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ABSTRACT Household power conversion stages process significant amounts of power when they add up
to form a microgrid. Microinverters are considered one of the best choices to utilize the renewable energy
harvested power. Microinverter integration encounters several challenges when interfaced with expanding
microgrids. This paper proposes a coupled inductor-based boost microinverter operating in dual mode time
sharing technique for renewable energy applications. It is composed of an absolute sinewave modulated
voltage boost converter and series capacitor connected to the secondary winding of the coupled inductor
followed by a single-phase Full bridge inverter. The coupled inductor integration allows a significant
reduction in current ripple and improved energy conversion efficiency. In the proposed microinverter, the
DC link voltage is not required to be constant, instead, it process an absolute sinewave modulated voltage
and then it is unfolded to AC and fed into the grid. The DC link capacitor is substituted by an efficient
AC thin film type capacitor. The dual mode time-sharing principle intends to reduce the switching losses of
the microinverter and consequently achieves high conversion efficiency. The proposed converter’s analysis,
design, and simulation are validated on a 2.0 kW setup system using PSIM simulation software. The
feasibility and performance of this new microinverter topology is proved experimentally via laboratory
prototype. The current ripple can be reduced to one half in case of matching coupled inductor primary
and secondary windings compared to the typical boost converter. In another scenario, the current ripple
can be fully eliminated in either of the coupled inductor windings when winding inductance equals to the
mutual inductance. The proposed microinverter topology offers a notable enhancement in power conversion
performance that reached 97%. In addition, a high-quality sinusoidal output current waveform of 1.1% total
harmonic distortion is achieved.

INDEX TERMS Microinverter, dual mode, time-sharing, coupled-inductor, boost converter, renewable
energy.

I. INTRODUCTION

Power systems around the world that aim to reduce green-
house gas emissions are using more renewable energy sources
(RES) as these sources play an important role in a sustain-
able energy future. However, with the integration of high

The associate editor coordinating the review of this manuscript and

approving it for publication was Inam Nutkani

share of RES generation, major challenges may arise for
the secure and stable operation of the power grid [1], [2].
Therefore, power inverters play a crucial role in mitigating
these challenges.

Due to their superior production, unrivaled intelligence,
easy installation, small size, and adaptability, microinvert-
ers provide the most modern inverter technology available
on the market [3], [4], [5], [6]. Microinverters have gained
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popularity, especially in residential solar installations, due to
their advantages in individual panel optimization, monitor-
ing capabilities, and enhanced safety features. Microinverters
operate on a per-panel basis, allowing each solar panel to
perform at its maximum potential. This contrasts with string
inverters, where the performance of the entire string is lim-
ited by the output of the weakest panel. Consequently, the
market for microinverters was valued more than 2.5 billion in
2020 and is projected to grow 6.5 billion by 2025 [7].

The variety of topologies suggested in literatures [8], [9],
[10], [11], [12], and [13] for galvanically isolated microin-
verters is represented in Fig. 1(a). In order to accomplish
the boost function, it primarily comprises of a DC/DC con-
verter stage with a high frequency transformer buffer. A DC
link buffer interfaced with an inversion stage converts the
DC input to a high-quality 240V/50Hz AC output after
the DC/DC conversion stage. On the other hand, the high
frequency transformer buffer increases the system’s volume
and power losses. Since transformer-based inverters are said
to have a peak efficiency of about 94% [14], [15], [16],
[17], the researchers were motivated to find a different strat-
egy. To supplement their current lineup of transformer-type
inverters for installation in the US, several microinverter
manufacturers have devised and constructed transformer less
inverters. In Europe, transformer less inverters have been
widely used for a while. They weight far less, do not expe-
rience the same energy losses, and therefore cost less than
the bulkier same-wattage transformer-style inverters. With
transformer less inverters, there are a few considerations
that need to be taking care of. Both the German standard
VDE 0126-1-1 and Section 690.35 of the 2014 National Elec-
trical Code (NEC) USA standards contain specifics about
these requirements [18], [19]. The family of transformer-less
topologies depicted in Fig. 1(b) has been extensively studied
in the literature to allow for greater efficiency and lower
volumetric size of the microinverters [20], [21], [22], [23].
The non-isolated single stage without DC link buffer is shown
in Fig. 1(c).

When wide band gab devices are integrated with trans-
former less inverters, it has been reported that power losses
can be significantly reduced, setting a new efficiency record
of 99% in residential applications [20]. Transformer less
microinverters were successfully introduced in European and
Australian markets, which led to their huge appeal in the
United States. Microinverters are mostly used in low voltage
single source photovoltaic and fuel cell (FC) applications.
The fuel cell can be regarded as a clean energy source since it
produces heat, power, and water through an electrochemical
reaction using only pure hydrogen. Due to its exceptional
efficiency, zero or minimal pollutant emissions, and fuel flex-
ibility, fuel cells (FCs) are a highly sought-after alternative
for power generation in the future. As a clean energy source,
fuel cells have recently attracted increasing attention. Fuel
cells are electrochemical devices that directly and continu-
ously transform chemical energy from a reaction between
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FIGURE 1. Evolution of single stage microinverters: (a) isolated
two-stage, (b) non-isolated two-stage, (c) non-isolated single-stage.

an oxidant, oxygen, and a fuel, hydrogen, into electrical
energy. FC systems provide a clean substitute since they are
direct single stage energy conversion devices that contribute
to high electrical energy conversion efficiency. One of the
most promising technologies to be employed as power supply
sources in various portable applications in the near future are
fuel cell systems, which provide a clean alternative to energy
production [24], [25], [26], [27], [28].

