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Abstract—This paper presents a primary-parallel secondary-
series multicore forward microinverter for photovoltaic ac-module
application. The presented microinverter operates with a constant
off-time boundary mode control, providing MPPT capability and
unity power factor. The proposed multitransformer solution allows
using low-profile unitary turns ratio transformers. Therefore, the
transformers are better coupled and the overall performance of
the microinverter is improved. Due to the multiphase solution, the
number of devices increases but the current stress and losses per
device are reduced contributing to an easier thermal management.
Furthermore, the decoupling capacitor is split among the phases,
contributing to a low-profile solution without electrolytic capac-
itors suitable to be mounted in the frame of a PV module. The
proposed solution is compared to the classical parallel-interleaved
approach, showing better efficiency in a wide power range and
improving the weighted efficiency.

Index Terms—AC-module, microinverter, multiphase, photo-
voltaic.

1. INTRODUCTION

RADITIONALLY, central inverter technology is used to
T overcome the low voltage generated by photovoltaic (PV)
arrays. However, in residential applications, the energy yield is
jeopardized due to mismatches and partial-shading. Distributed
maximum power point tracking (DMPPT) architectures, in both
dc—dc and dc—ac systems, improve the energy harvesting ca-
pability by means of a module-integrated converter [1], [2].
Despite nonisolated solutions have been presented for both dc—
dc optimizers [3] and ac-module applications [4], the use of
a transformer is widespread providing flexibility, an adequate
voltage boost and compliance with safety standards [5]-[10].
Current-fed-isolated converters are widely used in DMPPT
architectures [6]-[8] due to their inherent boosting capabilities.
Single-stage flyback inverter is a commonly used topology in ac-
module applications due to its simple structure [9], [10]. Buck-
derived topologies are mainly used as step-up dc—dc converters
in two-stage inverters [11], [12]. In these topologies, the required
turns ratio to achieve an appropriate voltage boosting is large.
A large turns ratio complicates the achievement of good cou-
pling between primary and secondary, thus resulting in high

leakage inductance and extra losses in the windings [11]. Split-
ting the transformer in unitary turns ratio transformers is pro-
posed in [11] to improve the converter performance, while the
thermal management is better and transformer manufacturing
cost is reduced because of the mass production possibility. Fur-
thermore, the possibility of splitting the converter in several
smaller converters with unity ratio transformer is suggested.

The use of parallel-interleaved converters is common in low-
voltage high-current applications to reduce the current stress
and magnetic components size. In addition, light load efficiency
is improved by connecting or disconnecting phases [10], [13],
[14]. In [5], an isolated boost converter with parallel-interleaved
primary and series-connected secondary is presented, thus re-
ducing current stress in the primary side and improving voltage
gain. Similar configurations are also presented in [15] and [16]
using planar magnetics. The interleaved operation of forward
converters is well known [17] and the secondary side series
connection has also been presented with different configura-
tions [18], [19] for dc—dc applications.

This paper presents a primary-parallel secondary-series for-
ward inverter for ac-module application. In Section II, the
single-transformer approach is presented, analyzing the oper-
ation mode to achieve unitary power factor. Section III intro-
duces the multitransformer topology as well as the operation
principle and the main design considerations. The light load
operation of the inverter is analyzed in Section IV and the es-
timated weighted efficiency for the analyzed configurations is
compared. In Section V, the transformers design and size are
compared for configurations with different number of trans-
formers. Finally, Section VI shows experimental results for the
single-transformer and the two- and eight-transformer microin-
verters and a comparison with the experimental results of the
interleaved forward microinverter.

II. SINGLE-STAGE BOUNDARY MODE-CONTROLLED
FORWARD MICROINVERTER

Single-phase grid-connected PV inverters present similarities
with the power factor correction (PFC) application and control
[20], power decoupling [21] strategies as well as topologies [22]
from PFC have been adapted to PV inverters.

