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Bridgeless Cuk-Derived Single Power Conversion
Inverter With Reactive-Power Capability

Byeongcheol Han ", Member, IEEE, Jih-Sheng Lai

Abstract—This paper presents a bridgeless Cuk-derived single
power conversion inverter with reduced number of power compo-
nents, which has reactive-power capability. The secondary diode of
the conventional unfolding-type Cuk inverter is integrated into one
of the secondary-side switches in the bridgeless Cuk-derived config-
uration, which reduces the number of active-power components. A
modulation technique is developed to provide a current path during
reverse power flow; this technique enables operations under unity
and nonunity power factors. A repetitive controller coupled with a
linear feedback controller and a feed-forward controller are used to
achieve accurate output current tracking under the harsh control
environment. Driving the diode-integrated switch in synchronous
rectification mode provides higher power conversion efficiency
than that under diode-based secondary side rectification. Circuit
operation and design guidelines of the bridgeless Cuk inverter are
presented in detail. A 500-VA prototype inverter was fabricated
to demonstrate the desirable performance of the bridgeless Cuk-
derived inverter.

Index Terms—Cuk topology, modulation technique, reactive-

power injection, reduced number of power components, syn-
chronous rectification (SR).

1. INTRODUCTION

NRECENT years, small-scale, decentralized grid-connected
I renewable energy systems have shown the potential to meet
the demand for clean and reliable electricity while mitigat-
ing global warming and environmental pollution. In renewable
energy systems, module-integrated converters (MICs) capture
electric power from each energy module and supply it to the
utility grid. MICs among photovoltaic (PV) inverters are easy
to install and maintain, eliminate high-voltage dc wiring, and
they have high power yield under partial shading [1]. MICs will
dominate the residential PV market in a few years [2].

An important issue of grid-connected inverters is their ability
to supply reactive power into the utility grid. Nowadays, some
regulations such as VDE-AR-N4105 [3] require that a definite
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amount of reactive power should be processed by grid-connected
inverters that have medium- and high-power levels for renewable
energy systems. As the market share of MICs increases, similar
regulations will be enacted to impose reactive-power-transfer
capability on inverters that have low power level, including
MICs.

A two-stage conversion approach [4]-[6] is straightforward
and can be used in single-phase MICs. It consists of a step-
up dc—dc converter, which boosts the low voltage of energy
sources to the dc-link compatible voltage, while tracking the
maximum power point (MPP), and a dc—ac inverter transferring
the energy stored in the dc-link capacitor to the utility grid. At
the step-up stage, a hybrid-mode series resonant converter has
been developed in [4]. By utilizing a bidirectional ac switch, it
operates in phase-shift series resonant converter when the input
voltage is higher than the nominal input voltage; it operates
in resonant boost converter when the input voltage is lower
than the nominal input voltage. Thus, it achieves high efficiency
over a wide input voltage range. A dual-active-bridge converter
can be used at dc—dc converter stage. Since it suffers from
poor efficiency at low power, Poshtkouhi and Trescases [5]
presented the flyback mode operation of a dual-active-bridge
converter, which improves power conversion efficiency at low
power. A dual-series resonant converter has also been used at
front-end converter stage. It features a small number of power
components, inherent boosting ability, and high efficiency [6].
At the dc—ac inverter stage, the H-bridge inverter with a bipolar
pulsewidth modulation (PWM) technique [8] has been widely
used. It shows relatively low efficiency compared to that of
the H-bridge inverter with a unipolar PWM, but it can inject
reactive power into the utility grid at any desired power factor.
Since then, to satisfy international safety standards for leakage
current, modified H-bridge topologies such as HS5, H6, and
highly efficient and reliable inverter concept (HERIC) inverters
have been suggested. These inverters can eliminate the leakage
current that exists in transformerless inverters. However, tradi-
tional modulation techniques for these inverters cannot generate
the reactive current. Recently, new modulation techniques for
HS5 inverters [9], H6 inverters [10], [11], and HERIC inverters
[12] have been actively researched, which enable these inverters
to inject reactive current into the grid. However, these two-stage
conversion approaches require many power components, which
results in low efficiency and high cost; these aspects are not
desirable in low power level inverters.