Due to the extremely high voltage conversion ratio, two-
stage conversion is typically necessary for microinverter [31].
The DC-DC stage raises the voltage from the PV module to a
higher level for grid voltage, as seen in Fig. 2. By using pulse
width modulation (PWM), the DC/AC stage transforms the
DC voltage into the AC line voltage. As seen in Fig. 2(a), the
high capacitance across the DC connection allows for stable
voltage, which acts as an energy buffer during the conversion
of DC energy into AC energy. A significant factor to consider
with microinverters is the need for a compact size passive
power decoupling (PPD) DC link capacitor. The single-phase
inverter’s second harmonic power ripple is handled via the
DC link. Moreover, the DC connection design is complicated
due to the need to accommodate the strict specification of
a 1% DC bus voltage ripple [25]. Because the electrolytic
capacitor has the highest permittivity and energy density, it is
the only option available for DC link capacitor selection.
Unfortunately, electrolytic capacitors have limited RMS cur-
rent capability, a short lifespan, a high ESR, a high ESL, and
a loss of capacitance. To process the second harmonic power,
several active power decoupling techniques have been pre-
sented in the literature; however, these additional decoupling
techniques demand more space and dimensions.

To keep the DC link voltage constant, the design shown
in Fig. 2(b) does not utilize a high capacitance at the DC
link [32]. It permits fluctuations in accordance with the grid
voltage’s double line frequency. In the subsequent step, the
DC current is unfolded to AC and fed into the grid in the
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FIGURE 2. Types of microinverters: (a) DC link for steady voltage (b) Current-unfolding approach.

second stage. At the DC/AC conversion step, the unfolding
technique intends to reduce the high frequency switching
loss. Double-line frequency voltage ripples can only be
reduced by large capacitance at the input link because most
microinverters are intended to be linked to a single-phase AC
grid. Nonetheless, industry experience has demonstrated that
this architecture may reach above 96% efficiency, which is
substantial for the high gain voltage conversion ratio [31].
The concept of unfolding stage is modified and extended
to widely utilized dual-mode time-sharing inverters [32],
[33], [34], [35], [36]. Time sharing operations have been
investigated as a potential small film type capacitor replace-
ment for large dc-link capacitors [32]. Both the inverter
and the DC-DC converter stages are permitted to switch
for a portion of the entire duration when operating in a
time-sharing capacity. For microinverters, on the other hand,
when low voltage and high current application are neces-
sary, time-sharing approaches are not investigated. In [8],
a selective dual-mode time-sharing sinewave absolute value
modulated boost converter with bypass diode is presented
and the DC-link capacitor is effectively replaced by a thin
film AC capacitor. Figs. 3 and 4 illustrate a comparison of
circuit configuration and operation principles of two-stage
and dual mode time sharing inverters with bypass diode.
In Fig. 3, the boost DC-DC converter and the FB single-phase
inverter make up the conventional two-stage microinverter.
To boost the low and uncontrolled DC voltage of the renew-
able energy systems to a constant output voltage (300-400 V),
the boost switch S, in the first power processing stage is
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FIGURE 3. Conventional two-stage microinverter.

utilized and always operated at high switching frequency.
Similarly, the FB inverter switches (S — S4) in the second
processing stage are always switching at PWM high switch-
ing frequency. High switching frequency operation of both
stages leads to high switching losses and consequently low
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power conversion efficiency. In addition, to maintain steady
DC link voltage, the boost converter side requires a huge,
heavy unreliable electrolytic capacitor. With the drawbacks
of electrolytic capacitors as limited lifetime, large leakage
currents, value tolerances and equivalent series resistance,
lighter microinverter are unachievable.

Fig. 4 illustrates a dual-mode time-sharing PWM inverter
with a bypass diode. It can achieve high conversion efficiency
compared to the two-stage converter for a wide range of
output power. The DC-DC boost converter is not required to
maintain a steady output voltage at the DC link; it modulates
the DC-link voltage to a quasi-sinewave ac absolute value.
As a result, it is possible to drastically lower the DC-link
capacitor or to replace it with a small size ac capacitor. How-
ever, this topology encounters a relatively high inductor ripple
current which constrains the inductor sizing for continuous
mode operation, especially at low input voltage. In addi-
tion, this large inductor design reduces the power conversion
efficiency especially at high power ratings. Furthermore, the
inductor current ripple is crucial agent for renewable energy
application such as fuel cell and PV where high source rip-
ple current significantly degrades the RE source lifetime.
A possible remedy to these drawbacks is deploying coupled
inductor-based converters. Coupled inductor converters offer
benefits such as reduced size and weight compared to tra-
ditional single-inductor converters [37]. They also provide
improved performance in terms of efficiency, voltage regu-
lation, and electromagnetic interference (EMI) due to their
inherent magnetic coupling. In this paper, a single stage trans-
former less coupled inductor microinverter with time-sharing
operation is proposed as a solution to these knowledge gaps.
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Il. PROPOSED COUPLED INDUCTOR-BASED BOOST
MICROINVERTER

