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INTRODUCTION more than 90% as reported). Moreover, the
complexity and additional components of the

The interest in exploring renewable energies has
grown in the last years due to the energy crisis.
Photovoltaic (PV) sources are predicted to have the
highest increase 30% in the next decade and to be the
biggest contributor on the electricity generation. A
PV ac module, which is also called the microinverter,
is becoming more and more popular and the power
range is normally up to about 200 W.

Compared to the conventional centralized, string
and multistring inverter, the microinverter has many
advantages such as higher maximum power point
tracking (MPPT) efficiency and lower manufactur
ing cost through mass production, as well as safe and
simpleinstallation.With the rapid development of the
market, a lot of researchwork has been done with the
topologies and control methodsof the microinverters.
Normally, a boost stage is used to boost the low
voltage source provided by the PV panel. An ac
module based on dc bus was presented. A modulated
boost stage is used to generate a rectified sinusoidal
waveform and a current source inverter (CSl) is used
to unfold the rectified waveform into the grid. These
topologies usually achieve high efficiency under
heavy load, but low efficiency under light load (no

previous topologies also result in high cost and low
power density as a PV ac module. Alternatively,
themicroinverter derived from the flyback converter,
named as the flyback inverter, is widely used due to
its simple structure, lower cost, and higher
efficiency.

A flyback dc/dc converter with high frequency
isolation along with a H-Bridge pulse width
modulation (PWM) inverter offers a simple two-
stage approach. A high dc bus voltage allows for the
low decoupling capacitance. But both stages operate
at high frequency, the total losses are relatively high.
A single-stage flyback inverter with the center-
tapped secondary windingwas presented. Each of the
secondary winding transfers the energy to the ac side
during a half-line periodwith two additional
MOSFETs. A modulated flyback dc/dc converter
followed by a CSI was presented.

The SCRs are used in the unfolding stage to
reduce the cost and conduction loss. To further
improve the efficiency, a soft-switching-interleaved
flyback microinverter under boundary conduction
mode (BCM) was presented. Active clamp and
synchronous rectifier technology were adopted. But
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additional auxiliary circuit components are required
and this results in higher cost, lower power density,
and complex control as a PV ac module. A
multiphase-interleaved flyback microinverter with
the hybridcontrol scheme including the interleaved
mode and quasiresonant mode is proposed by
Emphas Technology.

But either a simple flyback mode or an
interleaved flyback mode is applied during a half-line
period depending on the output power of the PV
panel, which limits the further improvement of the
efficiency. A dual-mode switching strategy for the
center-tapped secondary winding flyback inverter
was presented.

The BCM and discontinuous conduction mode
(DCM) modulations were used simultaneously
during a half-line period, becauseBCM is more
suitable to high-power levels and DCM is betterfor
low-power levels as far as the efficiency is
concerned.Owing to the combined control strategy,
higher  efficiency  canbeachieved over the
conventional BCM control method withoutadditional
cost. The reference signal design with the
similarcontrol strategy for the single flyback
converter with a CSI was proposed.

However, the optimal boundary point
betweentheBCMandDCMare applied to is not
clarified regarding to theinterleaved
microinverters.The two phase inverters are
modulated with the same control strategy during the
half-line period,and this limits the efficiency
improvement within wide load condition. More
importantly, the boundary condition of the hybrid
control with BCM and DCM is not analyzed, which
is so important to design the power stage and the
controller for the optimization of the overall
performance.

In this paper, the BCM and DCM control
strategies are investigated of the interleaved fly back
microinverter concentrating onthe loss analysis under
different load conditions, respectively.lt is noted that
the DCM control strategy achieves higher
efficiencyover BCM for the application of the
interleaved fly back micro inverter within the power
range of 200W.

The advantagesof two-phase DCM operation are
the current sharing and thereduction of the current
stress between two interleaved phasesso that the
conduction loss and turn-off loss of the power
MOSFETsand diodes as well as the copper loss of
the transformercan be reduced with higher output
power. On the other hand,the advantage of one-phase
DCM operation is the reduction ofthe transformer
core loss, the driving loss of the power
MOSFETswith lower output power. Since the output
power is apulsating power following a squared sine
wave, the idea here isto combine two-phase DCM
modulation and  one-phase  DCMmodulation
simultaneously according to different output
powerduring a half-line period.So that the dominant

losses can beoptimized and high efficiency is
achieved in wide load range.

