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Abstract. Micro-inverters are one of the many solutions to
inject PV energy into the grid. They are usually composed of two
stages: a first DC-DC stage that allows performing the MPPT
(Maximum Power Point Tracking) function, adding galvanic
isolation and raising the voltage to ease the operation of a second
stage, the solar Grid Tie Inverter. An interesting and attractive
proposal for this first stage is the Flyback converter due to
simplicity, isolation, and few components, among others.
Unfortunately, for power ratings of 400 W and higher, the
problems arising from the leakage inductance of the transformer
make it unfeasible. A modification of this converter is the so-
called Two-Switch Flyback (TSF). By means of extra
components, energy normally lost in this leakage inductance is
recirculated to the input. However, the design region becomes
narrower, making it difficult to be used in some applications like
in an MPPT. This work proposes a modification of TSF by
incorporating an auxiliary DC-DC converter denoted as Active
Clamp Converter (ACC). This modification of the original TSF
allows recovering the energy from the leakage inductance and
sending it to the output of the converter, thus avoiding energy
recirculation. The proposed topology, with the modification
introduced, is a novel solution which improves the efficiency
compared to the classical TSF stage.

Key words. Micro-inverter, Maximum Power Point Tracking
(MPPT), Two-Switch Flyback (TSF), PV-solar panel, Active
Clamp Converter (ACC).

1. Introduction

The use of grid-tie micro-inverters for a single solar photovoltaic
module is a hot topic of great practical interest [1]-[5]. In
addition, the power capability of PV solar modules is constantly
growing and power exceeding 400 W is now common in the
market [6]. Fig. 1 shows the typical structure of a two-stage solar
micro-inverter, consisting of a high step-up DC-to-DC converter
with galvanic isolation stage followed by a grid-tie inverter (GTI)
stage. The DC-to-DC stage will be in charge, at each instant, of
obtaining the maximum possible energy from the solar panel,
implementing a maximum power point tracking (MPPT)
philosophy. The power is delivered to a DC bus with a suitable
high voltage (in the figure 400 V). While the inverter stage will
be in charge of maintaining the high DC voltage bus (Vbus) at a
stable value, evacuating the generated energy to the power grid.
This work focuses on the MPPT stage and the paper proposes a
new power conversion stage derived from the Flyback DC-to-DC
converter that presents a number of important advantages.
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Fig. 1 Typical 2-stage solar micro-inverter.

Fig. 2 shows a Flyback DC-to-DC converter used as the MPPT
stage for a single PV solar module. This power stage is very
interesting for this applicatioin: a single control signal, a single
power MOS transistor, galvanic isolation and simplicity.
However, there is an important disadvantage: its poor efficiency
derived from losses caused by leakage inductance (Lk)[7]. This
means that for power ratings above 400 W this is not a viable
stage [8].

A new topology has been proposed to solve this problem: The
Two-Switch Flyback (TSF) converter [9]-[12]. This converter
maintains a single control signal that acts simultaneously over
the two power MOS transistors (T1L and T2H). Basically, the
operation of the TSF converter is identical to the classic
Flyback converter, with an important advantage, the TSF allows
the energy stored in the leakage inductance (LK) to be recovered
to the input voltage instead of being dissipated (snubber), as in
the original Flyback converter.

The price to pay is the inclusion of one MOS transistor and two
diodes additional and introducing limitations in the operating
range of the converter. The Fig. 3 shows the TSF converter
used al MPPT stage. Several references discuss this converter
for different applications, one of them being the use as a DC-to-
DC stage for MPPT applications.
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Fig. 2 High step-up DC-to-DC stage based on a classical
Flyback converter.
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Fig. 3 High step-up DC-to-DC stage based on the Two-Switch
Flyback (TSF) converter.

At this point, the proposal of this work is shown in Fig. 4. A
small DC-to-DC converter (Flyback converter in the figure) is
introduced to recover the energy from the leakage inductance,
delivering this energy directly to the output and thus avoiding
energy recirculation.

This small auxiliary converter is denoted in this work as Active
Clamp Converter (ACC). This ACC is designed to maintain a
constant voltage at its input (Vclamp) which is generated from
the energy recovered and collected on a storage capacitor
(Cclamp). The operation of the TSF with ACC is identical to the
original TSF, with three major advantages:

(1) The aforementioned delivery of the recovered energy directly
to the outlet without energy recirculation.

(2) The flexibility to select the value of the clamp voltage
(Vclamp), allowing extending the operating range of the
converter and facilitating the correct operation of all design
conditions.

(3) A single ACC can be shared among several TSFs in case of
interleaving, significantly improving the performance of the
whole. This is a topic for future work.

Note that if the TSF were designed with ACC with a clamp
voltage (VVclamp) equal to the input voltage (Vin), the operation
would be similar to the original TSF (without energy
recirculation). The proposal has the additional advantage of being
compatible with interleaving strategies, where several TSFs can
share a single ACC. This interesting option will be presented in
future works.

