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An Optimal Control Method for Photovoltaic
Grid-Tied-Interleaved Flyback Microinverters
to Achieve High Efficiency in Wide Load Range

Zhiliang Zhang, Member, IEEE, Xiao-Fei He, and Yan-Fei Liu, Fellow, IEEE

Abstract—Boundary conduction mode (BCM) and discontinu-
ous conduction mode (DCM) control strategies are widely used for
the flyback microinverter. The BCM and DCM control strategies
are investigated for the interleaved flyback microinverter concen-
trating on the loss analysis under different load conditions. These
two control strategies have different impact on the loss distribution
and thus the efficiency of the flyback microinverter. For the inter-
leaved flyback microinverter, the dominant losses with heavy load
include the conduction loss of the power MOSFETSs and diodes, and
the loss of the transformer; while the dominant losses with light
load include the gate driving loss, the turn-off loss of the power
MOSFETs and the transformer core loss. Based on the loss anal-
ysis, 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 optimal design method based on the boundary
condition of the hybrid control is also presented. The experimental
results verify the benefits of the proposed control.

Index Terms—AC module, grid-connected, interleaved flyback,
microinverter, photovoltaic (PV).

I. INTRODUCTION

HE interest in exploring renewable energies has grown in
T 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 electric-
ity generation in 2040 [1]. 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-
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ing cost through mass production, as well as safe and simple
installation [2].

With the rapid development of the market, a lot of research
work has been done with the topologies and control methods
of the microinverters. The topologies of the single-phase grid-
connected PV inverters were reviewed in [3] and [4]. 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
in [5]. A modulated boost stage is used to generate a rectified
sinusoidal waveform and a current source inverter (CSI) is used
to unfold the rectified waveform into the grid in [6]-[9]. These
topologies usually achieve high efficiency under heavy load, but
low efficiency under light load (no more than 90% as reported).
Moreover, the complexity and additional components of the pre-
vious topologies also result in high cost and low power density
as a PV ac module.

Alternatively, the microinverter derived from the flyback con-
verter, named as the flyback inverter, is widely used due to its
simple structure, lower cost, and higher efficiency [10]. A fly-
back dc/dc converter with high frequency isolation along with a
H-Bridge pulse width modulation (PWM) inverter offers a sim-
ple two-stage approach in [11]. 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 fly-
back inverter with the center-tapped secondary winding was pre-
sented in [12]-[15]. Each of the secondary winding transfers the
energy to the ac side during a half-line period with two additional
MOSFETs. A modulated flyback dc/dc converter followed by
a CSI was presented in [16] and [17]. The SCRs are used in
the unfolding stage to reduce the cost and conduction loss. To
further improve the efficiency, a soft-switching-interleaved fly-
back microinverter under boundary conduction mode (BCM)
was presented in [18]. Active clamp and synchronous rectifier
technology were adopted in [19]-[21]. But 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 hybrid
control scheme including the interleaved mode and quasireso-
nant mode is proposed by Enphase Technology [22]. But either
a simple flyback mode or an interleaved flyback mode is ap-
plied 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 sec-
ondary winding flyback inverter was presented in [23]. The
BCM and discontinuous conduction mode (DCM) modulations
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were used simultaneously during a half-line period, because
BCM is more suitable to high-power levels and DCM is bet-
ter for low-power levels as far as the efficiency is concerned.
Owing to the combined control strategy, higher efficiency can
be achieved over the conventional BCM control method with-
out additional cost. The reference signal design with the similar
control strategy for the single flyback converter with a CSI was
proposed in [24]. However, the optimal boundary point between
the BCM and DCM are applied to is not clarified regarding to the
interleaved microinverters. The two phase inverters are modu-
lated 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 hy-
brid 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 inves-
tigated of the interleaved flyback microinverter concentrating on
the loss analysis under different load conditions, respectively.
It is noted that the DCM control strategy achieves higher effi-
ciency over BCM for the application of the interleaved flyback
microinverter within the power range of 200 W. The advantages
of two-phase DCM operation are the current sharing and the
reduction of the current stress between two interleaved phases
so that the conduction loss and turn-off loss of the power MOS-
FETs and diodes as well as the copper loss of the transformer
can be reduced with higher output power. 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 MOS-
FETs with lower output power. Since the output power is a
pulsating power following a squared sine wave, the idea here is
to combine two-phase DCM modulation and one-phase DCM
modulation simultaneously according to different output power
during a half-line period so that the dominant losses can be
optimized and high efficiency is achieved in wide load range.
In addition, the proposed control method is compatible with
the digital implementation and requires no additional auxiliary
circuitry.