As an alternative to the two-stage conversion approach,
a single-stage conversion approach has been presented and
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adopted in MICs. It converts the low voltage of energy sources
into a high-voltage ac signal in a single step. Therefore, it
provides higher power conversion efficiency and lower cost
than those provided by the two-stage conversion approach.
Among the many topologies applicable to the MIC technology,
unfolding-type flyback inverters [13], [14] have been widely
used because they feature simple structure, low component
number, and high efficiency. Very recently, the output power
of MICs has been progressively pushed to higher levels, and
this change imposes new operational and structural challenges
for the conventional unfolding-type flyback inverters. Favorable
schemes that can broaden the power level include adopting an
interleaving technique [15] or adding an adaptive snubber [16] or
an active-clamp circuit [ 17] to the conventional flyback inverters;
a flyback inverters operating in continuous conduction mode
(CCM) [18]—[20] has also been proposed. Despite these efforts,
the operating power range of unfolding-type flyback inverters
is limited to 300 W due to the low transformer utilization
factor. To further increase the power level, unfolding-type Cuk
inverters operating in CCM [21] and hybrid mode [22] have
been proposed for MICs. Unfolding-type Cuk inverters feature
wide input voltage range, galvanic isolation, and low ripples of
input current and output current. In addition, their magnetizing
current in the transformer can be available in both directions; this
trait increases the utilization of the transformer and, therefore,
increases power capacity [23].

However, the above unfolding-type inverters (e.g., unfolding-
type flyback/Cuk inverters) cannot supply reactive power into
the grid because they lack a current path in the unfolding
circuit and, as a result, show severe current distortion around the
zero-voltage crossing [24]. By modifying the reference output
current to a quasi-sinusoidal waveform [25], reactive power
can be carried without having to use any additional circuit, but
this approach increases total harmonic distortion (THD) to an
unacceptable level. Additional control circuits such as static syn-
chronous compensator (STATCOM) [26], active-power filtering
[27], or decoupling circuit [24] can help the unfolding-type
inverter generate reactive current. The STATCOM consists of
a voltage source converter and a grid-connecting inductor; this
circuit is used for static reactive-power compensation [26]. The
active-power filter along with adaptive dc-link voltage controller
has been presented in [27]. It achieves dynamic reactive-power
compensation while reducing the switching loss and noise. A
current decoupling circuit [24] has been connected at the grid
side of the unfolding-type flyback inverter; it has been used to
alleviate the current distortion problem around the zero-voltage
crossing when the reference output current is phase-shifted.
However, all of these additional circuits increase the hardware
implementation cost. A differential-mode Cuk inverter, one of
the Cuk-derived topologies, has been developed for single-phase
and three-phase utility grids [28], [29]. This inverter can transfer
the reactive power to the grid. The differential-mode Cuk inverter
is composed of multiple modules, which are connected in paral-
lel at the dc side and connected in series at the ac side. This ar-
chitecture leads to having a large number of power components.

This paper presents a bridgeless Cuk-derived single power
conversion inverter with reactive-power capability. It features
simple structure and has low cost because it does not have a
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secondary-side diode; its function is conducted by one of the two
switches on the secondary side depending on the polarity of the
grid voltage. To achieve active-/reactive-power injection, this pa-
per also presents the modulation scheme for the bridgeless Cuk-
derived inverter topology. A repetitive controller (RC) coupled
with a linear feedback controller and a feed-forward controller
is used to obtain accurate tracking of the reference output cur-
rent. Furthermore, the power conversion efficiency is improved
significantly when the diode-integrated switch operates in syn-
chronous rectification (SR) mode. The design guidelines of the
bridgeless Cuk-derived inverter are presented, and the experi-
mental results are obtained using a 500-VA prototype inverter.

This paper is organized as follows. The bridgeless Cuk-
derived inverter is described in Section II, and a control design
for the inverter is proposed in Section III. The design guidelines
are given in Section IV, and the experimental results are pre-
sented and the methods for reactive-power support are compared
in Section V. The conclusion is drawn in Section VI.