The ACC element can be easily implemented using any DC-to-
DC stage with galvanic isolation. In this work, a classical small
Flyback converter is proposed to implement this additional

element.
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Fig. 4 High step-up DC-to-DC stage based on a modified Two-
Switch Flyback (TSF) converter with an Active Clamp Converter
(ACC) implemented with a small power DC-to-DC Flyback
Converter.

2. Analysis in steady-state operation

In order to proceed with the analysis of the proposed topology
in a simple and understandable way, a simplified representation
of the topology is used. Fig. 5 shows this simplified
representation of the TSF with ACC to obtain basic equations
and waveforms in steady-state operation. The PV solar module
has been represented with a current source (ir) the high DC bus
voltage by means on a battery (Vus) and the ACC be means of
its Thevenin equivalent. The ACC input voltage or clamp
voltage is denoted as Vclamp and the output part is shown as a
current source that delivers to the output the energy recovered
from the leakage inductance (Pclamp).

The power topology consists of two power MOS transistors
(T2H and T1L), which are driven by the same control signal.
An additional letter H or L has been added to the name of the
MOS transistors to indicate simple control (low side) or more
complex or floating control (high side). The output bus has been
represented as a stable voltage (Vuus) since the responsibility for
the correct stabilization of this voltage corresponds to the
subsequent stages (in this case, the GTI).

The isolation transformer has been represented by means of an
ideal transformer to which the magnetizing inductance (Lm), its
resistive losses (Rs) and leakage inductance (LK) have been
added. The analysis will obviously consider the effect of the
transformer leakage inductance, unlike other analyses [2] with
the TSF that do not take it into account. The steady-state
operation of this converter has four stages: two when the two
transistors are ON (denoted as ON1 and ON2) and other two
when the two transistors are OFF (denoted as OFF1 and OFF2).
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Fig. 5 Simplified representation of TSF with ACC for analysis
operation.

During the ONL1 stage (shown in Fig. 6), the two transistors
(T2H and T1L) are in conduction. The current through the
leakeage inductance (Lk) starts at zero and therefore also that of
both MOS transistors.

Diode D3 will remain in conduction during this interval, until
the current in the leakage inductance (ik) reaches the
magnetizing current (iLm). The current in D3 decreases
smoothly to zero during this interval.
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Fig. 6 Equivalent circuit during ON1 interval (T2H,T1L and
D3 are ON).



Equations during ON1 interval:
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ONL initial conditions (to):
iLk (tO) =0
iLm (tO) = ix

ONL1 final conditions (t1):
iLk (tl) = iLm (tl) = io

During ON2 interval, (see Fig. 7), the two MOS transistors
remain conducting, while the output diode D3 does not (its
current has reached zero). The magnetizing and leakage
inductances are powered in series from the input. The end of the
interval (t2) coincides with the end of the excitation time of the
transistors, reaching in both inductors the maximum current value
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Fig. 7 Equivalent circuit during ON2 interval (T2H and T1L are
ON and D3 is OFF).

Equations during ON2 interval:
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ONZ2 initial conditions (t1):
i (E1) = 1, (E1) = i,

ONZ2 final conditions (t2):

iLk (tZ) = iLm (tZ) = im
t2—to=d-T

The third interval (OFF1) starts with the simultaneous switch-off
order in the two power MOS switches (see Fig. 8). Diode D3 and
diodes D1 and D2 goes into conduction immediately. Diodes D1
and D2 will be in conduction for the duration of the
demagnetization of the transformer's leakage inductance (Lk).
Thus, the energy stored in this inductance (Lk) is transferred to
the output through the ACC. This stage OFFL1 is the main novelty
and originality of this converter, introducing the new design
parameter (Vclamp) that introduces flexibility and notably
widens the converter's working region. The efficiency of the
converter is significantly increased by being able to recover all
this normally lost energy and avoid unnecessary energy
recirculation.
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Fig. 8 Equivalent circuit during OFF1 interval (T2H and T1L
are OFF and D3 is ON).

Equations during OFF1 interval:
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Fig. 9 Equivalent circuit during OFF2 interval (T2H and T1L
are OFF and D3 is ON).

Finally, the OFF2 interval completes a switching cycle in
steady state of the converter (see Fig. 9). This last interval is
completely similar to that one on a conventional Flyback
converter, with only the output diode (D3) remaining in
conduction. Equations during this last interval are:

ipe =0 (13)
Vp diy . (14)
- :S =Ly dtZV+ Rs i,
. in (15)
lp = Ci . 7
n-ipg = ipm (16)
OFF2 initial conditions (t3):
i (3)=0
iL‘m (t3) = iy
OFF2 final conditions (t4):
i (t4) =0
im (t4) = i,

Obviously, the interval (t4-to) is the switching period and the
intervals (t2-to) and (t4-t2) are ON and OFF switching intervals
respectively.



th—to=T (17)
th—t2=(1—-d)-T (18)
t2—to=d-T (19)

The Fig. 10 summarizes the basic waveforms in steady-state
operation during the four intervals, emphasizing in red color the
two intervals (ON1 and OFF1) where the magnetization and
demagnetization of the leakage inductance differ from the
classical Flyback converter. For each operating point, the average
current through the transistors represents the average current
obtained from the solar panel:

(ip)a,,g = (iTlL)avg = (iTZH)avg
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Fig. 10 Main waveforms in steady-state operation.