Section II presents the analysis of the interleaved flyback
microinverter under BCM and DCM. Section III presents the
proposed control method and its principle of operation. Section
IV presents the hardware and software design. The simulation
results are also provided in Section V. Section VI contains the
experimental results and discussion. Section VII provides a brief
conclusion.

II. 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 in-
verter. The inverter comprises of two-phase-interleaved flyback
converters and a CSI. S; and S, are the main power switches;
Dy and D, are the rectifier diodes; Np; and Npo are the pri-
mary windings, and Ng; and Ng9 are the secondary windings.
S3 — S form the CSI to unfold the rectified sinusoidal wave-
form into the grid. S5 and Sg turn ON during the positive-half
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Fig. 2.  Current waveforms of the interleaved flyback inverter.

grid period, while Sy 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 mi-
croinverter under BCM and DCM, respectively. Under DCM,
a constant switching frequency control is applied. A variable
switching frequency is applied under BCM to achieve a sinu-
soidal 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 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. The range of the switching frequency
increases dramatically as the power level decreases for the fly-
back 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 [23]. This causes
the driving loss and turn-off of the MOSFETs to increase sig-
nificantly. Therefore, the efficiency under BCM is much lower
than DCM under the light-load condition. Table I shows the loss
distribution comparison under BCM and DCM under the half-
load condition. The specifications are as follows: input voltage:
Vae = 36-60 V; grid voltage: V, = 220 V¢; grid frequency:
feria = 50 Hz; switching frequency: f; = 100 kHz. The
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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

DCM BCM
Loss Percentage Loss Percentage
Py 0.80 W 18.3% 2.50 W 31.5%
Prive 0.83 W 18.9% 283 W 35.7%
Piiss 0.60 W 13.7% 0.40 W 5.04%
Peore 0.84 W 19.2% 0.99 W 12.5%
P, 0.71'W 16.2% 0.89 W 11.2%
Piode 0.60 W 13.7% 032 W 4.04%

components of the power train are as follows: the transformer:
L, = 28 pH, Ly = 112 pH; S; and S3: SPW52N50C3
(560 V/52 A from Infineon); D; and D,: IDP12E120
(1200 V/12 A from Infineon); S3—Ss: 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 P,g and the gate driving 10ss Pyyive
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-
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Fig. 4. Calculated efficiency comparison under DCM and BCM for the mi-

croinverter with two phase.

TABLE I
COMPARISON OF BCM AND DCM

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

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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TABLE III
ESTIMATED LOSS DISTRIBUTION OF DCM UNDER DIFFERENT LOAD
CONDITIONS FOR THE MICROINVERTER WITH TWO-PHASE OPERATION

Full load Quarter load
Loss Percentage Loss Percentage

Py 1.32 W 16.8% 0.60 W 18.2%
Pive 0.83 W 10.5% 0.83 W 25.2%
Pos 1.70 W 21.6% 022W 6.7%
Poore 1.48 W 18.8% 1.08 W 32.7%
P 1.22W 15.5% 027W 8.1%
Piode 1.32 W 16.8% 030 W 9.1%

proposed control only uses the DCM modulation, the THD of
the output current will meet the industrial requirement (<5%)
such as [EC 61727.

III. PROPOSED CONTROL METHOD AND PRINCIPLE
OF OPERATION

A. Loss Analysis of DCM

Table III shows the calculated loss distribution of a 200-W-
interleaved flyback inverter under 100% and 25% load, respec-
tively. It is observed that the dominant losses with heavy load
include the conduction loss of the power MOSFETs P,,,s and
diodes Plyiode, the transformer core loss P.,.. and copper loss
Py, whereas the dominant losses with light load include the gate
driving loss Pyyive, the turn-off loss P,g of the power MOSFETS
and the transformer core loss P..,.. 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 opera-
tion 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 MOSFETs as well as the core loss of
the transformer under the light-load condition.

Based on the loss analysis, Fig. 5 shows the efficiency of the
interleaved flyback inverter under 1& DCM and 2 DCM op-
eration. For the sake of the output power, the maximum power
transferred by each phase is about 125 W under DCM operation.
It is noted that the efficiency improves while operating under
1® DCM within the power range of 105 W. Actually, 2¢& DCM
and 1® DCM can be used simultaneously to modulate the in-
terleaved flyback inverter depending on the load current during
a half-line period.
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Fig. 6. Output power curve with 1& DCM and 20DCM for the interleaved
flyback microinverter.