II. BRIDGELESS CUK-DERIVED SINGLE POWER
CONVERSION INVERTER

The bridgeless Cuk-derived inverter [see Fig. 1(a)] consists
of inductors L, Ly; primary-side switch S; and its body-diode
Dg, ; capacitors C, Ca, C's; ideal transformer 1" with turns ratio
n = Ng/N,; secondary-side switches So—S5 and their body
diodes Dg,—Dyg,; output filter inductor L ;. Furthermore, vj, is
dc input voltage and v, the ac-grid voltage. At the primary side
of the transformer, the inverter comes with a boost converter,
where a node of its output capacitor is connected to the upper
node of the transformer. At the secondary side of the transformer,
itemploys four switches So—S5. For operation under unity power
factor, switch .Sy or S5 works as the secondary-side diode of the
conventional Cuk converter. Meanwhile, other switch pairs (52
and Sj, or S5 and Sy) serve as the unfolding-bridge circuit. For
operation under nonunity power factor, the switching operation
is the same as the operation under unity power factor when the
power flow is forward, but when the power flow is reversed,
switches Sy or S5 operate at high frequency instead of S;.

Table I summarizes the comparison of Cuk-topology-based
inverters. The bridgeless Cuk-derived inverter [see Fig. 1(a)]
is a modification of the topology in [36], and it does not re-
quire the additional secondary-side diode that the unfolding-type
Cuk inverter uses [see Fig. 1(b)]. Also, the proposed inverter
can transfer reactive power to the utility grid owing to the
high-frequency operation of the secondary-side switches for the
reversed power flow. The differential-mode Cuk inverter [see
Fig. 1(c)] requires fewer active-power components, but it also
requires many more passive-power components than required
by the bridgeless Cuk-derived inverter.

A. Operation Principles

The operation of the bridgeless Cuk-derived inverter is classi-
fied according to the direction of power flow. Power is transferred
from the input side to the grid during forward power flow, and
from the grid to the input side during reverse power flow. Accord-
ingly, the operation can be divided into four sectors according
to the grid-current direction and the grid-voltage polarity (see
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Cuk topology-based # of components High-frequency Reactive power Ref.
inverters S| D | L|C|T| switching components capability
Unfolding-type Cuk inverter S| 121311 2 No [21, 22]
Differential-mode Cuk inverter | 4 | O | 4 | 6 | 2 2 Yes [28]
Bridgeless Cuk-derived inverter | 5 | O | 2 | 3 | 1 2 Yes -
S: switch, D: diode, L: inductor, C: capacitor, T': transformer.
Bridgeless Cuk-derived single power conversion inverter TABLE II
L C L L OPERATING SECTORS OF BRIDGELESS CUK-DERIVED INVERTER
S e
o @% &lé} . Voltage polarity
1 Positive Negative
vm(_) S; "‘ ves ==C3 ®Vg (vg > 0) (vg < 0)
S3 a} &E]} Forward I (forward IT (reverse
Current (io > 0) | power flow) | power flow)
AVin ves direction | Backward | III (reverse | IV (forward
— > FU» (i, < 0) | power flow) | power flow)
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Circuit diagrams of the Cuk-topology-based inverters. (a) Proposed
bridgeless Cuk-derived single power conversion inverter. (b) Unfolding-type
Cuk inverter. (c) Differential-mode Cuk inverter.
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Waveforms of gate drive signals for unity power factor operation.

Table II). This bidirectional power-flow characteristic enables
the bridgeless Cuk-derived inverter to supply both active power
and reactive power into the grid.

The operation principles are based on the assumption that
the inductances of L; and L, are sufficiently large to make
the inverter operate in the CCM; the capacitance of C is also
large enough such that the voltage across C is considered as
a constant in a switching period and the steady-state voltage
across (' is equal to the input voltage viy.

1) Unity Power Factor: During the operation under unity
power factor (see Fig. 2), the grid current flows in the same
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Fig. 3. Operating phases of the bridgeless Cuk-derived inverter. (a) Phase 1
in Sector L. (b) Phase 2 in Sector 1. (c) Phase | in Sector IV. (d) Phase 2 in
Sector IV.

direction as the grid voltage and is synchronized with it. The
primary switch S; operates at high frequency with control
duty-ratio d.. In Sector I, switches S5 and S conduct during
the switching period; the body diode of S5 conducts in a com-
plementary way to S7. In Sector IV, switches S, and S5 conduct
during the switching period; the body diode of S; conducts in a
complementary way to .S7.

