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Abstract— For flyback micro-inverters, Boundary Conduction
Mode (BCM) and Discontinuous Conduction Mode (DCM)
control strategies are widely used. Loss analysis is investigated
for the interleaved flyback micro-inverter under BCM and
DCM control strategies under different load condition. The
BCM and DCM control strategies have different impact on the
loss distribution and thus the efficiency of the flyback microinverter. Based on the loss analysis, a new hybrid control
strategy combing the two-phase DCM and one-phase DCM
control is proposed to improve the efficiency in wide load range
by reducing the dominant losses depending on the load current.
The experimental results verified the benefits of the proposed
control.
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I.
INTRODUCTION
Photovoltaic micro-inverter is recognized as an attractive
solution for the residential utility-interactive PV system.
Compared to the conventional centralized, string and multistring inverters, micro-inverter has several advantages include
more flexibility in system expansion, less installation cost,
lower manufacturing cost through mass production, and higher
maximum power point tracking (MPPT) efficiency [1].
The topologies of the single-phase grid-connected PV
inverters are reviewed in [2]-[3]. The micro-inverter derived
from the flyback converter, named as the flyback inverter, is
widely used to its simple structure, lower cost and higher
efficiency [4]. A single stage flyback inverter with the centertapped secondary winding was presented in [5]. Each of the
secondary winding transfers the energy to the AC side during
*
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a half line period with two additional MOSFETs. A modulated
flyback DC/DC converter followed by a CSI was presented in
[6]. The SCRs are used in the unfolding stage to reduce the
cost and conduction loss. A dual mode switching strategy for
the center-tapped secondary winding flyback inverter was
presented in [6]-[8]. The BCM and DCM modulation methods
were used simultaneously during a half line period, because
BCM is suitable to high power levels and DCM is better for
low power levels as far as the efficiency is concerned.
In this paper, the BCM and DCM control strategies are
investigated of the interleaved flyback micro-inverter
concentrating on the loss analysis under different load
condition respectively. The advantages of two-phase DCM
operation are the current sharing and the reduction of the
current stress between two interleaved phases. On the other
hand, the advantage of one-phase DCM operation is the
reduction of the transformer core loss, the driving loss of the
power MOSFETs. Therefore, two-phase DCM and one-phase
DCM can be used simultaneously according to different
output power during a half line period. Combining the twophase DCM and one-phase DCM control, a new hybrid
control method is proposed for the interleaved flyback microinverter to achieve high efficiency in wide load range.
Moreover, the proposed control method is compatible with the
digital implementation and requires no additional auxiliary
circuitry.
II.

ANALYSIS OF FLYBACK INVERTER UNDER
BCM AND DCM

A. Topology of the Interleaved Flyback Micro-Inverter
Fig. 1 shows the main circuit of the interleaved flyback
micro-inverter. Fig. 2 shows the principle of the microinverter. In interleaved flyback inverter, each phase is phaseshifted 180° for every switching cycle to achieve equivalent
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double switching frequency and so to reduce the current
ripple. The SCR bridge, which contains four SCRs, operates
in the complementary mode at line frequency to change the
polarity of output current filtered by filter inductor Lf and
capacity Cf. That means, the operation of interleaved flyback
is exactly the same during each half line frequency period.

Fig. 3

Fig. 1

Loss distribution under BCM and DCM: half load condition

Main circuit of the interleaved flyback micro-inverter

Fig. 4

III.

Calculated efficiency comparison of BCM and DCM

PROPOSED HYBRID CONTROL METHOD AND PRICIPLE
OF OPERATION

A． Loss Analysis of DCM
Fig. 2

Operation principle of the interleaved flyback micro-inverter

B. Comparison of BCM and DCM
The dominant losses with heavy load include the
conduction loss of the MOSFETs and diodes, and the core loss
and copper loss of the transformer, while the dominant losses
with light load include the driving loss, turn-off loss of the
MOSFETs and the transformer core loss. Under DCM, a
Constant Switching Frequency (CSF) control is applied, while
a Variable Switching Frequency (VSF) control is applied to
achieve a sinusoidal waveform. The range of the switching
frequency increases dramatically as the power level decreases
for the flyback micro-inverter under BCM.

Fig. 5 shows the calculated loss distribution of a 200 W
interleaved flyback inverter under 100% and 25% load
respectively. It is observed that the dominant losses with
heavy load include the conduction loss of the power
MOSFETs Pmos and diodes Pdiode, the transformer core loss
Pcore and copper loss Pcu, whereas the dominant losses with
light load include the gate driving loss Pdrive, the turn-off loss
Poff of the power MOSFETs and the transformer core loss
Pcore. Therefore, minimizing the dominant losses according to
load condition is an effective way to optimize the efficiency
in wide load range.