Fig. 5 illustrates the proposed coupled inductor-based boost
(CIBB) microinverter which is mainly composed of cou-
pled inductor based absolute sinewave modulated voltage
boost converter followed by a single-phase FB inverter with
an LC filter. A series capacitor Cs is connected to the
secondary winding of the coupled inductor to reduce the
inductor ripple current. The proposed microinverter features
efficient dual-mode timesharing operation between the boost
converter and the FB inverter. As a result, low switching fre-
quency is the FB inverter’s primary operating frequency. High
switching frequency is only used to switch a small portion
of the line frequency, when the input voltage is greater than
the absolute sinewave modulated voltage. In the proposed
topology, the dc link capacitor is substituted by an efficient
AC thin film type capacitor. Due to the substantial reduction
of the DC-link and the removal of the isolation transformer,
the boost conversion and the FB inverter inversion stages are
combined into a single stage. The following benefits of the
suggested time-sharing microinverter topology are:

1. The large-lossy electrolytic DC link capacitor is elimi-
nated in the suggested topology and is replaced with an
embedded, small-sized film-type capacitor.

2. The proposed microinverter has a high-power conversion
efficiency when it operates in the time-sharing mode.

3. Fit for applications requiring high current and low input
voltage as fuel cell systems.

4. The inverter only uses a small-time interval of the line
frequency to operate in high switching PWM.

5. A sinusoidal output voltage of superior quality.

6. The coupled inductor features reduced current ripple.

The operation principles and the dual mode time-sharing
working depicted in Fig. 5 are similar to that given in [32]
and [35]. In which, the boost switch (Sp) and inverter switches
(S1 — S4) do not require to operate at high switching fre-
quency at the same time as in the two-stage inverter. When
the input dc voltage is less than the absolute value of the
required sinusoidal instantaneous output voltage, the boost
converter, which is a current-fed circuit, operates in a high
switching frequency PWM operation mode to boost the input
voltage and produce a quasi-sinusoidal pulse modulated volt-
age waveform at the intermediate dc bus. The switches (S1
through S4) in the FB inverter are either in a line frequency
switching operation or at PWM operation mode when the
input dc voltage is greater than the absolute value of the
required sinusoidal instantaneous output voltage around zero
voltage crossing. The controller diagram of the proposed
CIBB microinverter is shown in Fig. 6. The upper portion
of the diagram is responsible of controlling the boost dc-dc
unit via generating suitable gating signals sent to Sp, to obtain
a quasi-absolute sinusoidal modulated voltage at the inter-
mediate bus. The duty cycle of the boost switch S, during
the boost operation mode is identical to the standard boost
converter. The lower portion expresses the control of the FB
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inverter. The FB inverter operates as unfolding inverter when
the input voltage is less than the absolute value of the output
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voltage |v,(¢)|. When Vj,, is more than more than |v,(¢)|, the
FB inverter operates in sinusoidal PWM switching scheme.
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One of the main advantages of the proposed topology is
that it does not apply high capacitance at the intermediate bus
to maintain the steady DC-link voltage since the intermediate
bus voltage exhibits an ac voltage instead of a DC voltage. Itis
an absolute quasi-sinewave modulated voltage that occurs
in the intermediate bus. It permits voltage fluctuations in
accordance with the grid voltage’s double line frequency.
In the subsequent step, this voltage is unfolded to AC and
fed into the grid. The unfolding approach intends to reduce
the high frequency switching loss at the DC/AC conversion.
As a result, a more efficient, reliable and compact AC film
capacitor is employed as a replacement for bulky, and lossy
electrolytic DC link capacitor. The detailed CIBB operation
will be analyzed in the following section.

Ill. ANALYSIS AND PRINCIPLE OF OPERATION

The Schematic diagram of the control circuit of the proposed
CIBB microinverter is shown in Fig. 6. The input can be any
type of renewable energy sources (RES) such as fuel cell
(FC), PV or super capacitor (SC). The input voltage of the
RES is assumed to be in the range of 80-160. The operation
of the proposed CIBB microinverter is detailed in Figs. 7-9
and will be explored in this section. The proposed CIBB
microinverter can operate in two operation modes; boost
mode (B-mode) and inverter mode (Inv-mode) as illustrated
in Fig. 7. In boost mode the major switches responsible of
shaping the output sinewave is boost switch S; and D;. The
duty cycle of S, is controlled to follow absolute value mod-
ulated sine wave of the desired output voltage as illustrated
in Fig. 7. In this mode, only one active switch is operated
via a high switching frequency scheme. The following FB
inverter operated at line frequency power efficient switching
scheme. The FB inverter is only used to reverse intermediate
modulated voltage V., during the negative half cycle to obtain
the desired sinusoidal output voltage. This mode occurs when
the input voltage is lower than the absolute value of the output
voltage. On the other hand, during the inverter mode, the FB
inverter is fully responsible for shaping the output sinusoidal
waveform as demonstrated in Fig. 6, and this happens when
the input voltage is greater than the absolute value of the
output voltage. This mode duration is kept being minimal
since that it involves the FB switches (S; — S4) operating
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FIGURE 8. Operation states of the proposed CIBB microinverter during
the boost-mode.

at high switching frequency. The inverter-mode operates in
four intervals of Z; to Z4 as displayed in Fig. 7. The oper-
ation switching states for boost-mode and inverter-mode are
detailed in this section.

