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Abstract—The objective of this paper is to propose a novel pho-
tovoltaic (PV) micro-inverter with PV current decoupling (PVCD)
strategy to achieve maximum power point tracking (MPPT) per-
formance without using large electrolytic capacitors. Convention-
ally, the grid-connected PV micro-inverter needs a large PV-side
electrolytic capacitor to suppress the double-line frequency voltage
ripple, which is caused by the injected ac grid power, to achieve
the desired MPPT performance. However, the short lifetime elec-
trolytic capacitor will reduce the PV micro-inverter’s reliability
dramatically. Therefore, different active power decoupling circuits
(APDCs) have been proposed in published papers to reduce the
required input capacitance so that the long lifetime film capacitor
can be used to replace the electrolytic capacitor. Unlike the con-
ventional APDC with charging and discharging modes operation,
a novel PVCD strategy, which is based on the concept of current
decoupling instead of power decoupling, is proposed to simplify the
control mechanism of the PV micro-inverter. Furthermore, to ac-
complish the proposed current decoupling concept, a novel circuit
topology for the PV micro-inverter is also proposed. With the pro-
posed PVCD strategy, the current decoupling tank (CDT) inside
the proposed PV micro-inverter can buffer the current difference
between the constant current from the PV panel and the rectified
sinusoidal current of the ac grid current. Therefore, the input ca-
pacitance on the PV-side can be reduced dramatically and the long
lifetime film capacitor can be used to replace the electrolytic capac-
itor. The reliability of the PV micro-inverter with good MPPT per-
formance can be increased. In this paper, the operation principle
and the component design of the proposed PV micro-inverter with
PVCD strategy will be presented. Simulation results and experi-
mental results of a prototype 240 W PV micro-inverter is shown
to verify the performance of the PV micro-inverter with PVCD
strategy.

Index Terms—Active power decoupling circuit (APDC), current
decoupling tank (CDT), film capacitor, maximum power point
tracking (MPPT), photovoltaic (PV) micro-inverter, PV current
decoupling (PVCD).

I. INTRODUCTION

ITH increasing concern of energy crisis and environ-
mental issues, renewable energy sources, mainly for
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Fig. 1. Corresponding power waveforms to PV micro-inverter. (a) Conceptual
circuit diagram of single-phase PV micro-inverter. (b) Instantaneous power
waveforms.

solar and wind energy, have attracted the attention in academia
and industry. Due to the advantages of easy maintenance, long
lifetime, and no rotational parts, the installation capacity of
photovoltaic (PV) power generation system has been increased
continuously [1], [2]. The PV energy has been widely used all
over the world and has become an important source of electricity
provider for residences and industries.

For the PV power generation system, grid-connected invert-
ers are commonly used to transfer PV power into the power
grid. The grid-connected PV inverters are commonly classified
as the centralized inverter, the string inverter, and the micro-
inverter [3]. Among them, the PV micro-inverter system is well
known for mitigating the shading effect and mismatch prob-
lem since each PV panel can deliver its own maximum power
without affecting others. Moreover, the PV micro-inverter has
the advantages of easy “Plug-N-Play,” low installation cost, and
high flexibility [3]. Many studies on PV micro-inverters are
presented for efficiency improvement, cost reduction, and reli-
ability increase [4]-[16].

The conceptual circuit diagram of the PV micro-inverter with
its corresponding power waveforms are shown in Fig. 1. The PV
micro-inverter will draw the constant maximum power from the
PV panel while delivering double-line-frequency power into the

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Circuit configuration and corresponding power flows for WPPD

grid. To prevent the time-varied grid power affecting constant
PV power delivering, the power difference between the input
PV power and the output grid power, as marked by shaded area
in Fig. 1(b), is usually decoupled by adding a large electrolytic
capacitor at the input terminal of PV micro-inverter, as Cpy
shown in Fig. 1(a). However, electrolytic capacitors have the
drawback of short lifetime, especially under high temperature,
and are not compatible with the lifetime of PV panel, usually
guaranteed for 25 years. Therefore, many power decoupling
techniques have been developed to reduce the required input
capacitance so that the film capacitor with long lifetime can be
used to decouple the power difference between the PV panel and
the ac grid [17]-[34]. Besides, the MPPT performance and the
lifetime of PV micro-inverter should remain unaffected under
the usage of power decoupling techniques.

An active power decoupling circuit (APDC) is employed
to fulfill the power decoupling technique for the PV micro-
inverter. According to those published papers, the whole PV
power decoupling (WPPD) and the sectional PV power decou-
pling (SPPD) are the two decoupling strategies to manipulate the
power flow between the PV panel, the APDC, and the ac grid.
For the WPPD strategy, where the corresponded power flow di-
agram is shown in Fig. 2, the APDC of PV micro-inverter will
absorb whole constant PV power Ppy, which is indicated as
the green line, and deliver sinusoidal power P,., which is indi-
cated as the blue line, to the ac grid via the low-pass filter (LPF)
and unfolder (UF) [17], [18]. Since the power flow operation
is similar to the two-stage circuit operation and the full rated
power will flow through the APDC, the power loss and the size
of energy storage components will be increased.

For the SPPD strategy, the circuit configuration and corre-
sponding power flows for the conventional PV micro-inverter
with APDC is shown in Fig. 3(a) while the corresponding power
waveforms are shown in Fig. 3(b). By adopting the APDC with
SPPD strategy, the PV micro-inverters can achieve high MPPT
performance without the need of electrolytic capacitors [19]—
[34]. The constant power supplied by the PV panel is Ppy and
the sinusoidal power injected into the ac grid via LPF and UF is
P,.. Two operation modes, the charge mode and the discharge
mode, should be identified to achieve the power flow control.

During the charge mode, from ¢, to ; in Fig. 3(b), the constant
PV power Ppy drawn from the PV panel by the switch Spy is
delivered either to the ac grid by the switch S;4 or to C, by
the diode Dy or the switch Sg;. As the power flow shown in
Fig. 3(a), Ppv = Pyt + Pg; and P,. = Pg;. The switch S,
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Fig. 3. PV micro-inverters with SPPD strategy. (a) Circuit configuration.
(b) Corresponding power waveforms.

inside the APDC is always off and no power flow is transferred
from C, to the ac grid.