In addition, the proposed control method is
compatible withthe digital implementation and
requires no additional auxiliarycircuitry.Section Il
presents the analysis of the interleaved
flybackmicroinverter under BCM and DCM. Section
Il presents theproposed control method and its
principle of operation. SectionlVV presents the
hardware and software design. The simulationresults
are also provided in Section V. Section VI contains
theexperimental results and discussion. SectionVII
provides a briefconclusion.

Analysis Of Flyback Inverter Under Bcm And Dcm:
A. Topology of the Interleaved Flyback
Microinverter:

Fig. 1 shows the main circuit of the interleaved
flyback inverter.The inverter comprises of two-
phase-interleaved  flyback  converters and a
CSl.S1andS6 are the main power switches; D1 and
D2 are the rectifier diodes; NP 1 and NP 2 are the
primary windings, and NS1 and NS2 are the
secondary windings.S3— S6 form the CSI to unfold
the rectified sinusoidal waveform into the grid. S3
and S6 turn ON during the positive-half grid period,
while S4 and S5 turn ON during the negative-half
grid period. Fig. 2 shows the current waveforms of
the interleaved flyback inverter.

Each phase is 180- phase shifted in one
switching period to achieve ripple cancelation. Thus,
a lower output filter inductance can be used.

B. Comparison of BCM and DCM:

Fig. 3 shows key waveforms of the interleaved
flyback microinverter under BCM and DCM,
respectively. Under DCM, a constant switching
frequency control is applied.A variable switching
frequency isapplied under BCM to achieve
sinusoidal output current waveform. It is noticed that
the output current frequency is twice of the switching
frequency, which leads to the output filter inductance
reduction and higher power density can be achieved.

The dominant losses with heavy load include the
conduction loss of the MOSFETS and diodes, and the
core loss and copperloss of the transformer, while the
dominant losses with lightload include the driving
loss, turn-off loss of the MOSFETs and the
transformer core loss. The range of the switching
frequency increases dramatically as the power level
decreases for the flyback microinverter under BCM.
For the microinverter with two phases, the switching
frequency range varies from 113 to 480 KHZ under
BCM at the power level of 200 W. This causes the
driving loss and turn-off of the MOSFETS to increase
significantly. Therefore, the efficiency under BCM is
much lower than DCM under the light-load
condition. Table 1 shows the loss distribution
comparison under BCM and DCM under the halfload
condition. The specifications are as follows: input
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voltage:Vdc = 36-60 V; grid voltage: Vg = 220
VAC; grid frequency: fgrid = 50 Hz; switching
frequency: fs = 100 kHz.

Fig. 1: Interleaved flyback inverter.
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Fig. 3: Key waveforms of the interleaved flyback inverter under BCM and DCM. (a) BCM. (b) DCM.

Table |: Estimated Loss Distribution Under Bcm And Dc Forthemicroinverter With Two-Phase Operation.

DCM BCM
Loss Percentage Loss Percentage
Pog 0.80 W 18.3% 250 W 31.5%
Pirive 0.83 W 18.9% 283 W 35.7%
P 0.60 W 13.7% 0.40 W 5.04%
- 0.84 W 19.2% 0.99 W 12.5%
P 071 W 16.2% 0.89 W 11.2%
Piiode 0.60 W 13.7% 032w 4.04%
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The components of the power train are as
follows: the transformer:Lp = 28 pH, Ls = 112 uH;
S1 and S2 : SPW52N50C3(560 V/52 A from
Infineon); D1 and D2 : IDP12E120(1200 V/12 A
from Infineon); S3-S6 : S8016N (800 V/16 Afrom
Teccor). The detailed design procedure is provided
inSection 1V.

In this paper, the loss analysis is based on the
previousspecifications.Fig. 4 shows the calculated
efficiency of the interleaved flybackmicroinverter
under DCM and BCM, respectively. It isnoted that
the turn-off loss Poff and the gate driving loss
Pdriveunder BCM are much higher than DCM.