B. Proposed Hybrid Control Method

From the previous analysis, it is interesting to notice that the
advantage of 2® DCM operation is current sharing between
two phases. The conduction loss and turn-off loss of the power
MOSFETs and diodes and the copper loss of the transformer
can be reduced when the load current is high. The 1& DCM
operation reduces the driving loss of the power MOSFETSs 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 2& DCM or
1% DCM control can be applied. It is noticed that the output
power poyt (t) during a half-line period is a pulsating power
following a squared sine wave:

Pout (t) = 2P, sin? (wt) e

where P, presents the average value of the output power deliv-
ered to the grid.

The idea here is to combine the advantages of 2& DCM and
1® DCM adaptively to the load current during a half-line period,
which is similar to the phase shedding technology [26], [27] so
that the efficiency can be optimized in wide load rang. Fig. 6
shows the operating region of 1& DCM and 2 DCM during
a half-line period. In Fig. 6, 2& DCM is employed when load
current is high and 1® DCM is employed when the load current
is under a certain level. In this way, the dominant losses are
reduced depending on the load current and higher efficiency can
be achieved in wide load range. Moreover, the proposed control
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is compatible with the digital implementation without additional
cost. It should be noted that as P, decreases, the 2¢ DCM region
decreases simultaneously. In particular, when P, decreases to a
certain level, the hybrid modulation merges into only 1® DCM.
In additional, it should be noted that 2& DCM and 1$ DCM
modulations operate simultaneously during a half-line period
since the proposed control is based on the instantaneous power
delivered to the grid. This clarifies the difference between the
hybrid control method proposed in [22].

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

For the proposed control method, the reference signal i,¢¢ 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 S; ON time, the primary current 7, increases
gradually in a linear relationship with the input voltage V. and
the primary inductance L, . During the S; OFF time, the second
current ¢ decreases in a linear relationship with the gird voltage
Vg (t) and the secondary inductance L. The turn-on time T,
and turn-off time To,¢ in every switching period are

LP i Ip

Tn: 2

0 Vi (2)
Ly -1,

Tog = — (3)
vy ()

where I, and I, are the peak value of 7, and ¢, in each switching
period, respectively. Since I, equals the reference signal .,
the relationships of 7, and I, are

Ip = iref (4)

| L /L
I, = Ip ' fp = fpef fp (5)

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

. Is : Toff
lout = 2T5 . (6)

Considering the previous equations, the relationship between
tout and irer 1S

2-[0ut : Vvo Pol
Lp ’ fs Lp : fs

where I, is the peak value of i,,¢; V, is the peak value of
v, (t); and P, is the average output power of each phase. For
2% DCM operation, P, = 2P,;. The previous equation can be
rewritten as

iref = sin(wt) = 2sin(wt)

)

2P,
L, f.

®)

iref = sin(wt)

D. Optimal Boundary Condition of 2® DCM and 1® DCM

For the interleaved flyback microinverter with the proposed
control method, the current reference 7,0f; and ¢..;o during a
half-line period are

o

2 sin(wt)
' Lp : fs (t < t(:17t > t(:?)
lrefl = ©)
(teg <t <tw)

in(wt) 2P,
Sim(w
Lp : fs
2P,
ireto = sin(wt teg <t <te). (10)
w7 )

Under the light-load condition, 1® DCM operation reduces
the driving loss of the power MOSFETs and the transformer
core loss. As the power level increases, the conduction losses
and turn-off loss of power MOSFETs and diodes as well as the
loss of the transformer become the dominant losses. 2& DCM
operation shares the current between two interleaved phases.
The idea is to minimize the dominant losses depending on the
load condition. As analyzed in Section III, the cross point of
the efficiency curves under 2& DCM and 19 DCM is 105 W as
illustrated in Fig. 5. For the convenience of calculation, 100 W
is designed as an optimal boundary condition of 1® DCM and
2® DCM in this case. As a result, ¢.; and t.» can be obtained
from (11) as shown in Fig. 6

sin(wt. ) = sin(wte2) 200 o0
cl) — c2) = = o
Vi, VP,

IV. DESIGN PROCEDURE AND IMPLEMENTATION

(1)

A. Design Example

Based on the previous analysis, the interleaved flyback in-
verter of 200 W is presented as a design example and verifies
the proposed hybrid control method. The specifications are as
follows: input voltage [maximum power point (MPP)]: V4, =
50 V; grid voltage: 220 Vac; grid frequency: fyia = 50 Hz;
switching frequency: f; = 100 kHz; transformer turns ratio:
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Fig. 8.
n = N,/Ng; = 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 [, , and I , are

‘/dcTonmax ‘/dcdmax
I,, = = (12)
n*Tog Vs
Iy, = ———— 13
$.p i (13)

where 70, max 1S the maximum turn-on time, and dy,.x is the
maximum duty cycle.
Combining (5), (12), and (13), the turn-off time 7}z is

Vdc dmax _ kdmax
Vo fs I

where A is the ratio of Vy./V,. For V3. =50 Vand V, =311V,
Ais 0.161.