For the discharge mode, between ¢, and ¢, in Fig. 3(b), Ppy is
directly transferred from the PV panel to the ac grid by Spy and
S:s- The insufficient power P, is supplied from C', to the ac grid
by the switch S;.. That is, Ppy = P., and P, = P, + Pi.
No PV power is delivered to C,, since the switch S keeps off.

Among the published papers with the SPPD strategy, the
APDC, which is composed of boost converter with a syn-
chronous switch, can be connected in parallel with the input
battery source [19]. The power difference between the battery
source and the ac grid is manipulated by the two switches, re-
spectively, in charge mode and discharge mode. The input cur-
rent ripple is reduced by the APDC and the lifetime of battery
can be extended. In [20], an APDC, formed by an inductor, a ca-
pacitor, and a pair of back to back series-connected switches, is
inserted into the converter with an additional transformer wind-
ing. The pair of switch operate in different modes to absorb
or release power difference between the PV panel and the ac
grid. In [25], an APDC is also attached to the additional trans-
former winding to decouple the mismatching power between
the PV panel and the ac grid. However, no additional inductor
is needed in the APDC since the decoupled power is transferred
by the magnetizing inductor of transformer. In [28], the inductor
is not required for the APDC neither. Different to [25], only the
insufficient power is released from the APDC to the ac grid via
the additional transformer winding in the discharge mode. A
part of the PV power is directly stored into the APDC since it
is connected to the PV panel. In [31], neither the inductor nor
the additional transformer winding is utilized in the APDC. The
circuit topology is simple and the component counts is reduced.

It is true that the APDC needs additional components to fulfill
the desired function, and the overall system efficiency will be af-
fected. However, many factors, such as the input/output voltage
or the capacitance quantity, will affect the circuit operation and
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influence the converter’s performance, eventually. Therefore, it
is very difficult to find the efficiency trend with respect to the
circuit topologies. For example, [25] has less component counts
but the efficiency is only 73%. Also, [29] and [31] have the same
power and voltage ratings but [29] has the higher efficiency with
larger component counts.

Some series-type APDCs have been proposed to decouple the
power between the PV panel and the ac grid [33]-[37]. In [33],
the APDC is series connected between two converters to prevent
the voltage ripple produced by one converter affecting the other
one. No current sense is needed for the control of the APDC and
good power decoupling performance can be achieved. Different
from paper [33], the APDC in [36] is series connected with a
capacitor to keep the voltage across dc-link capacitor constant.
Maximum and constant power can thus be extracted from PV
panel. In [37], a series-connected APDC is inserted between a
full-bridge converter with a resonant tank and a clycloconverter.
With the phase angle and on-time duration adjustment of the
switches in the APDC, the mismatching power can be stored
into or released from the APDC in charge or discharge mode,
respectively.

The mismatching power between the PV panel and the ac
grid of these published PV micro-inverters can therefore be de-
coupled by the sequence of power delivering in two operation
modes. However, to distinguish the operation of charge or dis-
charge mode in the conventional PV micro-inverter, the time
points t,, t;, and . in Fig. 3(b), should be precisely determined
by detecting the quantity of PV power and ac power or sensing
the phase angle of ac voltage. More control design is needed for
the APDC to determine the PV micro-inverter operation mode,
either charging mode or discharging mode.

A novel topology with PV current decoupling (PVCD) strat-
egy is proposed here for realization of the PV micro-inverter.
The proposed PV micro-inverter can thus draw the maximum
power from the PV panel and deliver a desired double-line
frequency power into the ac grid without using electrolytic
capacitors. Different to the conventional SPPD strategy, the
proposed PVCD does not need to determine whether the PV
micro-inverter should operate either in the charging mode or
discharging mode. In this paper, the circuit diagram and the
operation principle of proposed PV micro-inverter will be intro-
duced. Then, the control block diagram of the proposed PVCD
strategy will also be presented clearly followed by components
design considerations. Finally, a 240 W prototype circuit will be
built and tested. Computer simulation and experimental results
will be shown to verify the performance of the proposed PV
micro-inverter with PVCD strategy.

II. PROPOSED PV MICRO-INVERTER WITH PVCD STRATEGY

The conceptual circuit diagram of the proposed PV micro-
inverter with PVCD strategy and its corresponding current wave-
forms are shown in Fig. 4(a) and (b), respectively. As shown in
Fig. 4(a), by controlling the switch S, in the rectified sinusoidal
current modulator (RSCM), the rectified sinusoidal current /o
can be drawn from the energy source composed of the energy
storage capacitor C',, and the transformer winding NV,. Then, a
rectified sinusoidal current Izscar, Which is the output of the
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Fig. 4. Proposed PV micro-inverter with PVCD strategy. (a) The circuit con-
figuration with current flow. (b) The corresponding current waveforms.
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Fig. 5.  Circuit topology of the proposed PV micro-inverter.

RSCM, will be converted into a sinusoidal one and injected into
the ac grid by the UF and LPF. Meanwhile, by modulating the
switch S, the decoupling current Iy, will flow through the cur-
rent decoupling tank (CDT) to store charges, as well as energy,
into C,.. As a result, the reflected Iyo and Iy, on the primary
side of the transformer, as illustrated by the current waveform
I3, and Iy, in Fig. 4(b), will form a constant PV current Ipy if
the switch Spy in the fixed current modulator (FCM) is turned
on along with the on state of the switches S and Ss¢. Ifqom
shown in Fig. 4 (b) is the reflected Irgcn on the primary side
of the transformer. It should be mentioned that those current
waveforms shown in Fig. 4(b) are conceptual waveforms af-
ter using an LPF to smooth out their high-switching-frequency
components.

Different from those PV micro-inverters with power decou-
pling techniques, the proposed PV micro-inverter with PVCD
strategy is able to deal with the decoupling current and generate
the rectified sinusoidal current at the same time to keep the PV
current constant. Furthermore, no additional operation modes
are needed to determine the charging or discharging status for
C,, so the controller design can be simplified.

A novel circuit topology to fulfill the proposed micro-inverter
with PVCD strategy is depicted in Fig. 5 where the conceptual
function blocks, as shown in Fig. 4(b), are marked by the red
dash lines. The power switch S, in CDT will fulfill the function
of switch Sy in Fig. 4(b) and is in charge of drawing an ap-
propriate decoupling current to keep a constant current flowing
out of the PV panel to achieve good MPPT function. A rectified
sinusoidal current is generated by the switch Sy in the RSCM,
which is equivalent to the switch S, in Fig. 4(b). The switch
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Fig. 6. Control block diagram of the proposed PV micro-inverter.