This translates into asignificant reduction of the
light load efficiency.A comparison of the
microinverter under BCM and DCMis shown in
Table I1. Based on the previous analysis, it shouldbe

pointed that for the application of the interleaved
flybackmicroinverter, within the power range of 200
W, DCM has theadvantage over BCM. However, it
should be noted that evenunder DCM,
themicroinverter suffers low efficiency when
theloadcurrent reduces.

Since the peak current controlis used
underBCM, both primary and secondary current of
the transformerneed to be sensed. While for the
DCM control, the currentprogrammed control is used
and only the output current is sensed. The total
harmonic distortion (THD) of the DCM operation is
3.79% as illustrated. Due to the large frequency
bandwidth, BCM achieves lower THD as 2.459% .
proposed control only uses the DCM modulation, the
THD of the output current will meet the industrial
requirement (<5%)such as IEC 61727.
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Fig. 4: Calculated efficiency comparison under DCM and BCM for the microinverterwith two phase.

Table 11: Comparison Of Bcm And Dcm.

Table 111: Estimated loss distribution of DCM under different load conditions for the microinverter with two-phase operation.

BCM DCM

Switching frequency VSF CSF
Power transfer High Low
Peak current sensing Yes No
Control Complex Easy

THD Low High

Loss under light load High Low

Full load Quarter load
Percentage Percentage

10.5%

0.83W

022w
155% | 027W

122 W 8.1%

Piode 9.1%

111. Proposed Control Method And Principle of
Operation:
A. Loss Analysis of DCM:

Table Il shows the calculated loss distribution
of a 200-W-interleaved fly back inverter under 100%
and 25% load, respectively. It is observed that the
dominant losses with heavy load include the

conduction loss of the power MOSFETSs ,P mos and
diodes P diode, the transformer core loss P core and
copper loss P cu , whereas the dominant losses with
light load include the gate driving loss P drive , the
turn-off loss P off of the power MOSFETS and the
transformer core loss P core .
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Therefore, minimizing the dominant losses
according to load condition is an effective way to
optimize the efficiency in wide load range. For
simplicity, 1®& DCM represents only one phase
operation and 2@ DCM represents two phases
operation under the interleaved mode. On the one
hand, the 2& DCM operation shares the current and
reduces the current stress between two interleaved
phases.

This is beneficial to reduce the conduction loss
and turn-off loss of the power MOSFETS and diodes,
as well as the copper loss of the transformer under
the heavy-load condition. On the other hand, the 1®
DCM operation sheds the additional phase of the
microinverter, which minimizes the gate driving loss
of the power MOSFETSs as well as the core loss of
the transformer under the light-load condition.
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Fig. 5: Calculated efficiency of the inter leaver fly back inverter.

Based on the loss analysis, Fig. 5 shows the
efficiency of the interleaved fly back inverter under
1® DCM and 2® DCM operation. For the sake of the
output power, the maximum power transferred by

A

1® DCM
Pou(t)| region

2® DCM
region

each phase is about 125W under DCM operation. It
is noted that the efficiency improves while operating
under 1® DCM within the power range of 105 W.
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Fig. 6: Output power curve with 1® DCM and 20DCM for the interleavedflyback microinverter Actually, 2@
DCMand 1® DCM can be used simultaneously to modulate the interleavedflyback inverter depending

on the load current duringa half-line period.

B. Proposed Hybrid Control Method:

From the previous analysis, it is interesting to
notice that the advantage of 2& DCM operation is
current sharing betweentwo phases. The conduction
loss and turn-off loss of the powerMOSFETs and
diodes and the copper loss of the transformercan be
reduced when the load current is high. Thel® DCM
operation reduces the driving loss of the power
MOSFETs and the transformer core loss.The
conventional DCM control only shuts down one
phase when the load reduces to some power level.
Actually, during the half-line period, either 20 DCM
or 1® DCM control can be applied.

It is noticed that the output power pout (t) during
a half-line period is a pulsating power following a
squared sine wave: Pout(t) = 2Po sin2 (wt) (1) where
Po presents the average value of the output power
delivered to the grid.

The idea here is to combine the advantages of
2® DCM and1®DCMadaptively to the load current
Duringwhich is similar to the phase shedding
technology sothat the efficiency can be optimized in
wide load rang. Fig. 6shows the operating region of
1® DCM and 2® DCM duringa half-line period.