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

Tog = = constant

(14)

Toff < Ts (15)

- Ton,max'

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

dmax is
A -1
dmax S <1+) .
n

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

(16)

7)

1 k iT,
Lo = —— / i, (t)dt
PR Tia /2 ; (i-1)T, p(f)

5079

| |
| |
10 DCM Yo DCM
10 |region region
< +—
“'g : 2® DCM region |
5
0

1.67 3.33 5.0
t(ms)

(b)

6.67 8.33 10.0

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.

where

iT,
(i-1)T,

t'ou(i_l) V t V
(t)dt:/ de” g = 4o 22
0

Lp 2L s IndX
(18)
Combining (17) and (18), I, 4y is
Va T2
I, o Ydeds Ymax or
b = Z sin?
kT?d? Vi Tyd?
d(’ s Tmax de max . (19)
2T4riaLyp 4L,
The input power is
V2 T,d?
Py, =2V [ ,avg — —de_? max (20)
P p,avg 2Lp

For P,y =200 W, Vg, =50V, and dy, 5« = 0.757, the maxi-
mum transformer primary inductance Ly, . = 35.79 pH. With
L, = 0.8L, 1nax = 28 pH, the maximum duty cycle d,,ax 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

1 1
| {16.9051n(1007rt) (t <%0 7 120)
lrefl =

11.95 sin(1007t) L,
( < <m>

600
i 11.95 sin(1007t) LI
rofo = 11. in T — — .
2 600 120

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 2& DCM region decreases simultaneously. When
the power level decreases below 50 W, the hybrid modulation
with 2& DCM and 1® DCM merges into only 1® DCM region
as shown in Fig. 10.

(22)
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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.
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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

PV power (W)

output current versus the voltage. Fig. 11(b) shows the output 70
power versus the current for different irradiance levels G. As PV voltage (V)
noted in Fig. 11, since the I — V' characteristic of the PV array, (b)

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&O0), the incremental conductance, the fuzzy logic and the

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

I

]

. . . Veria (1) :

neural network, etc. In this paper, the P&O technique is used : dm E
owing to its simple implementation and low cost. | .

i & 7:

1 I

C. Design of the Input Capacitance i ) E

! deliver !

For the single-stage grid-connected microinverter, the MPPT Pout (0 ! !

provides the constant output power from the PV panel P, , while i E

. . . Pp!' I

the power transferred to the grid p,s (%) is a pulsating waveform : Wsmw \E
as shown in (1). Generally, the electrolytic capacitor is used to 0 r,,-:,;a T .

measure the unbalance of the input and output power [28]. When
P,y is surplus to poys (t), the reminded power is stored into the ~ Fig. 12.  Input and output waveforms.
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Fig. 14.  Program flowchart for control of MC56F8257.

decoupling capacitor. On the contrary, when P, is smaller than
Pout (t), the decoupling capacitor delivers the power to the
output. The input and output waveforms are shown in Fig. 12.
The value of the decoupling capacitor is determined by the
energy that has to be stored in the capacitor, whose size is

P,

pv

Cle = —2Y
e OV AV

(23)
where w is the angle frequency of the grid voltage, and AV is
the maximum peak-to-peak ripple voltage of the input capacitor.
For P,y =200 W, w =27 f = 1007, Vg, = 50 V, and AV
= 2V, the required input capacitance is Cy. = 6.37 mF. Four
1.8-mF electrolytic capacitors are paralleled with lower ESR.

D. Software Design

Fig. 13 shows the control block diagram of the interleaved
flyback inverter with the proposed control. The control blocks
are implemented by Freescale DSP MC56F8257. In Fig. 13,
phase-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.

Fig. 14 shows the program flowchart for the proposed control
using the MC56F8257. In the ADC interrupt, Vi, ldc, Vgrid,
and 7., are sampled. The conversion results are used to achieve
the zero-crossing detecting and calculate the input power F,..
Timer 1 is used to generate a 20 kHz periodic interrupt, in

A 4 A 4
RETURN TIMER1 RETURN PWM
INTERRUPT RELOAD INTERRUPT,

which the reference signal 7,01 and 4,.fo can be calculated.
Then, ,0f1 and .00 are sent to the PWM reload interrupt in
order to calculate the duty cycle of each phase. At the same
time, timer 2 is interrupted at 50 kHz and is used to calculate
the PWM waveform for the CSI.