S in FCM, like the switch Spy in Fig. 4(b), is well controlled
to ensure that the correct decoupling current flow and rectified
sinusoidal current is draw from PV panel. The UF, which is
formed by switches S3—S¢, is operated with grid frequency to
convert the rectified sinusoidal current into a pure sinusoidal
one. Passive components, L,, L,., and C,., form the LPF to
attenuate the high-switchingfrequency current ripple to improve
the injected current quality.

To achieve the desired MPPT and grid-connection functions
for the proposed PV micro-inverter, the PVCD strategy based on
the current decoupling instead of power decoupling is proposed.
The control block diagram of the proposed PVCD strategy is
shown in Fig. 6. It is mainly achieved by two current control
loops, the RSCM current loop and the CDT current loop.

The average current mode control is adopted for the RSCM
current loop to control the switch Sy to generate the demanded
rectified sinusoidal current. The current reference I, ¢ is gen-
erated by a rectified sinusoidal signal, which is in phase with the
grid voltage, multiplied by an amplitude factor, which is deter-
mined by the average voltage of C,. A ripple cancellation (RC)
function block is used to determine the average value of V¢,
which will be compared to the reference one Vi, .of, to deter-
mine the amplitude of I}, . and the injected ac grid-connected
current. As the value of V-, increases/decreases, the amplitude
of the injected ac grid-connected current will increase/decrease.
The pulsewidth-modulated (PWM) gating signal of switch S
is generated by the average current mode control with a PID
compensator PID_ILr for current iy, to trace the rectified si-
nusoidal current reference I, .or. Then, the control of switch
pairs in UF will convert the rectified sinusoidal current, iy, into
a pure sinusoidal one i,.. During the positive half-cycle of the
grid voltage, switch pairs S3 and S5 are turned on while Sy and
Sg are turned off. On the other hand, S5 and S5 are off and S,
and S are on during the negative half-cycle.

For the CDT current loop, the PV reference current Ipy ot
is generated by the MPPT control function. Theoretically, any
MPPT control algorithm can be adopted to generate Ipvy _yef.
Due to its simplicity, the perturbation and observation (P&O)
method is adopted to realize the MPPT control. By sensing the
PV panel’s voltage vpy and current ipy, the MPPT controller
will generate the reference current Ipy_..r, Which is almost
a constant quantity under a steady solar irradiation. Since the
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Fig. 7. Conceptual switch signals and current waveforms of the proposed PV
micro-inverter with PVCD strategy.

rectified sinusoidal current Iy, is drawn from the PV panel,
the decoupling current I, will be drawn by the CDT with the
control of the switch S, when a constant PV current ipy is
well regulated with the PID compensator PID_Ipv to achieve
the MPPT function.

On the other hand, whenever the PV current is transferred
to the CDT or the RSCM when the switch S, or S5 is turned
on, the switch S; should be turned on at the same time. There-
fore, an OR gate is used to generate the gating signal for the
switch S7.

III. OPERATION PRINCIPLE OF PROPOSED PV MICRO-INVERTER

According to the circuit topology and the control block dia-
gram mentioned in the previous section, the conceptual switch
signals and current waveforms of the proposed PV micro-
inverter with PVCD strategy are shown in Fig. 7. Since the
circuit operation is the same during the positive or negative ac
mains cycle, only the waveforms for the positive half-cycle are
shown. The switches S3 and S5 in UF are fully turned on and
S, and Sg are fully turned off.

It should be mentioned that variables in uppercase letters
represent the average values or the line frequency values while
those ones in lowercase letters indicate the instantaneous values
related to the switching frequency.

Depends on the on-time duration (Z,,, g2 and ¢, g, ) of switch
Ss and S, the operation of the proposed PV micro-inverter can
be divided into two cases: Case I ({51, 52 < ton,s.) and Case II
(ton.s2 > ton,sa ). Furthermore, by comparing to the continu-
ous conduction mode (CCM) current operation of inductors L,
and L,, the discontinuous conduction mode (DCM) operation
of the two inductors has more operation situations. Therefore,
by considering the DCM operation of L, and L, six operation
stages are distinguished during the positive half-cycle of the
grid voltage. Detailed circuit operation and current flow will be
described as follows:
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Fig. 9. Delivering PV current to L, and releasing iy, to ac grid in Stage II.

1) Stage I (to —t1 and t5 —tg): During this operation
stage, all the switches S, So, and S, are turned on. Currents
IN1, N2, INz, i1, and i, are increased linearly, as shown in
Fig. 7. The equivalent circuit with corresponding current paths
are shown in Fig. 8. Energy storage capacitor C, is in series
with the transformer winding N> to deliver the current I o to
the LPF and UF. At the same time, the decoupling current I,
is drawn from the PV panel into the CDT to store energy and
charges inside the inductor L,. A small portion of PV energy
would also be charged into the magnetizing inductor L,, of
transformer because of the on state of the switch Sy. Stage 1
ends when either one of the switches S or S, is turned off.

2) Stage II (t, —t2): When the inductor current i, in the
RSCM current loop, as shown in Fig. 6, reach the desired current
value I, _f, the switch Sy will be turned off and the operation
enter Stage II. The equivalent circuit with corresponding current
paths of Stage II are shown in Fig. 9. Because S5 is turned off,
the freewheeling diode D3 will be on and the inductor current
i1, 18, therefore, decreased. In the CDT current loop, as shown in
Fig. 6, since the PV current ¢py has not yet achieved the desired
reference current Ipy ¢, the switches S; and S, remain on
and currents 71 and ¢y, continue to increase. The magnetizing
inductor current ¢7,,,, continues to increase in this stage since the
switch Sy is still on.

3) Stage Il (t; — t7): On the other hand, if PV current ipy
reaches the reference current Ipy_..r in CDT current loop but
inductor current ¢, has not arrived the desired current reference
I, vof in RSCM current loop, the switch .S, will be turned off
while the switch S} and Sy keep conducting, as shown in Fig. 10.
It should be mentioned that Stage I is followed by either Stage I1
or Stage III so two operation cases are identified. During
Stage III, the energy and charges stored in the inductor L,
are released to the decoupling capacitor C', via the diode D,
and inductor current ¢y, is thus decreased in this stage. Since
the switches S and S, are turned on, the energy of inductor
L, will be continuously charged by PV panel and its current
i1, is increased reasonably. Similar to Stage II, the magnetizing
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Fig. 10.