A buck converter connected between the solar panel and the
grid using an unfolder stage, thus working as a current source, is
shown in Fig. 1. As in the boost converter in PFC applications,
if the buck converter is operated in the boundary (BCM) be-
tween continuous (CCM) and discontinuous conduction mode
(DCM) the injected current to the grid is proportional to the grid
voltage (see Fig. 2). By analyzing the average current value in
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Fig. 1. Buck converter connected between a PV panel and the grid.
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Fig.2. Buck inductor current within a grid half-period and within a switching
period.
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Fig. 3. (a) Proposed single-stage forward micro-inverter with unfolder stage

and (b) with bidirectional secondary side switches.

a switching cycle, it can be concluded that this is possible if the
off-time is kept constant (1)
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In the case of ac-module application, the input voltage is up
to 50 or 100 V for crystalline silicon and thin-film modules,
respectively [4]. As a consequence, a boosting transformer is
necessary for grid interface, especially for the European grid
voltage. Several isolated buck-derived topologies can be used.
However, due to the low power range of the commercial PV
modules, simple topologies as forward converter are preferred.

Two possible implementations are proposed for the single-
stage forward microinverter, as shown in Fig. 3: a) with unfold-
ing stage and b) with secondary side switches.
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Fig. 4. Equivalent circuits for positive and negative grid voltage operation.

In both cases, the primary transistors are high-frequency
switched to operate the microinverter in the boundary mode.
Implementation b) integrates the unfolding stage in the mi-
croinverter power stage, i.e., the secondary side bidirectional
switches are line frequency switched according to the grid volt-
age polarity. Thus, two subcircuits are generated as depicted in
Fig. 4. Therefore, the two primary windings are used either for
energy transfer or transformer reset during the corresponding
grid half-cycle and the primary to tertiary turns ratio is forced to
be the same. Furthermore, both primary windings are designed
for the same current stress; hence, a bigger core is needed.

III. PRIMARY-PARALLEL SECONDARY-SERIES MULTICORE
TRANSFORMER FORWARD MICROINVERTER

In the configurations presented in Fig. 3, the necessary pri-
mary to secondary turns ratio to achieve a proper interfacing be-
tween the low PV module voltage and the grid is large, thus the
performance of the converter can be worsened. Fig. 5 shows the
proposed multicore forward topology derived from the topology
presented in Fig. 3(a), which consists of several highly coupled
transformers which are parallel connected in the primary side
and series connected in the secondary side.

The parallelization in the primary side reduces the current
stress in both switches and primary windings of the transformer.
The current sharing is guaranteed because of the secondary se-
ries connection, although affected by the coupling of the indi-
vidual transformers. The current stress is also decreased in the
secondary side diodes due to the common cathode configura-
tion and the synchronized driving of the primary switches. As a
result, SMD devices can be used, a low-profile implementation
is feasible and the thermal management is improved, although
more devices are needed.

The secondary series connection allows achieving the grid
voltage using transformers of lower turns ratio. Therefore, the
primary to secondary coupling at each transformer can be signif-
icantly improved, i.e., primary side current sharing is improved
and parameters such as leakage inductance can be reduced, thus
improving the off transition of the primary transistors.

A. Operation Principle, Voltage Gain
and Transformers Turns Ratio

The primary switches are synchronized and sinusoidally mod-
ulated following the boundary mode control (BCM) strategy to
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Fig. 5. Proposed forward microinverter topology with primary-parallel
secondary-series-connected transformers.

generate a rectified sinusoidal current, which is unfolded in a
line frequency switched bridge to inject unitary power factor
current to the grid. Therefore, the application of the presented
topology is intended for those grid connections where grid sup-
port is not demanded by the grid operator [23]. Furthermore, in
order to comply with the harmonic requirements of the differ-
ent standards [4], an EMI filter is necessary after the unfolding
stage [24].

The high-frequency operation of the topology can be divided
in two intervals as the classical forward converter operating in
BCM. The main ideal waveforms of the proposed solution when
two phases are active for a four-transformer inverter are shown in
Fig. 6. As it can be observed, the common cathode configuration
of the secondary diodes together with the synchronized control
strategy make that only one of the secondary side diodes is in
the current path at each moment. The number of active phases at
each moment is decided according to the grid voltage as shown
in Fig. 7 for the four-transformer inverter.