For simplicity, 1Φ DCM represents only one phase
operation and 2Φ DCM represents two phases operation
Fig. 3 shows the loss distribution comparison under BCM under the interleaved mode. On the one hand, the 2Φ DCM
and DCM under half load condition. Fig. 4 shows the operation shares the current and reduces the current stress
calculated efficiency of the interleaved flyback micro-inverter between two interleaved phases. This is beneficial to reduce
under DCM and BCM respectively. The specifications are as the conduction loss and turn-off loss of the power MOSFETs
follows: input voltage Vdc=36~60 V; grid voltage: Vg=220 and diodes, as well as the copper loss of the transformer
VAC; grid frequency: fgrid=50 Hz; switching frequency: under heavy load condition. On the other hand, the 1Φ DCM
fs=100 kHz. The components of the power train are as follows: operation minimizes the gate driving loss of the power
the transformer: Lp=28 μH, Ls=112 μH; S1 and S2: MOSFETs as well as the core loss of the transformer under
SPW52N50C3 (560 V/52 A from Infineon); D1 and D2: light load condition.
IDP12E120 (1200 V/12 A from Infineon); S3-S6: S8016N
Based on the loss analysis, Fig. 6 shows the efficiency of
(800 V/16 A from Teccor). In this paper, the loss analysis is the interleaved flyback inverter under 1Φ DCM and 2Φ DCM
based on the above specifications.
operation. It is noted that the efficiency improves while
It is noted that the turn off loss (Poff) and the gate driving operating under 1Φ DCM within the power range of 105 W.
loss (Pdrive) under BCM are much higher than DCM due to the Actually, 2Φ DCM and 1Φ DCM can be used simultaneously
large switching frequency bandwidth of BCM. This translates to modulate the interleaved flyback inverter depending on the
load current during a half line period.
into a significant reduction of the light load efficiency.
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Fig. 5

Estimated Loss distribution of DCM under different load
condition

Fig. 7

Operation region of the 1Φ DCM and 2Φ DCM

C. Design and Analysis of the Reference Signal
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
firstly. Fig. 8 shows the equivalent circuit of the single flyback
inverter during a half line period.
ip

is
T1

Fig. 6

Calculated efficiency of the micro-inverter under 1Φ DCM and
2Φ DCM

Np1

B. Proposed Hybrid Control Method

The idea here is to combine the advantages of 2Φ DCM
and 1Φ DCM adaptively to the load current during a half line
period with the phase shedding technology, so that the
efficiency can be optimized in wide load range. Fig. 7 shows
the operating region of 1Φ DCM and 2Φ DCM during a half
line period.
In Fig. 7, 2Φ DCM is employed when load current is high
and 1Φ DCM is employed when the load current under a
certain level. Thus, the dominant losses are reduced depending
on the load current and higher efficiency can be achieved in
wide load range. Moreover, the proposed control is compatible
with the digital implementation. It should be noted that as Po
decreases, the 2Φ DCM region decreases simultaneously. In
particular, when Po decreases to a certain level, the hybrid
modulation merges into only 1Φ DCM.

Ns1

Cf

vgrid

Cdc

PV

The conventional DCM control only shuts down one
phase when the load reduces to some power level. Actually,
during the half line period, either 2Φ DCM or 1Φ DCM
control can be applied. It is noticed that the output power Pout
during a half line period is a pulsating power following a
squared sine wave. The output power Pout in a half line period
is
(1)
Pout = 2Po sin 2 (ωt )
where Po presents the average value of the output power
delivered to the grid.

Lf

D

S1
Fig. 8

Equivalent circuit of the single flyback inverter

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 the gird
voltage vg (t) and the secondary inductance Ls. The turn-on
time Ton and turn-off time Toff in every switching period are

Ton =

Lp ⋅ I p

Toff =

(2)

Vdc

Ls ⋅ I s
vg (t )

(3)

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

I p = iref
Is = I p ⋅

Lp

= iref ⋅

(4)
Lp

(5)
Ls
Ls
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.
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iout =

I s ⋅ Toff

(6)

2Ts
Considering the above equations, the relationship between
iout and iref is

iref = sin(ωt )

2 I out ⋅ Vo
Po1
= 2sin(ωt )
Lp ⋅ f s
Lp ⋅ f s

(7)

where Iout is the peak value of iout; Vo is the peak value of
vg (t) and Po1 is the average output power of each phase. For
2Φ DCM operation, Po=2Po1. The above equation can be
rewritten as

iref = sin(ωt )

2Po
Lp ⋅ f s

(8)

For the interleaved flyback micro-inverter with the
proposed control method, the current reference iref1 and iref2
during a half line period are