Delivering PV current to L, and releasing i, to C, in Stage IIL.

-
-

Fig. 11. Current i, charges C, while current iy, releases to C, or drops to
zero in Stage IV(a).

Fig. 12. Current i, releases to C, while current iy, charges C, or drops
to zero in Stage IV(b).

ok U

-
-

Fig. 13.  Inductor currents iy, and iy, are zero in Stage IV(c).

inductor current 7,,,, will continue to increase due to the on state
of the switch S;.

4) Stage IV(a)(ty — t3): After Stage II or Stage III, if the
increasing PV current ¢py or inductor current iy, reaches its
reference current, the corresponding switch S, or Sy will be
turned off. Since both gate signals of Sy and S, are low, switch
S1 will be turned off, too. All switches S, Sy, and S, are
turned off and the operation mode becomes Stage I'V. However,
according to the discharging current in the inductor L, and L,
Stage IV should be further dived into three different modes,
Stage IV(a), Stage IV(b), and Stage IV(c).

It should be mentioned that the dash current path in Figs. 11,
12, and 13 means the current keeps at zero value or is discharged
to zero during the operation stage.

In Stage IV(a), as shown in Fig. 11, the decoupling capacitor
C, in the CDT is charged by the energy of inductor L, via the
diode D, and the energy of inductor L, would be discharged
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Fig. 14.  Two cases of operation stages for the proposed PV micro-inverter.

to ac grid through the freewheeling diode Ds. However, the
inductor current iy, will be discharged to zero before the in-
ductor current iy, does. Then, the injected ac current will flow
through the capacitor C... Since the switch S is turned off, the
PV current begins to charge the capacitor C; and the energy
of magnetizing inductor is released to C, via the body diodes
of switch Sy and the diode D3 until the magnetizing inductor
current iy, is decreased to zero.

5) Stage IV(b)(t; — ts): Similar to Stage IV(a), if the in-
ductor current 77, drops to zero before the inductor current iy,
does, the operation becomes Stage IV(b), as shown in Fig. 12.
Also, the energy of magnetizing inductor charges C,, if the mag-
netizing inductor current i, is not decreased to zero during the
off status of switch Sj.

6) Stage IV(c)(ts — ty andty — tg): As both of the inductor
current ¢z, and 77, decrease to zero, the circuit operation enters
Stage IV(c). As the equivalent circuit with corresponding current
path shown in Fig. 13, the PV current continues to flow into
capacitors C'y and the injected ac current flows through the
capacitor C,.. Before the magnetizing inductor current iy, is
decreased to zero, the energy of magnetizing inductor L,, will
continue to charge decoupling capacitor Cy.

With the above mentioned six stages, the proposed PV
micro-inverter has two different operation cases. The Case
I occurs during the time interval when grid voltage/current
is relatively small while Case II appears at relatively larger
grid voltage/current. Each case contains four operation stages,
which appears in the sequence, as shown in Fig. 14.

In Case I, most of the PV current is delivered to the CDT
while a relatively small current I, is drawn to the RSCM since
small grid ac current ¢, is demanded. The on-time of the switch
S, which is generated by the CDT current loop, is therefore
larger than that of the switch S, which is adjusted by the RSCM
current loop. Consequently, Case I begins with Stage I, where all
the switches S1, Sy, and .S, are turned on. Then, Stage 11, where
the switches S; and S, are turned on while S, is turned off, is
followed. Next, the operation turns to Stage IV(a), where all the
switches Sy, Ss, and S, are turned off and inductor current i, ,.
keeps decreasing while inductor current ¢z, is reduced to zero
or has been zero. Finally, when ¢, drops to zero, the operation
enters Stage IV(c) and inductor current i1, and 77, keep at zero
value. After Stage IV(c), the operation will go back to Stage I
for a new switching cycle.

On the other hand, the on time of switch Sy will be larger
than that of the switch S, when a large grid ac current i, is
demanded. Therefore, the sequence of operation is similar to
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that in Case I except that Stage II and Stage IV (a) are replaced
by Stage III and Stage IV (b), respectively, as shown in Fig. 14.

IV. CircuiT COMPONENTS DESIGN

In addition to the proposed PVCD strategy, circuit compo-
nents design is also a very important task to ensure the correct
operation of the proposed PV micro-inverter. In the following,
important methodical equations for operation conditions, such
as the turn-on time of the power switch or the transformer’s
current, will be derived first. Then, the design guidelines for key
components will be presented. Finally, the selection criteria of
active power devices based on the voltage stress are suggested.

Since the inductor L, of the proposed PV micro-inverter can
be operated in either CCM or DCM, the derived key equations
shown in Table I are divided into two parts. First of all, based
on the volt-second balance theory for the steady-state operation
of the inductor L,, the expression of (1.a) and (1.b) can be
obtained, where .4 qis, 52 15 the discharged time of inductor L,
under DCM current operation. Then the on-time of the switch
S, which is indicated as ¢,y g2, can be derived as (2.a) and
(2.b), where Vpy is the average voltage of PV panel, and v¢ . (t)
is the instantaneous voltage of C,.. |v,. ()| is the absolute value
of instantaneous grid voltage. T’ is the switching period. N; and
N, are the primary-side and secondary-side turns number of the
transformer. In steady-state, the inductor current I, should be
equal to the absolute value of ac line current injected into the
grid, so (3.a) and (3.b) can be obtained. By rearranging (3.a) and
(3.b), the valley value, I, vy (t), and the peak value, Ir, px(t),
of instantaneous inductor current i, (¢) can be expressed in (4.a)
and (4.b). Therefore, the current of the transformer’s secondary-
winding, T2 (t), is expressed as (5.a) and (5.b), where Ipy is
the average value of PV current and w,. is the grid angular
frequency. It should be mentioned that the derived equations for
I (t) under the DCM or CCM operation of L, are expected to
be identical since the same rectified sinusoidal current is drawn
from the PV panel.