In Fig. 6, 20 DCM is employed when
loadcurrent is high and 1® DCM is employed when
the load currentis under a certain level. In this way,
the dominant losses arereduced depending on the
load current and higher efficiency canbe achieved in
wide load range. Moreover, the proposed control is
compatible with the digital implementation without
additional cost.

It should be noted that as Po decreases, the
20DCM region decreases simultaneously. In
particular, when Po decreases to a certain level, the
hybrid modulation merges into only 1® DCM. In
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additional, it should be noted that 2d DCM and 1®
DCM modulations operate simultaneously during a

[J
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half-line period since the proposed control is based
on the instantaneous power delivered to the grid.

Is

SYY YL
Ly

Vgrid

oL
[

Il
| % |
Ti D
L]
Nyt Nsq
L ]
1Cue
PV | — J
S

Fig. 7: Equivalent circuit of a single-phase flyback inverter.

C. Analysis and Design of Reference Signal for the
Proposed Control:

For the proposed control method, the reference
signal iref is used to generate the modulated duty
cycles and needs to be well designed so that high
efficiency and low THD can be achieved. Since the
equivalent circuits of the two modules are similar,
DCM of a single-phase flyback inverter is analyzed
first. Fig. 7 shows the equivalent circuit of the single
flyback inverter during a half-line period.

During the S1 ON time, the primary current ip
increases gradually in a linear relationship with the
input voltage Vdc and the primary inductance Lp.
During the S1 OFF time, the second current is
decreases in a linear relationship with thegird voltage
vg (t) and the secondary inductance Ls . The turn-on
time Ton and turn-off time Toff in every switching
period are where Ip and Is are the peak value of ip
and is in each switching period, respectively. Since
Ip equals the reference signal iref , the relationships
of Ip and Is are.

_ Lp ’ Ip
T = A (2)
La * IE
Tog = (3)
vg(t)
Ip = U {4]

Ia:Ip'\/?:iml‘\/LEl {5]

There is an approximation relationship as (6),
where the RMS value of the output current iout
equals the average value of is in every switching
period.

Design Procedure And Implementation:
A. Design Example:

Based on the previous analysis, the interleaved
flyback inverterof 200 W is presented as a design
example and verifiesthe proposed hybrid control
method. The specifications are asfollows: input

voltage [maximum power point (MPP)]: Vdc =50 V;
grid voltage: 220 VAC; grid frequency: fgrid = 50
Hz;switching frequency: fs = 100 kHz; transformer
turns ratio: n = Np/Ns = 0.5. It should be mentioned
that the turns ratio has a close relationship with the
voltage and current stress of each component.

B. Realization of MPPT:

The PV array under uniform irradiance exhibits
a currentvoltage characteristic with a unique point,
called theMPPT, herethe array produces maximum
output power. Fig. 8(a) shows an example of the PV
module characteristics in terms of the PVoutput
current versus the voltage. Fig. 8(b) shows the
outputpower versus the current for different
irradiance levels G.

Asnoted in Fig. 8, since the I — V characteristic
of the PV array,and hence its MPP, changes as a
consequence of the variationof the irradiance level, it
is necessary to track continuously theMPP in order to
maximize the power output from a PV systemas far
as the PV system efficiency is concerned.There are
many different control algorithms that have
beenproposed to realize the MPPT, such as the
perturb  and observe(P&QO), the incremental
conductance, the fuzzy logic and theneural network,
etc. concerned.

In this paper, the P&O technique is usedowing
to its simple implementation and low cost.

C. Design of the Input Capacitance:

For the single-stage grid-connected
microinverter, the MPPT provides the constant
output power from thePVpanelPpv ,while the power
transferred to the grid pout () is a
pulsatingwaveform as shown in (1). Generally, the
electrolytic capacitor is used to measure the
unbalance of the input and output power .

When Ppv is surplus to pout (t), the reminded
power is stored into the decoupling capacitor. On the
contrary, when Ppv is smaller thanpout (t), the
decoupling capacitor delivers the power to theoutput.