In Sector I, the circuit experiences two phases per switching
period: 1) S turned ON; S5 turned OFF [see Fig. 3(a)]; and 2)
S turned OFF; Dg, turned ON [see Fig. 3(b)]. During the entire
switching period, S3 and Sy are turned ON and S5 is turned OFF.
When S is turned ON, the current flowing through L increases
and L; stores energy. C; discharges and its energy is transferred
to the secondary side of the circuit through T'. The transferred
energy from C; and the energy in Cy are moved to the output
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Fig. 4. Theoretical waveforms of voltages and currents of inductors L; and
Lo and capacitors C and Cs. (a) In Sector L. (b) In Sector IV.

stage through L. When S is turned OFF, the current flowing
through L, decreases and its energy is transferred to C; and
Cs. The energy in Lo is transferred to the output grid while the
current flows through Lo and Dg,. In Sector I, the theoretical
waveforms of the proposed inverter in a switching cycle are
shown in Fig. 4(a).

During Sector IV, the circuit also experiences two phases per
switching period: 1) S; turned ON; Sy turned OFF [see Fig. 3(c)];
and 2) S; turned OFF; Dg, turned ON [see Fig. 3(d)]. During
the entire switching period, Sy and S5 are turned ON and Ss is
turned OFF. Except for the states of switches S5—S5, the inverter
in Sector IV operates in the same way as in Sector L. In Sector IV,
the theoretical waveforms of the proposed inverter in a switching
cycle are shown in Fig. 4(b).

The direction of the inductor current flow depends upon the
average voltage across the inductor per switching cycle. During
the ON-state and the OFF-state of 57 in forward power flow, the
inductor voltages vy, , vy, are given as

- {vm dur?ng the ON-state of S 0
Uin — Ve, — Ve, /n during the OFF-state of .S}
nve, + Vo, — v during the ON-state of .S;
and vy >0
VL, = e — ve, — v, during the ON-state of S;  (2)
and vy <0

—Uy during the OFF-state of Sy.

These voltages across Ly and L, force the inductor currents
i1, and 7y, to yield forward power flow. Here, D is defined as
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Fig. 5. Waveforms of gate drive signals for nonunity power factor operation.

(a) Lagging power factor. (b) Leading power factor.

the duty-ratio of S} in the steady state. The steady-state voltages
ve, and ve, are computed as vi, and |vg| by using the inductor
volt-second balance law [21]. Then, the voltage conversion ratio
in forward power flow can be computed as

Duviy — (1 = D) - (vin — ve, —vey,/n) =0 3)
D(nve, +ve, — |vg|) — (1 = D)|vg| =0 “4)

v nD iL,
| g| = (== . (5)
Vin 1-D |ZO‘

2) Nonunity Power Factor: During the operation under
nonunity power factor (see Fig. 5), the grid current is phase-

leaded or phase-lagged to the grid voltage. When outputting
lagging power factor, the inverter has four operating sequences
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(d)

Fig. 6. Operating phases of the bridgeless Cuk-derived inverter. (a) Phase 1 in
Sector II. (b) Phase 2 in Sector II. (c) Phase 1 in Sector III. (d) Phase 2 in Sector
I

during the grid period: Il — I — II — IV; when outputting
leading power factor, it has four operating sequences during the
grid period: Il — I — I — IV (see Fig. 5). In Sectors [ and 1V,
the operating principles of the operation under nonunity power
factor are the same as those under unity power factor. The fol-
lowing is about the detailed switching operation in Sectors IT and
III. Switch Sy operates at high frequency with control duty-ratio
1 —d., and switches Sy and S5 conduct during the switching
period in Sector II; switch S5 operates at high frequency with
control duty-ratio 1 — d.., and switches S5 and S, conduct during
the switching period in Sector II1. The body diode of .S conducts
in acomplementary way to S, or S5 switching at high frequency
both in Sectors II and III.

In Sector 11, the circuit experiences two phases per switching
period: 1) Sy turned ON; S; turned OFF [see Fig. 6(a)]; and 2)
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Fig. 7. Theoretical waveforms of voltages and currents of inductors L; and
Lo and capacitors C; and Cs. (a) In Sector II. (b) In Sector II1.