Similar to inductor L., inductor L, can be designed to oper-
ate in DCM or CCM, so the derived key equations are shown
in Table II. As shown in (6), to realize the PVCD strategy and
keep the PV current constant, the decoupling current /., which
is the difference between the primary-side and secondary-side
transformer currents, should be draw into the CDT by the con-
trolling of the switch .S,. According to the volt-second balance
theory for the steady-state operation of the inductor L, , (7.a) and
(7.b) can be derived. The on-time of switch S,;, £, 52, can be
expressed as (8.a) and (8.b) while the decoupling current I, is
determined by (6). In Table I1, N, represents the turns number of
CDT-side transformer winding and ¢, qis, 5. 1S the discharged
time of inductor L, under DCM current operation. Ipy stands
for the PV output current, which is equal to the primary-side
transformer’s current without considering switching-ripple cur-
rent. The results of diode current I s (¢) can be expected to be
identical, as shown in (9.a) and (9.b), while the same decoupling
current [y, delivers to the decoupling capacitor C, through
the diode D, under the CCM or DCM operation of inductor
L, .The mathematical expression of the voltage, v, (t), for the
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TABLE I
KEY EQUATIONS UPON THE CCM OR DCM OPERATION OF L,

CCM Operation

DCM Operation

N
(]\% Vv +vcae (f) - ‘77ac(t)‘) ton.s2 = ‘77ac(t)‘ N (Ts - ton,SZ) (1.a)

N.
(72 Vpv 4+ ves (t) - \“ac(f)\) ton,s2 = [Vac (t)[torr ais,s2  (1b)

7 N,
Vac (t)| - T Vac (t
ton,s2 = ]\J% (2a)  ton,52 = N, [vac ()] toff dis, 52 (2.b)
F}'VP\’ +vea(t) N*I‘VPV + oo (t) = [vac(t)]
1 |vac(t X 1 1 .
Loae®l o) 4 Ty (1) = Jine ()] Ga) A L (st tort i s2) T pi(8) = Jine (1)) Gb)
2 L, T, 2
. 1 Jvac(t 2T - |vac ()] |tac (t
Tnrvy (8) = liac () = 5 - | L(, L, = tonso) @) Liropk(t) = S e (O] e (1) (b)
' <N; < Vpv + vc:(t>) “ton, 52
1 v t 1 1
o (t) = 52 Ty (0 + POl )t s Iva () = 2= tonss - Torpi (1)
) Vv Ipv - (1 — cos(2wact)) (5.2) ~ VevIpy - (1 —cos(2w,et)) (5.b)
= ‘Zac(t)‘ “ton,52 = W = N,
AL v 22 ey o (t
Nl Vv +vea (t) N, Ve + v, (t)
TABLE II
KEY EQUATIONS UPON THE CCM OR DCM OPERATION OF L,
CCM Operation DCM Operation
Ny N
Ine (1) = =2 Ipy — =2 Iy, (t
Na(t) N, vy I 2 (1) (6)
]\"Y.I' €T
“Vpv cton.se = vea () - (Ts —ton,s2) (7.a) “Vev cton.se = Vo (t) Lot ais, 50 (7.b)
Ny Ny
vog (t) - Ty vos(t) N
ton 50 = N(# (8) fon, 55 = —0> v - tofr.dis. s 8b)
Nfi"VPerlmx(t) Py ’
T, —t ; 1 1 L (),
Ipa(t) = In, (1) =—8r Ip2(t) = = 5 ves () Tttt dis, S
ton, Sz T]f/ 2 L, .
N
ERTa 9.2) ey ©.b)
TR N0 - M Iy (1)
v (t) ) ve g (t)
I P
! 9 PV .
Iy oY) Ve (t) = ) ———=sin(2wact) + V2 . (11)
Wae - O S a,de
LN
L4 r . . . .
Ve Based on the derived equations mentioned earlier, key com-
Vewde ponent design rules can be established as follows.

Fig. 15.  Corresponding waveforms of Ipo, Ino, and vo ;.

decoupling capacitor C, can be established by determining its
current first. According to the circuit diagram shown in Fig. 5,
the capacitor current i¢, (¢) is the difference between the current
Ipy ondiode D, and the transformer current /2. By combining
(5.b), (6), and (9.b), the mathematical expression of capacitor
current ic, (¢) can be obtained as (10). Then, by solving the
differential (10), the mathematical expression of the voltage,
ve. (t), for the decoupling capacitor C,, can be obtained, as
shown in (11). The corresponding waveforms of Ips, In2, and
vey (t) after an LPF are shown in Fig. 15, where Vi, . is the
average value of vo, (t)

C, - d“fd—-’;(t) = ica(t) = Ips(t) — Ino(t)

Vv - Ipy
= — 2w, t 10
o €08 (2wyct) (10)

A. Decoupling Capacitor Cy and Turns Ratio N2 /N1

As shown in Fig. 15, the voltage ripple of ve, (t), AVey,
is determined by the difference between the maximum value
Ve w max and the minimum value Vi, in. From (11), the value
of AV, can be expressed as

P
AVC(L‘ = VCaLx,max - VCz,min = \/Vv(?f‘d( + ﬁ
Ppy
—4 V2 - 12
SV - o (12)

Assuming a rated Ppy with a constant w,., Fig. 16 shows
the curves of the required decoupling capacitance C,, under dif-
ferent demanded voltage ripple AV¢,. and dc voltage Vi, dc
values. As the values of AV, and V¢, 4. decreased, the re-
quired decoupling capacitance C', should be increased. Also,
a larger C, is needed for a higher rated Ppv. In practical, the
values of Ppy, AVg,, and Vi, 4. should be decided first, then
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Fig. 16. Required decoupling capacitance C, for different AV, and
Ve e, e values.

the capacitor value of C,, could be easily obtained from (12) or
Fig. 16.

It should be mentioned that the required decoupling capac-
itance C, for different AVp, and AVp, 4. values are similar
to those of other publised topologies. It is understandable that
the required decoupling capacitance in the proposed topology
should be similar to those ones in the published papers since
the same amount of mismatch power between the PV panel and
the ac mains should be buffered by the decoupling capacitor. In
addition to providing the information for component design, the
derived equation of the required decoupling capacitance also
reveal the correctness of the proposed PVCD technique.

To deliver PV current to the UF and LPF, the transformer’s
turns ratio Ny /N, needs to be designed appropriately. As shown
inFig. 5, when both switches .S; and S5 are turned on, the voltage
across on diode D3, which is the summation of the reflected PV
voltage on the transformer’s secondary side and the decoupling
voltage vc ., should be larger than the peak voltage Vi, ,x on
C,. Therefore, the following equation can be obtained:

% : VPV,lllin + VCr,min > VCT,pk~
where Vpvy uin is the minimum PV voltage value and V..
is the peak value of capacitor voltage of C,. From (13), when
Vev.mins Vo, min, and Ve, i are decided, the proper turns
ratio No /N7 could be figure out.