A. BOOST MODE OPERATION

Boost-operation mode is activated when Vj, is less than the
V, during the positive half cycle of the output voltage V,,. The
boost mode is similarly activated when Vj, is less than |V,|
as demonstrated in Fig. 8. In this operation mode, the boost
converter unit depicted in Fig. 8 is responsible to process
the whole input power with only one active switch operates
in high switching frequency scheme as shown in red color
while, the FB inverter switches operate at line frequency.
Compared to the traditional boost converter shown in Fig. 3,
this approach features a coupled inductor. The secondary
winding of the coupled inductor is connected in series with
a capacitor. It is feasible to design the turn’s ratio, inductance
value, coupling coefficient (K), and switch’s turning on time
in order to produce various output voltage levels. The power
switch S, and the diode D7 in the boost-mode create the main
pathway of the current towards the intermediate bus capacitor.
Sp is controlled to create a portion of an absolute sine wave as
shown in Fig. 8. Two diagonal switches S1 — S or S3 — S4 of
the following FB inverter, in turns, are turned ON to produce
to construct a portion of the output sinusoidal voltage as:

Vo = Viusin(wt) (D

The duty cycle of the boost switch S, during the boost oper-
ation mode can be found as

nl =V
d(t) = [vo (D) in )
vo(D
This mode of operation is divided into two operation states
as detailed below:

1) STATEAWITHO < ¢ <t

During this state the boost switch S, is turned ON and both the
coupled inductor windings (L, and L) are charged, thus, the
energy is stored in coupled inductor. Therefore, the primary
winding current of the coupled inductor is increased from its
minimum value to its maximum value with a change of Airp
in the steady state. Consequently, the induced voltage in the
secondary winding of the coupled inductor will be positive
and responsible of charging the capacitor C;. In state A, the
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stored energy in the intermediate bus capacitor Cj, is trans-
mitted to the load via the FB inverter. The coupled inductor
primary and secondary windings voltages (V.p and Vi¢) can
be expresses as:

diL diL
Vip=L P M= =V, 3
p=Lp— + 7 in 3)
dl'Lv diL
Vig =Ly + M—2 =V, 4
LS s dt + dt c ()

The voltage across the capacitor C; is found as:
Ve =V ©)
The mutual inductance (M) is known as:
M = K./LpLs (6)
where K is the coupled inductor coefficient. Therefore, the

ripple current of the primary winding (Aizp) and secondary
winding Airgs is equated as follows:

diy.
Vin — Ko/LpLs—=t
Aipp = in PLS 77t (7)
Lp
diy,
Vin — K&/LpLs—*t
Airg = in PLS 71 (8)
Lg

2) STATEBWITH ¢, < ¢ <t2

In state B, S, power switch is turned OFF while diode D is
turned ON as shown in Fig. 8. The primary winding voltage
Vip reverse its polarity and the primary winding current
starts to decrease. Furthermore, this negative voltage value
is induced in the secondary winding, which results in a drop
in secondary winding current equals to the current flowing
through the series capacitor C;. The coupled inductor primary
and secondary windings voltages (Vrp and Vig) are found to
be:

diL diL
V fd L P M il = V - V 9
LP P dt + dr i cb ( )
diLS diL
Vis = Ls 7 + d_tp =V — Ve (10)

The, the following relation is concluded:
Vcl - Vcb = Vi - Vcb (11)

The coupled inductor current reaches its minimum value at
the end of this operation state at the moment of t2 when the
switch Sp, is again turned ON at beginning of the next switch-
ing cycle. The current ripples of the primary and secondary
winding are obtained as:

p
. —Vin+ Ve — KJVLpLs (15 — 11)
Aipp = (12)
Lp
p
. Vi + Vo — KJIpLs 2 (ty — 11)
Airs = 7 (13)
S
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FIGURE 9. Operation states of the proposed CIBB microinverter during
the inverter-mode.

B. INVERTER OPERATION MODE

The inverter-mode operation is used when Vj;, is more than
V, during the positive half cycle of the output voltage V.
This mode is also used when Vj, is more than |v,(¢)| dur-
ing the negative half cycle of the output voltage V,. The
inverter-mode of operation can be divided into four operating
intervals, Z1-Z4 as shown in Fig. 6. In Z1 and Z2, S; and
S4 switches at high switching frequency unipolar sinusoidal
PWM modulation as depicted in Fig. 9. In Z1, the duty cycle
reference of S; goes gradually from O to 1. Inversely, Sy
gradually is reduced from 1 to 0. Throughout Z2, the duty
cycle reference of Sy gradually reduced from 1 to O while
S4 gradually increased from 0 to 1. Meanwhile, S, stays ON
while S3 stays OFF during Z1 and Z2 zones. As a result,
States 1 and 2 are obtained during Z1 and Z2 where:

+Vin, S1, &S> are ON
(14)
0,85, &S4 are ON

Similarly, Z3 and Z4 are formed to fully construct the
output sinusoidal sinewave as illustrated in Fig. 9. Thus,
switches S> and S3 operates at high switching frequency
unipolar sinusoidal PWM modulation. In Z3, the duty cycle
reference of S3 goes gradually from O to 1 and S, is reduced
from 1 to 0. Considering Z2, the duty cycle reference of
S3 is gradually increased from O to 1 while S is gradually
decreased from 1 to 0. Meanwhile, Ss stays ON while S
maintains OFF condition during both Z1 and Z2 zones. As a
result, States 3 and 4 are attained during Z1 and Z2 where:

—Vin, S3, &S4 are ON
(15)
0, S3, &S| are ON

C. COUPLED INDUCTOR CURRENT RIPPLE REDUCTION
The proposed topology can reduce the ripple of input current
when compared with conventional boost converter which
will be discussed in detail in the following. Starting with
combining equations (3) and (4) during state A of the boost
mode, leads to:

din diLs din

Vie=Lp—2 + M—= = 41,9
in =P e~ dr “dr

(16)
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Equation (16) can be solved using Cramer’s rule to obtain
) . dir,, i
the coupled inductor current ripples ;L; and déf; as follows:

A= ;PZ = L,L, — M* (17)
dir,  Vin (Ls — M) as)
dt ~ LpLg — M?
diLs . Vin (LP _M) (19)

dt ~ LpLs —M?

From Equation (18) and (19), it’s clear to note that the

relation between the coupled inductor parameters plays an

important role for the magnitude of the ripple currents. Thus,
the condition for Lp current ripple elimination

Ls=M (20)
Similarly, the condition for Lg current ripple elimination is
Lp=M 2D

Averaging equations (18) and (19) and assuming ideal
components, the coupled inductor windings current ripples
can be simplified as:

. _ DV (Ls — M)

Aty = L (22)
. DV (Lp —M)

Aip, = —(LPLS — Mz)f (23)

The minimum primary winding inductance Ly, to main-
tain continues conduction mode can be computed as follows:

R(1—=D)?-D(Ls — M) N M?
2L, L,
Considering conventional ideal boost converter operating

in continues conduction mode, the boost inductor current
ripple Aiy, is known as:

mein = (24)

Aig = (25)

A figure of merit A; describing a ripple reduction factor
in coupled inductor primary winding current ripple Ai
compared to the conventional boost converter is defined as:

Ain Lp (LS — K\/LpLs)

"T Ay T LeLs (1 - K2) (20

Similarly, a figure of merit A, describing ripple reduction
factor of the coupled inductor secondary winding current is
introduced as:

Aip,  Lp(Lp — K«/LpLs)
Aip LpLs (1 —K?)

A = (27)
Therefore, when A; and A, is less than one, a lesser current
ripple is resulted leading to lower inductor size requirement.
Consequently, this will reflect an advantageous status leading
to lesser power losses situation.
Fig. 10 shows the relation between the values of the ripple
factors A and A; for matched coupled inductor parameters of
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FIGURE 10. Ripple reduction factor in case of matched Lp and L;.
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FIGURE 11. Ripple reduction factor in case of unmatched Lp and L;.

L, = Ly = 150p.H at different coupling coefficients K. It can
be observed that the inductor current ripple is strongly depen-
dent on the coupling coefficient K of the coupled inductor.
In order to have the maximum inductor current ripple reduc-
tion, the coupled inductor should have high K and also have
enough leakage inductance to reduce output current ripple,
simultaneously. The same relation for unmatched coupled
inductor parameters L, = 150 uH and Ly = 135uH is
depicted in Fig. 11. From Fig. 10, it can be observed that the
ripple factors A; and A, are equal and inversely proportional
to the coupling coefficients. In Fig. 11, the ripple factors A,
and A; are unequal and they are decreasing with the coupling
coefficient to some value (0.95) after that they start to increase
again. At a K=0.95, the coupled inductor parameters L, =
150 uH and Ly = 135uH satisfy equation (20), therefore the
ripple factors A; approaches zero while A, ha as a significant
value.

Figs. 10 and 11 demonstrate that the coupled inductor is
characterized with reduced current ripple when compared
with typical single winding inductor. This reduced current
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FIGURE 12. Circuit model of coupled inductor with additional parasitic
elements.

in ripple requires a suitable design of coupled inductor as
demonstrated in equations (20)-(24) to improve the induc-
tance power density. As aresult, smaller core, shorter winding
and less cooling etc,. and eventually lesser power losses with
high conversion efficiency are achieved at the same power
rating. In [38], its shown that the integration of coupled
inductor features higher power efficiency as well as higher
gain confirming with these findings. It can be observed that
the inductor current ripple is strongly dependent on the cou-
pling coefficient K of the coupled inductor. In order to have
the maximum inductor current ripple reduction, the coupled
inductor should have high coupling coefficient K and also
have enough leakage inductance to reduce output current
ripple, simultaneously. As a result, coupled inductor with
high coupling coefficient K and symmetrical inductances
are selected for this work due to its reduced current ripple
in both primary and secondary winding. To achieve such
design, there are several existing coupled inductor structures
that could be utilized to obtain high value of the coupled
coefficient K [39], [40].