V. SIMULATION RESULTS AND DISCUSSION

A simulation model of the proposed control has been devel-
oped. The specifications of the interleaved flyback microinverter
are as follows: input voltage V. = 36-60 V; grid voltage Vy,iq =
220 V,; grid frequency: fyriq = 50 Hz; switching frequency f
= 100 kHz; gate drive voltage V, = 15 V; primary inductance:
Lp =28 pH, and the turns ratio n = 0.5.

Fig. 15 shows the key waveforms under the full-load condi-
tion. From Fig. 15(a), it is noted that the envelop of the primary
current 4,1 and 4,2 matches the reference signals as illustrated in
Fig. 8. From Fig. 15(b), it is observed that with the interleaved
mode, the output current realizes a double switching frequency
to realize the ripple cancellation. Figs. 16 and 17 show the key
waveforms similar to Fig. 15 under the half-load and quarter-
load conditions, respectively. As shown in Figs. 15(a) and 16(b),
the 2& DCM region decreases simultaneously as the power level
decreases. Particularly, as shown in Fig. 17(a), when the power
level is much lower, Phase 2 is shut down and only Phase 1 is
modulated.
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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: S; and Ss:
SPW52N50C3; Dy and Dy: IDP12E120; S3—Sg: S8016N; the
transformer: RM12, Lp =28 yH, L, = 112 uH, L;; = 0.55 uH;
the output filter inductance: Ly = 600 pH; the output filter ca-
pacitor: C'y = 0.33 uF.

The photograph of a prototype is illustrated in Fig. 18. A hall-
effect sensor BJHCS-PSS5 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

(b}

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

Flyback SCR
Converter Filter Bridge

—. Output current

14X1.8mF DC bus caps
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DSP:
MC56F8257

AC Voltage
Sample

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 2¢ DCM region decreases ac-
cordingly. When the power level decreases below 50 W, the
hybrid modulation with 2& DCM and 1® DCM merges into
only 19® DCM region as shown in Fig. 20(c). This means the
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Fig. 19. PV voltage and current under different conditions. (a) Full-load con-
dition. (b) Half-load condition. (c) Quarter-load condition.

proposed control has the capability to achieve phase-shedding
inherently.

Fig. 21 shows the expanded waveforms of the gate drive volt-
age and the primary current of Phases 1 and 2 under different
load conditions. From Fig. 21(a) and (b), the microinverter op-
erates under interleaved mode at 2® DCM region. Fig. 21(c)
shows that Phase 2 is shut down when the power level decreases
below 50 W.

Fig. 22 shows the gird voltage and output current under differ-
ent load conditions. The output current is able to catch up with
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|
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Fig. 20. Gate drive voltage and primary current of Phases 1 and 2 under
different conditions. (a) Full-load condition. (b) Half-load condition. (c) Quarter-
load condition.

the gird voltage with a sinusoidal waveform, and high power
factor is achieved under different load conditions.

Fig. 23 shows a transient of MPPT of the PV panel from
35 W (voltage: 42V, current: 0.8 A) to 76 W (voltage: 47.5 V,
current 1.6 A). It is noted that the response to a step PV power
is fast and the function of the MPPT has been realized with the
proposed control.

Fig. 24 shows the efficiency of the conventional control
method and the proposed hybrid control method. In order to do
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Fig. 21. Gate drive voltage and primary current of Phases 1 and 2 under
different conditions (expanded). (a) Full-load condition. (b) Half-load condition.
(c) Quarter-load condition.

fair comparison, for the proposed control, the efficiency compar-
ison should be based on the same specifications and the power
train components. With light load as P, is 50 W, the hybrid
modulation with 2¢ DCM and 1® DCM merges into only 1P
DCM region. The total loss of the microinverter is reduced by
1.8 W and the efficiency can be improved by 4% over the con-
ventional two-phase-interleaved mode. With heavy load as P,
is 200 W, the 1® DCM region reduces and the loss reduction
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Fig. 22.  Grid voltage and output current under different conditions. (a) Full-
load condition. (b) Half-load condition. (¢) Quarter-load condition.

is 1.4 W, which translates into the efficiency improvement of
0.7%.

VII. CONCLUSION

In this paper, the loss distribution and the efficiency of the
interleaved flyback microinverter under BCM and DCM are in-
vestigated 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 microinverter, 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 MOSFETSs and
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