As shown in the presented ideal waveforms, during the on
time the voltage applied to the output filter is proportional to the
number of active phases. During off-time, the inductor current
flows through the free-wheeling diode in the same manner than
in classical forward converter. Therefore, the voltage gain can
be expressed as

Vo=n-m-d-Vp (2)

where “m” is the number of active phases (e.g., m = 2 in Fig. 6),
“Vp” the PV panel voltage, “d” the applied duty cycle and “n” is
the primary to secondary turns ratio (no/ny ) of each transformer,

which is considered to be the same.
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Fig. 6. Ton and Toff configurations (left) and main waveforms (right) of the
proposed converter when two phases are active.
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Fig. 7. Number of active phases during a line period for a four-transformer

forward microinverter.

Using the presented voltage gain, the primary to secondary
turns ratio of an individual transformer can be calculated
as a function of the total number of transformers used *“p”
(e.g., p=4 in Fig. 6), for a given solar module and a grid
voltage (3)

n2 Vo peak

n=—=

nl p'dmax'mein.
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Fig.8. (a) Primary switches rms current and (b) secondary series diodes AVG
current during a grid period.

B. Inductor Value and Variable Frequency Operation

The applied BCM strategy ensures the injection of unity
power factor current to the grid. However, the converter is oper-
ated with variable frequency and a trade-off between the chosen
maximum frequency and the necessary inductance value (rms
currents inside the circuit) must be achieved, for a given power
level (4). With regard to the minimum operation frequency of
the converter, it can be calculated as in (5), where “p” is the total
number of phases

V(%.RMS
fmex = 37T Po @
Vo ok
fmin = (1 - &) . fmax- (5)
n-p-Vp

C. Component Stress

Since the operation of the proposed converter is the same than
in a classical forward converter, the primary side component
voltage stress in the proposed solution is also the same. However,
the parallel operation of the converter reduces the current stress
due to the current sharing, even more in the phases which are
not active during the whole line period [see Fig. 8(a)].

With regard to the secondary side, only one of the series
diodes (D; in Fig. 5) is in the current path at each moment
due to the applied series configuration so the current stress is
reduced in the secondary side diodes [see Fig. 8(b)]. The current
stress of the free-wheeling diode remains the same regardless
the number of transformers used.

The current stress reduction in both primary and secondary
side components allows the utilization of SMD components,
which provides advantages for the ac-module application such
as thermal management or low-profile implementation. How-

ever, the increase in the number of components increases consid-
erably the cost of the solution when the number of transformers
is large. A qualitative cost comparison for the eight-transformer
configuration respect to the single-transformer one is presented
in the experimental results section.

The voltage stress for the freewheeling diode and the “ith”
series diode of the secondary side can be calculated according
to (6) and (7), where “p” is the total number of transformers for
the selected configuration
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D. Semiconductor Losses Estimation

In the case of the primary switches, both the rms value and
the voltage—current product when the switch is turned OFF are
calculated at each switching cycle. Afterwards, those calculated
values are used to compute the average in a line period. The same
procedure is used for the mean values of the diode currents. The
semiconductor losses can be calculated according to (8) and (9)

1 2
Psyitens = 1.6 - Rpson - (E . E IMi_RMS_k)
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E. Input Capacitor (Line Frequency Power Decoupling)

In the proposed topology, the primary switches are synchro-
nized and therefore there is no possibility to reduce the necessary
input capacitance to filter the high-frequency ripple of the in-
put current, as in interleaved converters. However, in the case
of single-stage microinverters, like the proposed in this paper,
the input capacitance is designed to guarantee a proper balance
between the demanded twice-line frequency current and the dc
current provided by the PV module [21]. A proper power balance
allows low voltage ripple in the PV module in order to ensure a
high maximum power point tracking (MPPT) efficiency. Due to
the low voltage in the PV module, a large capacitance is required
in parallel with the PV module (2 mF@45 V/120 W, for 8.5%
of voltage ripple [25]), which is typically some orders of mag-
nitude larger than the required capacitance for high-frequency
filtering. As a consequence, in most of the cases an electrolytic
capacitor is used, which is bulky and may reduce the life span
of the solutions.