D. COUPLED INDUCTOR PARASITIC ELEMENTS IMPACTS
ON CIBB MICROINVERTER
This subsection analyzes the effect of the coupled inductor
parasitic elements on the CIBB microinverter performance.
The circuit model of coupled inductor with additional par-
asitic elements is described in Fig. 12 [41], [42]. The
corresponding parameters of this model are listed in Table 1.
Given the voltage gain and power efficiency as the criteria
of interest, the parasitic capacitors are neglected for their
insignificant effect on CIBB Microinverter performance. For
a high magnetic coupling K, the leakage inductances can also
be neglected. The non-ideal voltage gain and the efficiency
are evaluated having in mind that parasitic resistances in
the windings (copper resistance) usually produce the biggest
impact on the voltage gain and efficiency, especially where
multiple windings are used [43]. These calculations are
conducted using small-ripple approximation, voltage-second
balance, and capacitor-charge balance. By selecting coupled
inductor with matched primary and secondary winding induc-
tances, the current ripple in the secondary winding will be
reduced to less than 8% of the primary winding as it will be
shown in the simulation results section, as a result the effect
of secondary winding branch is ignored.
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TABLE 1. Simulation constants and circuit parameters.

Parameter Symbol | Value

Primary inductance Lp 150 pH
Primary leakage inductance Lip 1.6 pH
Primary winding capacitance Cp 28.5 pF
Primary winding resistance Rp 1.5 mQ
Secondary inductance Lg 150 uH
Secondary leakage inductance Lis 1.6 uH
Secondary winding capacitance Cs 28.5 pF
Secondary winding Resistance Rg 1.5 mQ
Interwinding Capacitance Cy 51.6 pF

Using the voltage second balance analysis, leads to the
following equation:

vi = Vi —IpRp — (1= D)V, =0 (28)

The current- charge balance principal is applied to further
analyze the resulted circuit as follows:

_ V,
iC=(1—D)1p—R—Cb=0 (29)

0
Equations (28) and (29) are solved for Vy, then the voltage
gain is given as:
V. 1
b (30)

Vie  (1-D)(1+ X (ij)z)

Similar to boost converter analysis, the transformer in
Figure can be eliminated when referring V;, and Rp to the
transformer secondary side. The circuit can also be solved
directly for the inductor current /7 p as:

Vi

Ip =
Ro (1= D)* (14525

€1y

Since the I;p is also the input current then the resulted
efficiency of the converter when only considering the approx-
imated coupled inductor model is:

1

n=-——-7%—

(32)
I+ Ro(1-D)?

The output voltage gain and the conversion efficiency as
a function of the duty cycle when considering the effect of
the coupled inductor wining resistance is demonstrated in
Figs. 13 and 14 for different values of the primary wining
resistance. It can be noticed that the inductor winding resis-
tance causes a major qualitative change in the voltage gain
and the conversion efficiency, especially at high duty cycles
more than 60%. Fig. 15 illustrates the relationship between
the voltage gain and the conversion efficiency.
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FIGURE 13. Circuit model of coupled inductor with additional parasitic
elements.
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FIGURE 14. Circuit model of coupled inductor with additional parasitic
elements.
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FIGURE 15. Circuit model of coupled inductor with additional parasitic
elements.

IV. SIMULATION RESULTS

The proposed CIBB microinverter described in Fig. 5 is
tested in PSIM software version 2021 to validate its operation
principle. The simulation parameters are tabulated in Table 2.
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TABLE 2. Simulation constants and circuit parameters.

Parameter Symbol Value
Rated power P, 2.0kW
Input voltage Vi 30V
Output voltage /A 240 V

Lp 150 uH
Coupled inductor Lg 150 uH

0.93

Series capacitor Cs 10 pF
Intermediate capacitor (4 2.2 pF
Filter capacitor C, 10 uF
Filter Inductor ° 2mH
Switching frequency fs 40 kHz

Fig. 16 shows the gating signal for the proposed topology
generated from the control circuit shown in Fig. 6. Fig. 17
emphasized three design cases for the coupled inductor for
the integrated boost DC-DC boost converter unit. Case 1
(described in red) illustrates a matching situation of coupled
inductor windings of L, = L; = 150uH with a lower
coupling coefficient of K = 0.7. Thus, the resulting primary
winding current ripple is at its maximum while the secondary
current ripple is at a relatively lower value. Case 2 (described
in blue) expresses an increase in the coupling coefficient of
K = 0.93 with matching L, = Ly = 150uH of the coupled
inductor, which slightly reduces both primary and secondary
current ripples. Case 3 (described in black) demonstrates
unmatching valuers of L, = 150 uH and Ly = 135uH
that satisfies equation (21) with a coupling coefficient of
K = 0.95. In this case, the ripple reduction ratio in the
primary winding approaches zero as shown in Figs. 11 and 17.
In contrary, the current ripple in the secondary winding is at
its worst value compared to the other two cases. Fig. 18 is
a zoomed-out version of Fig. 17 to fully view the coupled
inductor currents for an extended period for the last two cases.

Fig. 19 expresses the waveforms of intermediate modu-
lated voltage V., as well as the inverter output voltage Vi,
before filtering as shown in Fig. 5. It can be confirmed that
CIBB Microinverter is successfully operating at a dual-mode
time sharing principles following the control circuit shown
in Fig. 6. Fig. 20 expresses the simulated waveforms of
the intermediate bus current, coupled inductor primary and
secondary winding currents. A high-quality waveforms of
output voltage V,, and output current I, for a typical 2kW are
illustrated in Fig. 21.