The input and output waveforms are shown in
Fig. 9. The value of the decoupling capacitor is
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determined by the energy that has to be stored in the
capacitor, whose size is

P

FY

Cae = Vi AV

(23)
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Fig. 8: PV module characteristics for different irradiance levels G. (a) Output current versus voltage. (b) Output
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Fig. 9: Input and output waveforms.

where @ is the angle frequency of the grid
voltage, and AV is the maximum peak-to-peak ripple
voltage of the input capacitor.For Ppv = 200 W, w =
2zf = 1007, Vdc = 50 V, and AV= 2 V, the required
input capacitance is Cdc = 6.37 mF. Fourl.8-mF
electrolytic capacitors are paralleled with lower ESR.

=
Tiina

D. Software Design:

Fig. 10. shows the control block diagram of the
interleavedflyback inverter with the proposed
control. The control blocks are implemented by
Freescale DSP MC56F8257. In Fig. 10, hase-locked
loop is used to detect the phase angle, amplitude, and
frequency of the grid voltage. An MPPT block is
used to track the MPP of the PV panel.

DC/

PV

Unfolding Vgrid (:l )
fout
i :

Current

Vae

Regulator "rv"t ”

MPPT |

Fig. 10: Control diagram of an interleaved flyback microinverter.

In the ADC interrupt, Vdc, Idc, Vgrid, and lout
are sampled. The conversion results are used to
achieve the zero-crossing detecting and calculate the
input power Ppv . Timer 1 is used to generate a 20
kHz periodic interrupt, in which the reference signal

irefl and iref2 can be calculated.Then, irefl and iref2
are sent to the PWM reload interrupt inorder to
calculate the duty cycle of each phase.
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Simulation Results And Discussion:

A simulation model of the proposed control has
been developed.

The specifications of the interleaved flyback
microinverterare as follows: input voltage Vdc =36—
60V; Grid voltage grid =220 Vac ; grid frequency:

voltage

fgrid = 50 Hz;switching frequency fs= 100 kHz; Gate
drive voltage Vg = 15 ;primary inductance:LP = 28
uH,and the turns ration = 0.
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Fig. 14: Inverter Switching Frequency.

Experimental Results and Discussion:

To verify the proposed hybrid control method, a
prototype 0f200 W has been built. The specifications
are the same as theanalysis in Section V. A PV array
simulator is used to verifythe MPPT function of the
proposed control.

I
003 003 003 00 (ilis:]

Time

The major componentsused in the circuit are
listed as follows: S1 and S2 SPW52N50C3; D1 and
D2 : IDP12E120; S3-S6 : S8016N; thetransformer:
RM12, LP =28uH, Ls =112uH,Lk =0.55 uH;the
output filter inductance:Lf = 600 xH; the output filter
capacitor:Cf = 0.33 uF.
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Fig. 15: Photograph of a prototype.

The photograph of a prototype is illustrated in
Fig. 15.

A halleffectsensor BJHCS-PS5 is used to sample
the input current andan isolation amplifier HCPL-
7840 is used to sample the inputvoltage.

Therefore, the input power can be obtained. A
halleffect-based  linear  current  sensor IC
ACS712ELCTR-05B-T isused to sense the output
current. Two relays are used to achievegrid
connection. A Freescale DSP MC56F8257 demo
board isused to implement the proposed hybrid
control.

Conclusion:

This project has presented Photovoltaic Grid-
Tied-Interleaved Flyback Microinverters to Achieve
High Efficiency in Wide Load Range Simulation
results are obtained, showing a good agreement with
the theoretical analysis. The loss distribution and the
efficiency of the interleaved flyback microinverter
under BCM and DCM are investigated analytically
under different power levels. It is found that DCM is
a better choice than BCM with in the power range of
200 W. For the interleaved flyback microinverter, the
dominant losses with heavy load include the
conduction loss of the power MOSFETS and diodes,
the core loss and copper loss of the transformer,
while the dominant losses with light load include the
gate driving loss, turn-off loss of the power
MOSFETs and the transformer core loss. The 20
DCM operation shares the current and reduces the
current stress between two interleaved phases. The
conduction loss and turn-off loss of the power
MOSFETs and diodes and the copper loss of the
transformer can be reduced at heavy load, and the 1®
DCM reduces the driving loss of the main MOSFETSs
and the core loss of the transformer under the light-
load condition. A new hybrid control strategy
combining the 20 DCM and 1® DCM control during
a half-line period is proposed. With the proposed
control strategy, high efficiency can be achieved in
wide load rang by reducing the dominant losses
depending on the load current.

AC Voltage
Sample
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