In the proposed topology, this capacitance is distributed
among the paralleled primaries, thus reducing the capacitor of
each phase. Therefore, low profile ceramic capacitors can be
used, making the proposed configuration suitable for ac-module
application.
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Fig. 9. Calculated efficiency for different configurations at DCM and BCM
operation.

IV. EFFICIENCY AND LIGHT-LOAD DCM OPERATION

In PV applications, the power operation range is wide due to
the dependence on the changeable irradiance and temperature
conditions. Due to the selected control strategy, the operating
frequency range of the proposed solution increases when the
delivered power from the PV module decreases, according to
(4) and (5). As a consequence, the inverter efficiency at light load
operation is jeopardized because of the increase in the switching
losses. As depicted in Fig. 9, this effect is penalized when the
number of transformer increases due to the higher number of
utilized switches. Therefore, DCM operation is used in order to
improve the efficiency at light load operation.

In DCM operation, it is necessary a control law to keep the
unitary power factor as in the proposed boundary mode control
strategy. This control law, presented in (10), can be derived by
making the inductor current average value proportional to the
grid voltage. It must be noticed that the turns ratio “z’” has to be
updated when the number of used phases changes

kpcm )
d(t) = M(t) - V = M) kpewm
2-L- fow V()
= vy = 22 10
Vo2_RMS (¥ Vp 10

Fig. 10 shows how the estimated efficiency changes with the
PV module power as well as the conduction mode of opera-
tion and the calculated CEC efficiency [28] for the considered
configurations. According to the calculated efficiency for the
analyzed designs, such as the presented in Fig. 9, the operation
mode is changed when the available power is lower than 80%
of the considered maximum power.

As it can be seen, the estimated weighted efficiency is sim-
ilar for the analyzed configurations. However, the calculation
excludes the effect of leakage inductance which is expected to
be significant for the single transformer configuration, since the
turns ratio is far from unity.

V. TRANSFORMER SIZE AND LOSSES ESTIMATION

In this section, the selection of the appropriate core is ana-
lyzed using the area product parameter. Based on this selection,
different transformers are designed and compared in terms of
size, losses, leakage inductance, series resistance and resonance
frequency.
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Fig. 10. Calculated efficiency for the analyzed configurations.

A. Core Selection Based on Area Product Parameter

The area product parameter (Ap) is defined as the product of
the cross section (A ) and the window area (A, ) of a given core.
This parameter can be used to estimate the volume and weight as
well as the power-handling ability of a core [26] and it is easy to
obtain from the core datasheets provided by the manufacturers.
This parameter can be calculated according to (11), where “kw”
is the window filling factor and “Byayx” and “Jua”" are the
maximum allowed flux and current density, respectively. Only
the primary and secondary windings currents are considered and
an extra 20% is used to estimate the demagnetization windings

Vp - dmax

1.2 (Ipms, + 7 Ipus,)
Bmax 'fmin )

Ap = Ae - Aw =
P kw'Jmax

(1)
Fig. 11 shows the estimated RM cores for the analyzed con-
figurations of the proposed topology (one, two, four and eight
transformers). The parameters used for the area product calcu-
lation and the primary to secondary transformer turns ratio for
the different configurations are shown in Table I. In the pre-
sented designs, the reset turns ratio (n3/nl) is one and therefore
the maximum applicable duty cycle is 0.5. The primary to sec-
ondary turns ratio for each analyzed configuration is calculated
according to the introduced PV module and grid voltages using
(3) and imposing a maximum duty cycle of 0.45.
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Fig. 11. Estimated RM cores based on the area product.

TABLE 1
PARAMETERS AND TURNS RATIO USED IN THE RM CORE ESTIMATION

Parameter Value Phases n(n2/nl)
Core/Material RM/3C90 1 8
kw 03
Jmax 600 A/cm? 2 4
Bmax 0.65-Bsat
fmin 70 kHz 4 2
VPV 45V
PPV 120W 8 1
Veria 110 V@60 Hz
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Fig. 12. Estimated volume (green), total area (blue) and height (red) of the

selected transformers.