Table 3 describes the harmonic content and their percentile
compared to the 50Hz fundamental frequency. The CIBB
microinverter achieved a THD of 16.29% at high switching
frequency of 40kHz before filtration. Therefore, a smaller
LC filter could also be employed and CIBB can realize a
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FIGURE 16. Gating signals of the proposed CIBB Micro derived from the
control circuit in Fig. 6.
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FIGURE 17. Coupled inductor design, Case 1: K= 0.7 Ls=Lp = 150uH,
Case 2: K= 0.93 Ls=Lp = 150xH and Case 3: K= 0.95 Ls=135yH Lp =
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FIGURE 18. A Zoomed-out coupled inductor current waveforms for
cases 2 and 3.

high grade THD. Fig. 23 describes the relevant harmonic
spectra of output voltage. Fig. 24 shows the relevant harmonic
spectra of output current. It can be noticed that a high-quality
sinusoidal output current is realized with a total harmonic
distortion of 2.5% obtained via Fast Fourier Transform (FFT)
function tool provided by PSIM 2021 simulation software.
This complies with the IEEE 519-2014 standards that states
the voltage THD should be less than or equal 5% limit in the
point of common coupling measurements [44], [45].

Fig. 25 demonstrates the power loss of the coupled inductor
boost converter at 2.0 kW rated output power and 160 V
input voltage and different coupling coefficients from zero
coupling coefficient to a full coupling. It is clear to note
that increasing the coupling coefficient leads to a decrease
in the power loss of the boost converter. The total system
conversion efficiency is depicted in Fig. 26, which illustrates
a high total system conversion efficiency at high coupling
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TABLE 3. Significant harmonic contents of unfiltered inverter voltage.

Frequency
(kHz) 40 80 120 160 200 240
Amp. 13.57 7.72 5.23 3.67 2.77 2.57
% 0.04 0.023 | 0.02 | 0.011 | 0.008 | 0.007
THD [ 16.29%
vch
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3e8
288
1es
Viny
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288
]
288
409 |
8.1 @8.1125 @.125 8.1375

Time (s)

FIGURE 19. Waveforms of the intermediate modulated voltage and the
resulting inverter output voltage before filtration.

FIGURE 20. Simulation waveforms of a) Intermediate bus current, b)
Primary winding current, and c) Secondary winding current.

@.1125 8.125 @.1375

Time (s)

FIGURE 21. High quality AC output voltage and the output current
waveforms.

coefficient due to the reduction in the power loss of the boost
converter.

V. EXPERIMENTAL WORK

An experimental test was conducted on a 2.0 kW hardware
setup to validate the analysis and the performance of the
proposed microinverter at an input voltage of 160 V with
the specifications and circuit parameters listed in Table 4.
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FIGURE 25. Power loss of the coupled inductor boost converter at
different coupling coefficients.

A PEM.IGBT.03.A.0650.40 IGBT module that contains 6
IGBTs rating 650V, 40A. One IGBT is used for the boost
switch S, and four IGBTSs are used as the inverter switches
S1 — S4 and the body diode of the last one is utilized as
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FIGURE 26. System conversion efficiency at different coupling
coefficients.
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FIGURE 27. Appearance of the experimental setup.

the boost converter diode D;. The Agilent DS07104A dig-
ital storage oscilloscope was used to record the current and
voltage waveforms. Fig. 27 shows the total appearance of the
hardware setup that was used in the lab. The experimental
results are described and discussed in the following:

Fig. 28 demonstrates the gating signals from the control
circuit shown in Fig. 6 for the boost switch S, and the inverter
switches S1 — Sy, that perform the time-sharing operation
described in Fig. 5 and simulated in Fig. 16. The experimental
waveforms of the voltage and current of the boost inductor
switch at input voltage of 160V are shown in Fig. 29. It can
be noticed that the voltage and current waveforms of the boost
switch coincide well with the intermediate modulated voltage
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TABLE 4. Experimental prototype parameters.

Parameter Symbol Value
Rated power P, 2 kW
DC input voltage V; 160 V
Output voltage v, 220V

L, 2 mH
Coupled inductor L 2 mH
K 0.93
Filter inductor L, 5SmH
Filter capacitor C, 10 uF
Switching fs 40 kHz
frequency
SWe
Semiconductor PEM.IGBT.03.A.0650.4
. S1— S,
devices 0
Dy
17~ Agilent Technologies

FRI JUL 14 00:48:07 2023

< Acq Mode |
Displayed MNormal

Autoscale

FIGURE 28. Gating signals, boost switch S, (upper), inverter switches
S;(middle) and S5, (lower).

given in Fig. 19. From Fig. 29, it can be observed that the
voltage spikes are almost negligible while the current spikes
are about 1.25 of the peak modulated current.

Fig. 30 shows the experimental absolute quazi-sinewave
modulated voltage waveform at the intermediate bus and the
DC input voltage. This result is consistent with the simu-
lated waveform of intermediate modulated voltage illustrated
in Fig. 19. Experimental waveforms of intermediate modu-
lated voltage and coupled inductor secondary winding current
waveforms are shown in Fig. 31 that match the simulation
results illustrated in Fig. 20. Fig. 32. depicts the DC input
voltage, intermediate modulated voltage, and inverter output
voltage waveforms. Intermediate modulated voltage, inverter
output voltage, and the output voltage waveforms are dis-
played in Fig. 33. A high-quality sinusoidal output voltage
and current waveforms are given in Fig. 34. Fig. 35 shows
the relevant harmonic spectra of output current measured by
FLUKE 43B Power Quality Analyzer. It can be noticed that a
high-quality sinusoidal output current is realized with a total
harmonic distortion of 1.1%.
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FIGURE 29. Voltage and current waveforms of boost inductor switch at
input voltage of 160V.
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FIGURE 30. Input voltage and intermediate modulated voltage.