S, turned OFF; Dg, turned ON [see Fig. 6(b)]. During the entire
switching period, S5 and S5 are turned ON and S5 is turned OFF.
When S, is turned ON, the current flowing through L5 increases
and it stores energy. C'y discharges and its energy is transferred
to the primary side of the circuit through 7. The transferred
energy from Cy and the energy in C; are moved to the input
stage through L;. When S, is turned OFF, the current flowing
through Ls decreases and its energy is transferred to Cy and Cs.
The energy in L; is transferred to the input, while the current
flows through Ly and Dg, . In Sector II, the theoretical wave-
forms of the proposed inverter in a switching cycle are shown
in Fig. 7(a).

In Sector III [see Fig. 7(b)], the circuit also goes through two
phases per switching period: 1) S5 turned ON; S; turned OFF [see
Fig. 6(c)]; and 2) S5 turned OFF; Dg, turned ON [see Fig. 6(d)].
During the entire switching period, S5 and Sy are turned ON and
So is turned OFF. Except for the states of switches S5—S5, the
inverter in Sector III operates in the same way as in Sector II. In
Sector I11, the theoretical waveforms of the proposed inverter in
a switching cycle are shown in Fig. 7(b).

During the ON-state and the OFF-state of Sy or S5 in reverse
power flow, the inductor voltages vy,,, v, are

during the ON-state of Sy
(vg < 0)or S5 (vg > 0)
during the OFF-state of Sy
(vg < 0)or S5 (vg > 0)

Vin — Vo, — Vo, /1
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during the ON-state of .Sy
Y (vy < 0)or S5 (v, > 0)
during the OFF-state of Sy
VL, = —nvc, —Vc, —Vyg (’Ug < 0)
during the OFF-state of S
nve, +ve, — Vg (v, > 0).

(7

The above voltages across L and Ly force inductor currents
i1, and 7y, to yield reverse power flow. The steady-state duty-
ratio of the secondary-side switches Sy (in Sector II) or S5 (in
Sector III) is 1 — D. Accordingly, the voltage conversion ratio
is the same as that in the forward power flow.

III. CONTROL DESIGN

The goal of the control system (see Fig. 8) of the grid-
connected bridgeless Cuk-derived inverter is to make its output
current track the reference current as closely as possible. The
Cuk-derived topology has two right-half-plane (RHP) zeros
in its transfer function [21]. The topology also suffers from
time-varying grid-voltage disturbance when connected to the
grid. To obtain precise output current tracking, an RC coupled
with a linear feedback controller plus feed-forward controller
is used. The reference output current and the output current are
also redefined for the control purpose; these changes simplify
the duty-cycle modulation block design that is followed by the
dynamic control block. Moreover, the physical implementation
of the modulation scheme is represented for active-/reactive-
power transfer in accordance with the operating sector in Fig. 8.
Also, to reduce the conduction loss due to the use of body diode,
the use of SR technique is discussed at the end of this section.

First, it is assumed that the grid voltage v, = V},, sin(wykT%)
and the reference output current i, ref = Iy, sin(wykTs + @),
where V,,, is the peak value of the grid voltage, I,, the peak
value of the reference output current, k the discrete time index,
T the switching period, w, the grid angular frequency, and ¢
the phase difference between v, and i,_rer. The proposed modu-
lation technique makes the circuit have equivalent operation in
positive and negative half-cycles of the grid, while maintaining
the power-flow direction. In turn, the reference output current
should be in reverse during the negative half cycle of the grid.
The resulting output current 7, and its reference 7, rf can be
represented as

in Sector I

1o| (OT |2

» » ol (or féo et or Sector IV

T (Oriq er) = in Sector IT ®
_|io| (OI' - ‘io_refD

or Sector III.

The modified currents are used to generate an error signal of the
dynamic control block in the bridgeless Cuk-derived inverter.
Neglecting the effect of the output filter, the output current ¢,,
can be considered as the inductor current 7r,,. The equation of
the averaged voltage across Lo over a switching period T’ can
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Fig. 8. Schematic of the overall control system for the bridgeless Cuk-derived single power conversion inverter.

be derived as volt-second balance [21] and rearranging yields
DT - (nve, +ve, — |vg|) — (1 — D)Ts - |vg| = LaAdy, (9)

-k
where A¢} is the current variation of ;. The steady-state v¢, = [l Ly . %
and v¢, are vy, and |v,|, respectively, by the principle of inductor nvin + [vg|  nuin + g T

(10)
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Substituting vy = V;, sin(wykT,s) with the grid angular fre-
quency wy into (10) yields