B. Volume, Area and Height

A design of each transformer for the different analyzed con-
figurations has been developed based on the selected cores and
the design parameters shown in Fig. 11 and Table 1. The max-
imum height as well as the total surface and volume of the
designed transformers considering the bobbin are calculated for
each configuration (see Fig. 12).

As shown in Fig. 12, the total estimated area occupied by
the transformers increases with the number of phases as well as
the total volume. However, the maximum estimated height de-
creases as the number of phases increase. It must be noticed that

2,5
i ®
: 20 — X .
=441 phase
E 15 =2 phases
~=4 phases
B' 1,0 -/‘- =8 phases
§ @ Total
Z ols A T li——
w.—“\(
0,0 T T T T 1
0 2 4 6 8 10
Transformer
Fig. 13. Total losses in the transformers for the analyzed configurations.

in ac-module application the converter is attached to the back
side of a PV module and, therefore, the available area is large.
Furthermore, the low height allows mounting the microinverter
in the frame of the solar module [27].

C. Transformer Comparison

Finite element analysis (FEA) has been used in order to com-
pare the above presented designs in terms of losses, resonance
frequency and leakage inductance. Fig. 13 shows the total calcu-
lated losses for each transformer and for the whole set of trans-
formers for the analyzed configurations. The winding losses
are calculated using the obtained FEA models. Regarding the
core losses, the average over a line period is obtained based on
the calculated losses at each switching cycle according to the
Steinmetz equation.

As shown in Fig. 13 the difference in the calculated losses
is not significant for the analyzed configurations. However, as
the number of transformers increases the losses are more spread
contributing to an easier thermal management.

Parasitic effects, such as the parasitic capacitance or leakage
inductance, can deteriorate the performance of the converter.
The parasitic capacitance of the primary winding has been esti-
mated using FEA. This value is used together with the obtained
magnetizing inductance to estimate the transformer resonance
frequency. As show in Fig. 14, the resonance frequency of the
analyzed solutions increases when the turn ratio gets closer to
the unity, i.e., with the number of transformers. Another advan-
tage of the proposed topology is that an increase in the number
of transformers decreases significantly the leakage inductance
and the series resistance of the designed transformers as shown
in Figs. 15 and 16, hence improving the performance of the
inverter.

VI. EXPERIMENTAL RESULTS

A prototype of the single-transformer forward microinverter
as well as prototypes of the two-transformer (best expected ef-
ficiency) and eight-transformer (lowest transformer height) of
the proposed parallel-series microinverter have been designed
and built to interface a 45 V, 120 W PV module to the US



Resonance freq. (kHz)
1400
1200 ®
1000
800 -1 phase
A M
600 B2 phase —
[ |
400 A4 phase
200 4 ® 8 phases
0 T T T T 1
0 2 4 6 8 10
Transformer
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grid (110 V@60 Hz). All the prototypes have the same out-
put filter (L = 400 pH, ETD34-3F3 core; C = 1 uF), same
primary switch (IRFS4410PbF) and same secondary side SiC
diode (C3D02060E). The set of transformers of each prototype
are designed according to the selected core for transformer 1 in
Fig. 11: 1:8-RM12, 1:4-RM12 and 1:1-RMS&, respectively. The
control of the presented prototypes, for both modes of operation,
is implemented in a TMS320F28069 microcontroller.

(b)

Fig. 17. (a) Two-transformer and (b) eight-transformer primary-parallel
secondary-series forward microinverters.

Fig. 17(a) shows the two-transformer prototype with di-
mensions of 174 x 193 mm. The single transformer inverter
was mounted using the same PCB. In the case of the eight-
transformer prototype [see Fig. 17(b)], the dimensions are 254 x
173 mm. Despite the eight-transformer configuration has lower
transformer profile, the maximum height is fixed by the 30 mm
of the inductor ETD34 core. In terms of decoupling capaci-
tor, the eight-transformer solution uses SMD ceramic capacitor
while the one- and two-transformer circuits use both ceramic
and electrolytic capacitors.

