
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allows operation from low DC input voltage. The proposed
SSBI topology has the advantage of high voltage step-up
which can be further improved by adjusting the tapped in-
ductor turns ratio. By adjusting the boost duty cycle Dbst the
SSBI can control the dc link voltage, whereas by varying the
buck duty cycle, Dbk, the output waveform can be shaped.
The AC-DC power decoupling is attained on the high vol-
tage DC link and therefore requires a relatively low capacit-
ance value. PWM control method was applied to shape the
output voltage. It allowed applying yet smaller decoupling
capacitor value, and low THD output for different types of
highly non-linear loads was obtained. A peak efficiency of
89.3% was achieved.
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