13)

B. Inductor L,, L,., and Capacitor C,, Cy

The equivalent circuit of UF and LPF can be redrawn and
shown in Fig. 17, where the LPF is formed by L,, C;, L.,
and C,.. Because of the nature of switching converter, rip-
ple current appears on L, should be attenuated by the LPF
while injecting the current into the grid. Assuming a negligible
switching-frequency ripple voltage on C,, the expression of rip-
ple current of inductor L, Aiy, can be shown in (14.a), where
AL, min is the predetermined boundary condition for the CCM
operation. When the switch S5 is turned off, the current of in-
ductor L, will be discharged. The time for the inductor current
i1, to discharged to zero is denoted as ¢, gis,52. For the DCM
operation, (14.b) must be satisfied. By combining (14.a) and
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Equivalent circuit of UF and LPF, which is formed by L, , C;, Cy.,

UF

Fig. 17.
and L,..

TABLE III
EQUATIONS FOR L, DESIGN

CCM Operation DCM Operation

Vac (E
| L( )| ATy —ton.g2) ton,s2 + toff,dis, 2
R
= Airr < Aipr,min (14a) <T (14.b)
PR FRTRC PR PRI
= Aipr,min T2 Jiac ()]
Vac (T Dac (T
1- A“#” s 1o [vac ()] (15.b)
A /2
N—I Vev 4+ e (t) N Vev + e (t)

(14.b), the required inductance L, for CCM or DCM operation
can be expressed as (15.a) and (15.b), respectively.

It should be mentioned that (15.a) and (15.b) become the
same when Ay, i, is designed to be twice of the absolute
value of grid current i, (¢).The result is similar to the design for
the CCM or DCM operation of the dc—dc buck converter.

The other components inside the LPF form an LPF to smooth
out the injected ac current. The transfer function of the LPF,
which consists of C,., C,, and L,., can be obtained:

JAV IS 1

= 16
AZ‘Lr 1+ wzvac [de (Cr + Cd()] ( )

where Ai,. is the switching-frequency current ripple of injected
ac current and w,._ , is the corner angular frequency of the LPF.
Generally, w,, , is designed to be one-tenth of the switching an-
gular frequency. After the ratio of current ripple of Aiy, to Ay,
is decided, the value of L,., C;, and C,. can be determined.

C. Inductor Ly and Turns Ratio Ny /N,

Similar to the inductor L,, the derived equation for inductor
L, to operate in CCM or DCM are shown in Table IV, where
Aiy,, is the ripple current of L, , Aiy, iy is the predetermined
boundary current, and ¢, dis, 5. 1S the time for inductor current
to discharge to zero during the off time of the switch .S,.. Also,
I, (t) is the current of inductor L, without considering its
switching ripple current. Similar to the conditions shown in
Table III, (18.a) and (18.b) in Table IV are expected to be the
same when Aiy,, i, is designed equally to be twice of inductor
current I, (t), which is the design criteria for the CCM or DCM
operation of the dc—dc buck—boost converter.
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TABLE IV
EQUATIONS FOR L, DESIGN

CCM Operation

DCM Operation

ve g (1)

7 (T —ton,50) = Ai, <Aipz,min (17.2) ton,sz + totr,dis, sz < T (17.b)
L,xRovee) 0y vee () (18.2) L, < TQI“(Y)) S RS (18.b)
1 T, min Nil Vv 4+ vea (t) Lx Ni’:.vpv +’U(Y:r,(t)
D. Input Filter Lpvy, Cpy, and Ct shown in (23)
To achieve good MPPT performance, the input filter, which Ny
. . . VDS,S?,maX = VPV =+ VCx.max (22)
consists of inductor Lpy and capacitors Cpy and C/, should be N
carefully designed to attenuate the switching ripple on the PV N
panel. The required capacitance C is related to the PV current Vbs, 52, max = Vpv - Fx + Vou, max- (23)
1

Ipv, voltage ripple Avc ; on the capacitor C'y, switching period
T, and the on-time of the switch S;. As a result, the minimum
value of the required capacitor C'y i, can be expressed as

Ipy

C ni >
fymin = Ava

(Ts - 7fon,SlA,min) . (19)

where toy §1 min 1S the minimum on-time of the switch S;. On
the other hand, Lpv and Cpy form an LPF to further reduce the
switching voltage ripple on the PV panel. The attenuation ratio
of the LPF can be expresses as

A 1
L 20)
Avey 14w pyLeyCpy

where Avpy represents the voltage ripple of PV panel and
we, pv 1s demanded corner frequency of the LPF. Similar to
We, ac» We, PV 18 also designed to be one tenth of the switching
angular frequency. Once the attenuation ratio of the voltage
ripple is decided, the value of Lpy and Cpy can be determined.

E. Voltage Stress of Power Devices

The voltage stress for power switches Sy, S5, and S, can
be determined by their operation modes. As the equivalent cir-
cuits in Figs. 11 and 12, the maximum voltage stress of S;
Vbs, 51, max occurs when both Sy and S, are off but the body
diode of Sy and diode Dj are conducting due to the discharging
of magnetizing current of L,,. Therefore, the voltage stress of
Sp can be expressed as

N

VDS,Sl,max = VPV + VCm,max ' X7

N 2

where Vi, max is the maximum voltage of capacitor C,.
When switch S5 is turned off in Fig. 9, the diode D3 will be
turned on because of the continuity of the inductor current ¢7,,..
Therefore, the maximum voltage stress of switch Sy Vps, 52, max
becomes the summation of the transformer winding voltage and
the maximum voltage of capacitor C, while the switch .S is
turned on and can be expressed as (22). Similarly, the maximum
voltage stress of switch S, Vps, 52, max can be determined and

The maximum voltage on diode D; happens when magne-
tizing inductor current ¢y, is discharged and inductor current
i1 is dropped to zero during the off status of switches S, So,
and S, such as the equivalent circuit in Fig. 12. Because of the
body diode of .S, the voltage of transformer winding N, will
across on the diode D;. Therefore, the maximum voltage stress
of diode D Vpi max becomes

VDl,max = VCx,max~ (24)