The presented results were obtained with a dc source in the
input and the grid connection is emulated with an ac voltage
source in parallel with a resistor. The dc input voltage was
changed accordingly to the NA-F121 PV module voltages for
a temperature of 50 °C for different irradiation (power) levels,
emulating the MPPT behavior.

Fig. 18 shows the waveforms for BCM full-load (top) and
DCM 20%-load (bottom) operation for the single-transformer
microinverter. In both cases, unity power factor current is in-
jected into the grid. The inductor current substitutes the injected
current in Fig. 19 to demonstrate the BCM operation at different
grid voltages.

Fig. 20 shows the grid voltage (Chl) and the injected cur-
rent (Ch2), the unfolder driving signal (Ch4) and the voltage
applied to the filter (Ch3) for the eight-transformer inverter at
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Fig. 18.  Output voltage and current for the single transformer microinverter
at BCM full-load (top) and DCM 20% load (bottom) operation.

full-load BCM operation (top) and DCM operation at 30% of
the maximum power (bottom). As it can be seen from Fig. 20,
the voltage applied to the filter increases with the number of
phases depending on the grid voltage.

The same waveforms for the two-transformer prototype, ex-
cept the gate to source voltage (Ch4) of the second phase switch
(M2 in Fig. 5), are shown in Fig. 21. This phase is active when
the grid voltage excesses half of the peak value.

The high-frequency waveforms of the tested configurations
with multiple transformers are depicted in Fig. 22. The top
side demonstrates the BCM operation of the eight-transformer
microinverter when switch 4 is turned OFF. Bottom waveforms
in Fig. 22 present the moment when switch 2 turns OFF in the
two-transformer prototype at DCM operation.

The efficiency and THD results obtained are presented in
Figs. 23 and 24, respectively, for the three introduced proto-
types. In terms of THD, the eight-phases transformer configu-
ration presents a better performance in the whole power range,
being under the 5%. In terms of efficiency (including the driving
stage), the prototype with the highest turns ratio (1:8) presents
the lowest efficiency in the whole power range, and lower than
the estimated one. In the case of the multicore configurations, the
eight-transformer one (with 1:1 transformers) performs better in
the full-load range while the two-transformer solution is better
in the light-load power levels. As a result, the prototypes with
multiple transformers have a CEC efficiency of 92.4% while the
single-transformer microinverter-weighted efficiency is 90.1%.

Figs. 25 and 26 show the thermal response of the prototypes
with multiple transformers at full load, being better the thermal
management of the eight-transformer prototype. The maximum
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transformer inverter for BCM operation at different grid voltages.
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Fig. 20.  Output voltage and current and free-wheeling diode voltage for the
eight-transformer microinverter at BCM full-load (top) and DCM 30% load
(bottom) operation.
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Fig. 21. Output voltage and current and M2 driving signal for the two-
transformer microinverter at BCM full-load (top) and DCM 50% load (bottom)
operation.

temperature is located at the freewheeling diode for both proto-
types, being over 70 °C. In the case of the primary switches the
maximum temperatures are 60 °C and 40 °C for the two- and the
eight-transformer configurations, corresponding with the MOS-
FET in transformer 1 (M1 in Fig. 5) which is the switch that is
continuously ON.

A. Comparison With the Multiphase-Interleaved Forward
Microinverter

A low profile prototype of an eight-transformer-interleaved
forward microinverter (see Fig. 27) has been built to compare
with the proposed parallel-series microinverter, under the same
specifications and using the same semiconductors. The set of
transformers of the interleaved prototype consists of eight 1:8-
RMS transformers. The output filter (L. = 3.2 mH; C' = 122 nF)
inductors are designed with RM7 cores. The decoupling capac-
itor, which is the same than for the previously presented pro-
totypes is implemented with SMD ceramic capacitors and the
total area of the prototype is 298 x 199 mm, with a maximum
height of 16.5 mm.

