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

TABLE I
ESTIMATED LOSS DISTRIBUTION UNDER BCM AND DC FOR THE

MICROINVERTER WITH TWO-PHASE OPERATION

components of the power train are as follows: the transformer:
Lp = 28 μH, Ls = 112 μH; 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 A
from Teccor). The detailed design procedure is provided in
Section IV. In this paper, the loss analysis is based on the previ-
ous specifications.

Fig. 4 shows the calculated efficiency of the interleaved fly-
back microinverter under DCM and BCM, respectively. It is
noted that the turn-off loss Poff and the gate driving loss Pdrive
under BCM are much higher than DCM. This translates into a
significant reduction of the light load efficiency.

A comparison of the microinverter under BCM and DCM
is shown in Table II. Based on the previous analysis, it should
be pointed that for the application of the interleaved flyback
microinverter, within the power range of 200 W, DCM has the
advantage over BCM. However, it should be noted that even
under DCM, the microinverter suffers low efficiency when the
load current reduces. Since the peak current control is used under
BCM, both primary and secondary current of the transformer
need to be sensed. While for the DCM control, the current pro-

Fig. 4. Calculated efficiency comparison under DCM and BCM for the mi-
croinverter with two phase.

TABLE II
COMPARISON OF BCM AND DCM

grammed control is used and only the output current is sensed.
The total harmonic distortion (THD) of the DCM operation is
3.79% as illustrated in [24]. Due to the large frequency band-
width, BCM achieves lower THD as 2.459% in [25]. Since the
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Fig. 8. Reference signals of Phases 1 and 2: full-load condition. (a) Primary current reference signal of Phase 1. (b) Primary current reference signal of Phase 2.

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. A small turns ratio leads to a higher primary
current stress and a higher secondary voltage stress. On the con-
trary, a larger turns ratio leads to a higher primary voltage stress
and a higher secondary current stress.

From (2) and (3), the peak of the primary and secondary
current Ip,p and Is,p are

Ip,p =
VdcTonmax

Lp
=

Vdcdmax

Lpfs
(12)

Is,p =
n2Toff Vo

Lp
(13)

where Ton,max is the maximum turn-on time, and dmax is the
maximum duty cycle.

Combining (5), (12), and (13), the turn-off time Toff is

Toff =
Vdcdmax

Vofs
=

� dmax

fs
= constant (14)

where � is the ratio of Vdc /Vo . For Vdc = 50 V and Vo = 311 V,
� is 0.161.

In order to reassure that the microinverter will always be
under DCM, it has to be confirmed that the Toff interval is
smaller than the time interval between the switching period and
the Ton interval

Toff ≤ Ts − Ton,max . (15)

Combining (12), (14), and (15), the maximum duty cycle
dmax is

dmax ≤
�

1+
�
n

	−1

. (16)

For � = 0.161 and n = 0.5, dmax is less than 0.757.
The average of the primary current during a half-line period

is

Ip,avg =
1

Tgrid/2

k


i=1

� iTs

(i−1)Ts

ip(t)dt (17)

where
� iTs

(i−1)Ts

ip(t)dt =
� to n (i−1)

0

Vdct

Lp
dt =

Vdc

2Lp
T 2

s d2
max sin2

�
iπ

k

	
.

(18)
Combining (17) and (18), Ip,avg is

Ip,avg =
VdcT

2
s d2

max
TgridLp

k


i=1

sin2
�

iπ

k

	

=
VdckT 2

s d2
max

2TgridLp
=

VdcTsd2
max

4Lp
. (19)

The input power is

Ppv = 2VdcIp,avg =
V 2

dcTsd2
max

2Lp
. (20)

For Ppv = 200 W, Vdc = 50 V, and dmax = 0.757, the maxi-
mum transformer primary inductance Lp max = 35.79 μH. With
Lp = 0.8Lp max = 28 μH, the maximum duty cycle dmax is
0.67.