The diodes D, and Ds will be reversely biased, while
switches S, and Sy are turned on, respectively, in Fig. 8.
Therefore, the maximum blocking voltage on these two diodes
Vb2 max and Vps max can be obtained

N,

VDQ,max = VPV : F + VC;(:,max (25)
1
N

VDS,max = VPV . FQ + VCw,max- (26)
1

On the other hand, the switching pairs (S5, S5) and (S, Sg)
in UF are turned on complementary during the positive or neg-
ative half-cycle of the grid voltage. Therefore, the maximum
blocking voltage for each switch in one switching pair is the
peak ac voltage v, px While the other switching pair is turned
on and can be expressed as

VS&max = VS4,max = VS5,max = VSG,max = Vac, pk- (27)

V. SIMULATION AND EXPERIMENTAL RESULTS

A prototype circuit with the specifications shown in Table V
is built and tested to verify the performance of the proposed PV
micro-inverter with PVCD strategy. It should be mentioned that
no electrolytic capacitor is needed for the hardware implementa-
tion. Computer simulation key waveforms for the proposed PV
micro-inverter are shown in Fig. 18, where from top to bottom
are PV voltage vpy, PV current ipvy, ac grid voltage v,., ac grid
current 7,., decoupling capacitor voltage v¢,, and magnetizing
current 77,,,. It can be seen that both vpy and ipy are almost
constant, which implies that the PV panel provides a constant
power and good MPPT performance is achieved. The injected
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TABLE V
SPECIFICATIONS OF THE PROPOSED PV MICRO-INVERTER

Parameter Value Parameter Value
I/p\f,m]_,p 30V va 10 NH
Ipv‘mpp 8 A Cf 47;LF
PPV.mpp 240 W CVJE ZSMF
Vac 220 Vims C, 50 nF
fac 60 Hz L, 250 uH
fsw 50 kHz L, 600 nH
va 7 MF Lﬂ(v 2 mH
Ny : N, : Ny 1:3.5:3.5 Cac 50 nF

S Sy . . - .
vﬂ'c v s 7 _ 7 N 2 = 7 " 7 =
S ra S i S v 4 Y i S w 4 S
— — — 7 = —
20 = = = = = =
+ 1 S —— —— —
! [ 4 % . ¥ 4 .4 Y F Y 4 Y
ac o4 S I S i S ra Sy I ra S
e — N— N— — 7 x
L% " a N Az Y ra - 4 N "4 Y i
A N .~ .~ S -~
380y ra ' 7y 7 s s s . - . .y
Vo T —F e e e e e e e
[ e s L S e e
0
Iim®
] 20 40 60 E] 100
time/mSecs 20mSecsidn
Fig. 18. Simulation key waveforms for steady state operation with rated PV
power.

ac line 7,. is sinusoidal and is in phase with the grid voltage
vac. The average value of the decoupling capacitor C, vey,
is well controlled at 350 V with a reasonable double-line fre-
quency voltage ripple around 70 V appearing. Thus, the input
and output currents are decoupled successfully. In addition, due
to the discharging path inside the proposed PV micro-inverter,
the magnetizing inductor current iz, can always be discharged
to zero in every switching cycle to recycle the magnetic energy
as well as to avoid the transformer saturation.

On the other hand, simulated gating signals and correspond-
ing current waveforms for Case I and Case II are shown in
Fig. 19(a) and (b), respectively. In Fig. 19, waveforms from top
to bottom are line voltage v,., gating signal of S, S, and Ss,
and the current waveforms for 77, and iy,. These simulated
waveforms are consistent with the theoretical ones shown in
Fig. 7 that validate the operation principle of the proposed PV
micro-inverter with PVCD strategy.

Theoretically, the proposed PV micro-inverter cannot pro-
vide reactive power because of its circuit structure. However,
in Fig. 5, if a synchronous rectifier switch Sy p is adopted to
replace the diode D3 and the diode D, is removed, the pro-
posed PV micro-inverter can provide reactive power. However,
the amount of reactive power is limited and the output ac line
current will be distorted with higher THD even if the inductance
of L, is increased for the CCM operation. The key simulated
waveforms of the modified circuit are shown in Fig. 20. To
provide reactive power, the inductor current reference i, ot
should be modified to match the change of the conducting
pair of the unfolder. Theoretically, an expected, the injected ac
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Fig. 19. Simulated line voltage, gating signals, and corresponding current
waveforms of the propose PV micro-inverter for (a) Case I and (b) Case II.

12
Vos 83,5 6
o
12
Ves §4,6 ¢
[
300
VYae ¢ == == — == = =
-300 — —_— - — —
i 15 —~ -
- - S, _— 4 "
ac_exp o= = —= = = ~
i ~ = ~ ~
15
I A -~ I
Lr_refosd—2Z L ST 7 N—Z A ST Z ]
Ry 14 7 i 1 074
05 174 1 174 174
SR — I —
. L — S — S — —r — s
Iy osHyf ¥ i i X i
o ! ¥ ¥ 2! ¥
: et = B ¥
1 0.5 ‘ﬂ L ‘ﬁ
ac Pt T i _’m’:. i =
00 105 M0 115 120 125 130 135 10 145
time/mSecs SmSecs/div
Fig. 20. Key simulated waveforms of the modified proposed circuit.

current 4,._cx, Will become sinusoidal with a phase lag to the
grid voltage. However, the inductor current 47, cannot track
irr_vef very well during the sudden current change transient.
Although the desired reactive power (power factor 0.95 lagging)
can be achieved, the current THD will increase (up to 30%), too.
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Fig. 21.
power.

Experimental waveforms for steady state operation with rated PV

Therefore, the proposed PV micro-inverter is not dedicated for
reactive power delivering. However, the proposed PVCD strat-
egy can be adopted by different circuit topologies that are ca-
pable of reactive power delivering. Besides, it is also possible
that the proposed PVCD strategy can be applied to different
applications, such as a PFC converter, to eliminate the need of
the electrolytic capacitor.

For the prototype hardware circuit with the specifica-
tions shown in Table V, the microcontroller unit (MCU)
dsPIC33FJ16GS502 is adopted to realize the proposed PVCD
strategy. Similar to the simulation condition, the measured
steady state operation waveforms with rated PV power are
shown in Fig. 21, where from the top to the bottom are PV
voltage vpy, PV current ipy, grid ac voltage v,., and grid ac
current 7,.. The measured waveforms show that vpy and ipy
have very small ripples (Avpy = 1.9 V and Aipy = 0.5A)
while the proposed PV micro-inverter produces a sinusoidal
current 7, in phase with the grid voltage v, .. It reveals that the
proposed PV micro-inverter with PVCD strategy can achieve
very good current decoupling requirement without using large
electrolytic capacitors. It also should be mentioned that there is
no abrupt disturbance in the input PV power or the output ac
current because of the absence of mode-change control, which
is utilized by the conventional SPPD strategy.