The injected current and the inductor current of two phases
at full-load operation are shown in Fig. 28. Detailed inductor
current waveforms are shown in Fig. 29 for full-load and half-
load operation. As it can be seen, the phase delay of the phases
changes according to the number of active phases to keep the
interleaved operation.

As for the proposed parallel-series inverter, the efficiency of
the interleaved microinverter has been measured at different
power levels in order to compute the CEC efficiency (Fig. 30).
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Fig. 22.  Inductor current, free-wheeling diode voltage and driving signals of
the BCM eight-transformer (top) and DCM two-transformer (bottom) operation.
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Fig. 23. Measured efficiency for the proposed configurations.
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Fig. 24. Current THD measured for the three tested microinverters.
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Fig.25. Thermal image of the two-transformer prototype.
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Thermal image of the eight-transformer prototype.

As expected, the interleaved solution improves the light-load
efficiency, which slightly increases the CEC efficiency from
90.1% of the single-transformer inverter to 90.9%. However,
the parallel-series converter performance is better for the most
of the operation power range and therefore presents a higher
CEC efficiency as mentioned previously.

B. Qualitative Cost Comparison

In this section, a qualitative cost comparison between the two
eight-transformer configurations is presented, considering the
single-transformer inverter as a reference.

The number of primary switches in both multiphase config-
urations is the same, which is eight times higher than in the
single-transformer. However, the current stress is drastically re-
duced, even more in the case of the parallel-series configuration
where 1:1 transformers are used. Therefore, higher on resis-
tance devices could be used and a factor of 5 is estimated for
the switches cost increase. Regarding the secondary side diodes,
the parallel-series configuration presents an increase from two
to nine diodes, with different current and voltage stresses, while

Fig. 27.

Eight-phases forward-interleaved prototype.
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Fig. 28.  Output voltage and current and phase inductor currents for the eight-
phase-interleaved prototype at full-load.
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Fig. 29. 120 W (eight phases) and 60 W (four phases) inductor currents for
the eight-phase-interleaved forward microinverter.
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the interleaved solution has eight times more devices than the
reference design but with a drastic reduction in the current stress.
As a consequence, a factor of 4 can be considered for the diode
cost increase of both multiphase inverters.

In terms of magnetic components, the interleaved inverter
needs more inductors for the output filter thus increasing the
cost in respect to the parallel-series or the reference inverters,
since they have the same output inductor. Taking into consid-
eration the transformer set, a cost reduction of around 20% is
estimated in the parallel-series configuration due to the utiliza-
tion of standardized 1:1 transformers over the customized design
of the 1:8 single-transformer. The interleaved solution is more
expensive in this sense since eight customized transformers are
needed.

VII. CONCLUSION

This paper introduces a multiphase primary-parallel
secondary-series forward microinverter operated in boundary
and DCM, suitable for PV ac-module application. The key pa-
rameter is the number of transformers and its influence in terms
of size, losses, leakage inductance, series resistance and reso-
nance frequency of the transformers is explored. An increase
in the number of transformers allows the utilization of better
coupled transformers, improving the inverter performance. The
total surface of the proposed solution increases with the number
of transformers, however the height decreases making the solu-
tion suitable for PV ac-module application. DCM operation is
introduced to overcome the performance degradation due to the
increase in the operation frequency of BCM at light load. Based
on the analysis, single transformer prototype as well as proto-
types of 2 and 8 transformers were built. Both multitransformer
inverters present the same weighted efficiency of 92.4%, im-
proving the single-transformer inverter performance in around
2%. Despite in the proposed designs the inductor limits the
height of both solutions, the low-profiled eight-transformer con-

figuration allows using ceramic capacitors and offers better THD
and thermal management capabilities, reducing the primary side
temperature in 20 °C. The proposed parallel-series microin-
verter is compared to a classical eight-transformer-interleaved
forward microinverter. The light-load efficiency is improved in
the interleaved approach, but the single-transformer efficiency
is slightly improved (less than 1%) and the CEC efficiency is
lower than the parallel-series approach. The parallel-interleaved
implementation presents a height reduction of 45% in respect to
the parallel-series prototype, with an increase of 20% in area.
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