According to (9), (10), and (11), with the specifications of the
interleaved flyback microinverter, the reference signals of the
primary and secondary current are

iref1 =

�
16.90 sin(100πt)
11.95 sin(100πt)

�
t <

1
600

, t >
1

120

	

�
1

600
< t <

1
120

	 (21)

iref2 = 11.95 sin(100πt)
�

1
600

< t <
1

120

	
. (22)

The waveforms of the reference signals of Phases 1 and 2 for
the interleaved flyback microinverter with the proposed control
method under the full-load condition are shown in Fig. 8.

With the same design method, the primary current reference
signals of Phases 1 and 2 under the half-load and quarter-load
conditions can be calculated as illustrated in Figs. 9 and 10.
Comparing Figs. 8 and 9, it is observed that as the power level
decreases, the 2Φ DCM region decreases simultaneously. When
the power level decreases below 50 W, the hybrid modulation
with 2Φ DCM and 1Φ DCM merges into only 1Φ DCM region
as shown in Fig. 10.
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Fig. 9. Reference signals of Phases 1 and 2: half-load condition. (a) Primary current reference signal of Phase 1. (b) Primary current reference signal of Phase 2.

Fig. 10. Reference signals of Phases 1 and 2: quarter-load condition.

B. Realization of MPPT

The PV array under uniform irradiance exhibits a current–
voltage characteristic with a unique point, called the MPP, where
the array produces maximum output power. Fig. 11(a) shows an
example of the PV module characteristics in terms of the PV
output current versus the voltage. Fig. 11(b) shows the output
power versus the current for different irradiance levels G. As
noted in Fig. 11, since the I − V characteristic of the PV array,
and hence its MPP, changes as a consequence of the variation
of the irradiance level, it is necessary to track continuously the
MPP in order to maximize the power output from a PV system
as far as the PV system efficiency is concerned.

There are many different control algorithms that have been
proposed to realize the MPPT, such as the perturb and observe
(P&O), the incremental conductance, the fuzzy logic and the
neural network, etc. In this paper, the P&O technique is used
owing 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 the PV panel Ppv , while
the power transferred to the grid pout (t) is a pulsating waveform
as shown in (1). Generally, the electrolytic capacitor is used to
measure the unbalance of the input and output power [28]. When
Ppv is surplus to pout (t), the reminded power is stored into the

Fig. 11. PV module characteristics for different irradiance levels G. (a) Output
current versus voltage. (b) Output power versus voltage.

Fig. 12. Input and output waveforms.
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Fig. 17. Key waveforms under the quarter-load condition. (a) Primary current of Phases 1 and 2. (b) Key waveforms (expanded).

VI. 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 com-
ponents 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 ca-
pacitor: Cf = 0.33 μF.

The photograph of a prototype is illustrated in Fig. 18. A hall-
effect 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. A hall-
effect-based linear current sensor IC ACS712ELCTR-05B-T is
used to sense the output current. Two relays are used to achieve
grid connection. A Freescale DSP MC56F8257 demo board is
used to implement the proposed hybrid control.

Fig. 19 shows the output voltage and current of the PV panel
under different conditions. From Fig. 19(a), the PV voltage is
50 V and the current is 4 A under the full-load condition, which
translates into the total input power 200 W and matches the MPP
as shown in Fig. 11. Under the half-load condition as shown in
Fig. 19(b), the PV voltage and current drop to 48 V and 2.1 A,
respectively, with the input power of 101 W, which matches
the MPP as shown in Fig. 11. Similarly, under the quarter-load
condition as shown in Fig. 19(c), it can be observed that the
PV voltage and current are 45 V and 1.1 A, respectively, with

Fig. 18. Photograph of a prototype.

the input power of 50 W and the MPP is achieved according to
Fig. 11.

Fig. 20 shows the gate drive voltage and the primary cur-
rent of Phases 1 and 2 under different load conditions. It is
noted that Fig. 20(a), (b), and (c) matches the simulation re-
sults in Figs. 15(a), 16(a), and 17(a) regarding the proposed
hybrid control method, respectively. It is also observed that as
the power level decreases, the 2Φ DCM region decreases ac-
cordingly. When the power level decreases below 50 W, the
hybrid modulation with 2Φ DCM and 1Φ DCM merges into
only 1Φ DCM region as shown in Fig. 20(c). This means the