⎧
Po
⎪2sin(ωt )
L
p ⋅ fs
⎪
iref 1 = ⎨
2Po
⎪
⎪sin(ωt ) L ⋅ f
p
s
⎩
2Po
iref 2 = sin(ω t )
Lp ⋅ f s

IV. EXPERIMENTAL RESULTS AND DISCUSSION
To verify the proposed hybrid control method, a prototype
of 200 W has been built. The specifications are the same as
the analysis in Section V. A PV array simulator is used to
verify the MPPT function of the proposed control. The major
components used in the circuit are listed as follows: S1 and S2:
SPW52N50C3; D1 and D2: IDP12E120; S3-S6: S8016N; the
transformer: RM12, LP=28 μH, Ls=112 μH, Lk=0.55 μH; the
output filter inductance: Lf=600 μH; the output filter capacitor:
Cf=0.33 μF.
The photo of prototype is illustrated in Fig. 10. A halleffect sensor BJHCS-PS5 is used to sample the input current
and an isolation amplifier HCPL-7840 is used to sample the
input voltage. Therefore, the input power can be obtained.
Two relays are used to achieve grid connection. A Freescale
DSP MC56F8257 demo board is used to implement the
proposed hybrid control.

( t < t c1 , t > t c 2 )

(9)
( t c1 < t < t c 2 )

(tc1 < t < tc 2 )

(10)

As analyzed in Section III, the cross point of the
efficiency curves under 2Φ DCM and 1Φ DCM is 105 W
power level as illustrated in Fig. 6. For the convenience of
calculation, 100 W is designed as an optimal boundary
condition of 1Φ DCM and 2Φ DCM in this case. As a result,
tc1 and tc2 can be obtained from (11) as shown in Fig. 7.

Fig. 10

Photo of the prototype

Fig. 11 shows the gate drive voltage and the primary
current of phase 1 and phase 2 under different load condition.
sin(ω tc1 ) = sin(ω tc 2 ) =
(11) It is observed that as the power level decreases, the 2Φ DCM
region decreases accordingly. When the power level decreases
below 50 W, the hybrid modulation with 2Φ DCM and 1Φ
D. Control Diagram of the Micro-Inverter
DCM merges into only 1Φ DCM region as shown in Fig. 11
Fig. 9 shows the control block diagram of the interleaved (c). This means the proposed control has the capability to
flyback inverter with the proposed control. The control blocks achieve phase-shedding inherently.
are implemented by Freescale DSP MC56F8257. In Fig. 9,
Phase Locked Loop (PLL) is used to detect the phase angle,
amplitude and frequency of the grid voltage. MPPT block is
used to track the maximum power point of the PV panel.
200 50
=
Po
4Po

Fig. 9

(a)

Control diagram of the micro-inverter
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Full load condition

(b)

(c)
Fig. 11

Half load condition

(b)

Quarter load condition

(c)

Gate drive voltage and primary current of Phase 1 and Phase 2
under different condition

Fig. 12

Fig. 12 shows the expanded waveforms of the gate drive
voltage and the primary current of phase 1 and phase 2 under
different load condition. From Fig. 12 (a) and Fig. 12 (b), the
micro-inverter operates under the interleaved mode at 2Φ
DCM region. Fig. 12 (c) shows that phase 2 is shut down
when the power level decreases below 50 W.

(a)

Half load condition

Quarter load condition

Gate drive voltage and primary current of Phase 1 and Phase 2
under different condition (expanded)

Fig. 13 shows the gird voltage and output current under
different load condition. The output current is able to catch up
with the gird voltage with a sinusoidal waveform, and high
power factor is achieved under different load condition.

Full load condition

(a)
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Full load condition

(b)

V. CONCLUSION
In this paper, the loss distribution and the efficiency of the
interleaved flyback micro-inverter under BCM and DCM are
investigated analytically under different power levels. It is
found that DCM is a better choice than BCM within the power
range of 200 W. For the interleaved flyback micro-inverter,
the dominant losses with heavy load include the conduction
loss of the power MOSFETs and diodes, and 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 2Φ
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 1Φ DCM reduces the driving loss of the main
MOSFETs and the core loss of the transformer under light
load condition. A new hybrid control strategy combining the
2Φ DCM and 1Φ DCM control during a half line period is
proposed. With the proposed control strategy, high efficiency
can be achieved in wide load range by reducing the dominant
losses depending on the load current.

Half load condition

The experimental results verified the proposed control
with the MPPT function. With the proposed control, the
efficiency is improved around 4% under light load condition.
Even under heavy load condition, the efficiency could be
improved by 0.7%. Moreover, the proposed control method is
compatible with the digital implementation and requires no
additional auxiliary circuitry.
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