VI. PERFORMANCE COMPARISON

A performance comparison between the proposed CIBB,
two-stage, and conventional time-sharing microinverters are
examined with the specifications given in Table 5. It can
be noticed that the coupled inductor sizing requirement is
significantly reduced for the proposed microinverter due to
the ripple reduction advantage discussed in equations (21)
to (24). Detailed power losses analysis is realized for these
three microinverters and is demonstrated in Figs 36-38.
Fig. 36 explains detailed power losses breakout out of the
three microinverters described in Table 5 at an input voltage
of 80V. It can be noticed that inductor power loss is consider-
ably decreased in the proposed microinverter due to reduced
inductor sizing requirement. In addition, the switching losses
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FIGURE 31. Experimental waveforms of intermediate modulated voltage
and coupled inductor secondary winding current.
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FIGURE 32. DC input voltage, intermediate modulated voltage and
inverter output voltage waveforms.
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FIGURE 33. Intermediate modulated voltage, inverter output voltage, and
the output voltage waveforms.

are significantly reduced due to utilization of the efficient
dual mode time sharing operation principle.
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FIGURE 34. Experimental output voltage and current waveforms.
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FIGURE 35. Total harmonic distortion of the output current.

TABLE 5. Comparison constants and circuit parameters.

Value
Conventional Dual mod
Parameter Symbol (::“ue;taogts tinllle s]h:)ri:g Pro.pnst.ed CIBB
s L Microinverter
Micro inverter | Microinverter (Fig. 5)
(Fig 3a) (Fig. 3b) =

Rated power P, 2.0kW 2.0kW 2.0kW
Input voltage v 80V 8oV 80V
Output voltage v, 240V 240V 240V

Ly 1 mH 1 mH -

Ly 150uH
Boost inductor E—

L, - - 150uH

0.93

Series capacitor C, - 10uF 10 uH
Intermediate capacitor Cp 2200 uF 2.2uF 2.2uF
Filter capacitor c, L0 uF 10 uF LouF
Filter Inductor L, 2 mH 2 mH 2 mH
Switching frequency f 40 kHz 40 kHz 40 kHz
Semiconductor devices Sp. 81 PEM.IGBT.03.A.0650.40 Madule
Efficiency n 88% [ o3 | 959%

Figs. 37 and 38 show the comparison of the power con-
version efficiency of the three microinverters for different
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FIGURE 37. Comparison of power conversion efficiency at input voltage
of 160V.

loading conditions at different input voltages of 160V and
80V, respectively. At input voltage of 160V, the proposed
CIBB microinverter has a higher efficiency compared to
the two-stage and conventional time-sharing microinverters,
where it reaches its maximum value of 97% at the rated
loading conditions of 2kW as shown in Fig. 27. Similarly,
Fig. 38 depicts the power conversion efficiency in case of
80V input voltage where the proposed topology maintains
the premier superior efficiency of 95% compared to the other
microinverters. Furthermore, more efficiency improvement
can be achieved via zero voltage switching (ZVS) scheme
of the proposed CIBB by adding a soft switching cell to the
boost switch Sp, as described in [32].

The coupled inductors transfer energy from one winding
to the other through the common core. They most are mag-
netically shielded for low electromagnetic interference (EMI)
[46]. In fact, that the close coupling between the windings
(k > 0.9) as suggested in this work results in low leak-
age inductance and generally provides more efficient energy
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FIGURE 38. Comparison of power conversion efficiency at input voltage
of 80V.

transfer and widest usable frequency bandwidth. In [47],
details of EMI sources and mitigation techniques used in
modern power electronics converters. EMI mitigation strat-
egy for this CIBB microinverter is the usage of increased
shielding to mitigate radiation.

VIi. CONCLUSION
A coupled inductor-based boost microinverter is proposed in

this study to enhance microinverter performance for more
renewable energy deployment. The new microinverter topol-
ogy allows a major reduction in boost inductor sizing due
to significant reduction of current ripple magnitude. The
current ripple can be reduced to one half in case of matching
coupled inductor primary and secondary windings compared
to the typical boost converter. In another scenario, the cur-
rent ripple can be fully eliminated in either of the coupled
inductor windings when winding inductance equals to the
mutual inductance. In addition, the proposed microinverter
topology offers a notable enhancement in power conversion
performance that reached 97% and 95% peak efficiencies
in case of 160V and 80V input voltage, respectively. This
improvement is achieved due to efficient dual mode time
sharing operation along with reduced coupled inductor size
and inherently less power losses. Since the DC bus voltage
is controlled to follow an absolute since wave, consequently,
the bulky multi millifarads electrolytic capacitor is eliminated
and replaced with 2.2 film capacitor. The new microinverter
prototype is constructed and tested for a 2kW rated setup and
the resulted waveforms matched the proposed concept. The
prototype generated a high-quality sinusoidal output of 1.1%
total harmonic distortion.
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