The measured gating signals for S, and Sy as well as the
current waveforms for ¢y ., and 7y, are shown in Fig. 22, where
those ones for Case I operation are shown in Fig. 22(a) and those
ones for Case II are shown in Fig. 22(b). Due to the channel
limitation of the oscilloscope, only selected key waveforms are
shown to verify the operation of the prototype hardware circuit.

By adopting the P&O method to fulfill the MPPT function,
the maximum power of PV panel can be well traced as shown
in Fig. 23. Waveforms shown in the upper portion of Fig. 23
are the measured power, voltage, and current of the PV panel as
well as the ac grid voltage and injected ac line current where the
partially magnified waveforms are shown in the lower portion
of Fig. 23. These measured waveforms verify that the proposed
PV micro-inverter can extract the maximum power from the PV
panel automatically while injecting a sinusoidal ac current into
the grid.
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Fig. 23. Experimental results of the MPPT feature for the proposed PV

micro-inverter.

Dynamic performance of the proposed PV micro-inverter
with PVCD strategy is also tested. Fig. 24(a) and (b) shows
the measured key waveforms of the input and output terminals
of the prototype hardware circuit under different PV input power
variation scenarios. Assuming a sudden solar illumination de-
creases, the output power of the PV panel will drop 100 W (42%
of the rated power) abruptly and the measured waveforms are
shown in Fig. 24(a). It can be seen that the MPPT feature for the
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Fig. 24.  Experimental results of the proposed PV micro-inverter with input
PV power variations. (a) 100 W PV power decreasing. (b) 100 W PV power
increasing.

PV panel can be quickly achieved after the solar illumination de-
creasing and a smooth transient of the output ac current drop can
also be obtained. On the other hand, when the PV panel power
increases suddenly, the proposed PV micro-inverter can achieve
the similar good MPPT performance, as shown in Fig. 24(b).

One of the main goals of this paper is to eliminate the need
of electrolytic capacitor. To quantify the reduction of decoupled
capacitor C,, a PV-side capacitor Cpy _s in the conventional
single-stage PV micro-inverter is compared. Since the voltage
ratings of C, and Cpy_y are different, it is more reasonable
to compare their charge storage capability, i.e., Q = C'V. If the
conventional single-stage flyback-type micro-inverter without
any decoupling circuit is used for the PV system with the same
voltage and power ratings, the required input capacitance for
Cpv _ss will be 10.6 mF to achieve a 2 V voltage ripple at the
input PV panel. The required charge storage capability of ca-
pacitor C,, has 97% reduction compared to capacitor Cpy s, if
a 25 pF capacitor with 500 V voltage rating and a 10.6 mF ca-
pacitor with 40 V voltage rating are selected for C, and Cpy _gs,
respectively.

The power conversion efficiency and the THD of grid current,
measured by the power meter Yokogawa WT1800, are depicted
as Fig. 25(a) and (b). Table VI shows the power loss analysis of
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Fig. 25. Measured efficiency and THD of the prototype circuit. (a) Efficiency
curve. (b) THD of grid current.

TABLE VI
POWER LOSS ANALYSIS OF THE PROTOTYPE CIRCUIT AT FULL LOAD

Components  Conduction  Switching Leakage Reverse Core
Loss s Loss Recovery Loss Loss
S 1.29 W 036 W N/A N/A N/A
Ss 042 W 1.22W N/A 0.15W N/A
S 1.63 W 1.22W N/A N/A N/A
S3 —Se 0.24 W ow N/A N/A N/A
Dy 1.41W N/A N/A 1.23 W N/A
D, 0.73 W N/A N/A 0.57W N/A
D3y 0.71' W N/A N/A 0.57W N/A
Dy 0.88 W N/A N/A 0.57W N/A
Lpy 020 W N/A N/A N/A 0.55W
L, 2.66 W N/A N/A N/A 1.30 W
L, 0.12W N/A N/A N/A 1.14 W
Lo 0.12W N/A N/A N/A 1.14 W
T, 2.06 W N/A 7.10 W N/A 2.07W

the prototype circuit at full load. The output current THD is be-
low 5% when the output power is higher than 50% load. Based
on the operation modes and the derived equations in the previous
sections, the power loss analysis of the prototype circuit at full
load can be obtained. The total power loss at full load is consis-
tent with the measurement result. Circuit efficiency of prototype
hardware circuit so far is not good enough. The main reason for
the dissatisfied circuit efficiency is many component counts of
the proposed circuit. Moreover, no soft-switch techniques are
used for any switches in the proposed circuit. Therefore, more
conduction and switching losses are produced by these devices.
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In addition to optimize the selection of the devices, reducing the
number of components and including soft-switch techniques are
the two ways for improving the circuit efficiency. On the other
hand, Table VI can also be provided to electrical engineers for
improving circuit efficiency if the proposed approach is consid-
ered to be developed. Although the efficiency performance is
not satisfied and should be improved in the future, the experi-
mental results of the prototype circuit do verify the performance
of the proposed PV micro-inverter with PVCD strategy.

VI. CONCLUSION

A novel PV micro-inverter with the PVCD strategy is pro-
posed in this paper. With the CDT inside, the proposed PV
micro-inverter can draw constant current from the PV panel
while delivering a sinusoidal current into the ac grid. Good
MPPT performance can be obtained without using large elec-
trolytic capacitors, so the reliability of the proposed PV micro-
inverter can be greatly improved. In this paper, the operation
principle and the component design of the proposed PV micro-
inverter with PVCD strategy are presented. Different to the con-
ventional power decoupling approach, the proposed PVCD con-
trol is based on the concept of current decoupling. Computer
simulations and the experimental results are shown to verify
the performance of the proposed PV micro-inverter with PVCD
strategy. Although the prototype hardware circuit has unsatis-
factory circuit efficiency and limited reactive power providing,
the proposed circuit proves great ability of current decoupling
function whenever steady state output or dynamic change of PV
power.
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