3. Design example and simulation results

Using the Fig. 4 as a reference, the design of an MPPT stage for
a 380 W solar panel has been proposed, so that it delivers the
generated power over a DC bus, which is assumed to be
stabilized at 400 V. A monocrystalline solar module from ERA

solar (72 cells Mono PERC technology) was used for
evaluation, specifically model ESPSC 380M. Its main
parameters under STC conditions are as follows:

MPP voltage = 40.5 V

MPP current =9.39 A

MPP power =380 W

Open Circuit Voltage = 48.9 V
Short Circuit Current =9.75 A
Module efficiency = 19.16 %

The solar module has been modeled using the free software
LTspice and has been simulated in STC conditions (Irradiance
1000 W/m? and temperature 25 °C). The data used for the
design and simulation of the TSF with ACC are as follows:

e  Output voltage Vbus =400 V

e  Switching Frequency Fs = 20 kHz

e  Transformer turn-ratio 1:10 (n=10)

e  Magnetizing Inductance Lm =1 mH

e Leakage Inductance Lk = 5% Lm

e  Clamp Voltage in the ACC Vclamp =200 V

e Input capacitor Cin = 470 pF
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Fig. 11 Control structure to use TSF with ACC as MPPT stage.

Only for topology evaluation purposes, Fig. 11 shows the
strategy will be to implemented to regulate the input voltage
(Vin) and subsequently implement MPPT algorithm. The
objective of the MPPT algorithm will be to perform an active
search for Vin voltage so that the panel works at its maximum
voltage point (Perturb, Wait and Observe — PWO algorithm
have been implemented). In STC conditions, this voltage should
be 40.5 V for the ESPSC 380M solar panel used in the design.
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Fig. 12 Detail of MPPT algorithm implemented for topology
validation (Perturb, Wait and Observe — PWO)

The Fig. 12 shows the operation detail of the well-known
Perturb, Wait and Observe (PWO) algorithm implemented with
irradiance 1000 W/m? and with irradiance 500 W/m?, details of
algorithm implementation are not included in this work and it
has been implemented only to validate the new proposed
topology. The well-known PWO algorithm is not the goal of
this work.



A delay in the start of operation of the MPPT algorithm of 4 mS
has been introduced to allow time for the correct charging of the
input capacitor (Cin), as shown in the waveforms (duty cycle
remains to zero during this initial interval).
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Fig. 13 Detail of current in diodes and MOS switches in
MPPT point (380 W).
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The Fig. 13 shows the main current waveforms in the diodes and
MOS switches of the circuit, obtained at the MPP point on the
PV- panel (380 W). According theoretical equations, it can be
seen how during the ON1 interval, both MOS transistors enter in
conduction at zero current (zero turn-on switching losses).
Gradually its current is increasing and  consequently reducing
the current in the output diode (D3).

Then, the turn-off process of the output diode (D3) is soft,
drastically reducing the effects of recovery time on the
conduction output of this diode. This is one of the main effects of
the leakage inductance used in advantage in the proposed
topology. Highlight the energy recovered through diodes D1 and
D2, which presents an average value of 783.4 mA. Considering
the clamp voltage (Vciamp) of 200 V used in the design, this
means an average power of 156 W has been recovered through
the ACC module.

For comparison, a traditional Flyback converter used as MPPT
stage handling the power of 380 W and with these losses due to
the large leakage inductance (156 W) would be totally unfeasible
and unthinkable. However, the incorporation of this auxiliary
ACC converter, allows recovering this energy and significantly
improving the conversion efficiency in spite of the large leakage
inductance in the isolation transformer. Hotwithstanding, the
smaller the dispersion inductance, the less energy it will need to
handle in this auxiliary ACC converter and the higher the overall
efficiency will be. The addition of these additional elements, the
quality of the overall operation of the converter has improved
significantly.

4. Conclusion and future works

The modification of the TSF converter by incorporating an
auxiliary converter (denoted as ACC), greatly improving the
possibilities of using this power stage as the first MPPT stage in a
solar grid-tie micro-inverter (solar GTI). The design equations for
this new converter in steady state have been established and a
new degree of freedom (Vclamp) is incorporated into the design.
The entire systematic design process (design guide), the dynamic
modeling of the converter to optimize the regulator design and
the details of the implemented MPPT algorithm will be presented
in future works. The next step should be to build an experimental
laboratory prototype and verify the real efficiency with a
practical implementation of the proposed converter.
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