B |Vinsin(wg kT)| Lo
i + |Vipsin(wgkTs)| — noin + |Vipsin(wgkTs)|
A (KT
: % = D, (KT,) + AD(KT,). 11
To make the output current track the reference output current,
the current variation can be set as Ai}, = i; .+ — ;. Then, the
nominal duty-ratio D,, is
[Vinsin(wy kT)|
D,((k+1)Ts) = - 12
((k+1)T:) Nin + |Vipsin(wgkT)| (12)
and the duty-ratio variation AD is
Ly
AD((k+1)Ts) = -
((k+1)T) i + | Vipsin(wgkT)|
o oK) — ab (KT s
. Zo_rel‘( ) Zo( ) (13)

T

To reduce the burden from the feedback controller, D,, is used
as a feedforward control input. Then, A D directly contributes
to the output feedback current control.

However, the feedforward controller and the linear feedback
controller D,, + AD cannot accurately control the bridgeless
Cuk-derived inverter because of the RHP zeros in the Cuk-
derived topology. Also, it suffers from time-varying grid voltage
disturbance. To obtain precise tracking of the output current, an
RC with phase-lead compensator [21], [22] is adopted. Here,
the dynamics of the bridgeless Cuk-derived inverter differs
depending on the operating sectors classified according to the
polarities of v4 and 7, (see Table II). Thus, an RC with phase-lead
compensator should be designed appropriately for each sector.
The repetitive control input for Sector-p (€ {1,2,3,4}) is de-
scribed as

Do = (b 0 Y (i o) - 50

1—27NQ(
forp=1,..4 (14)

where k,_, is the RC gain for p; N = f,/ f, where f; = 1/T is
the switching frequency and f, the reference frequency; 2™ is
the phase-lead compensation term to compensate for the phase
lag caused by the RHP zeros for p; (2) is the low-pass filter to
ensure the system’s robustness, and it is designed as a p-order
finite impulse response filter with zero phase shift. One has the
following:

Q(2) =X jai2" + X8 a2 (15)

where ag + 23%_ a; =1 with a; > 0 and p the number of
samples used for filtering. Then, the repetitive control input D;,
combines with D,, + AD to form the control duty-cycle d..
To control five switches S7_5 with only one d.., the duty-cycle
required for each switch should be changed according to the gate
driving rules as in Section II. To generate different duty-cycles
for S;_5, the control input duty-ratio d.. is injected into the duty-
ratio generation module (see Fig. 8). Then, the resultant signals
are compared with a triangular carrier wave, and the compared
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signal is used to generate the gate signals of S, S5, S3, Sy, and
Ss. Finally, d.. is used as the duty-ratio of S7 in forward power
flow, and 1 — d_. is used as the duty-ratio of S; or Ss in reverse
power flow.

The conduction loss can be further reduced by using SR
technique instead of using the body diode itself. When the
proposed inverter operates in CCM, SR technique can be applied
to S1, Sy, or S5 for each sector; S; operates in a complementary
way to Sy in Sector II, and to S5 in Sector III. S4 operates in
a complementary way to .S7 in Sector 1V, and S5 operates in a
complementary way to S in Sector I (see Fig. 8). Then, the gate
signal for each of switches .S;_5 is determined according to the
selection of an SR operation mode (“ON” or “OFF”).

For practical SR implementation, the dead time of SR switch
should be set appropriately. Long dead time would result in
additional losses due to the conduction and reverse recovery
of the body diode. On the other hand, short dead time would
lead to undesired simultaneous conduction of the switches and a
consequent loss. Anideal SR turn-ON dead time is the time taken
by the voltage across the SR to reach zero; an ideal SR turn-OFF
dead time is the time taken by the current through the SR to
drop to zero [30]. By measuring the voltage and current of the
SR switch, an ideal SR dead time can be obtained, but it requires
additional sensors. To calculate the optimal dead time for the SR
switch without using the sensors, the duty-ratio minimization
algorithm [31], the input minimization algorithm [32], and the
perturbation-based extremum seeking algorithm [33] have been
introduced to obtain the optimal dead time for the SR switch.
However, it would increase the complexity of the overall control
system. Here, the dead time is relatively short as compared to the
commutation time of the SR, given that the switching frequency
is 40 kHz. Therefore, in this paper, the fixed dead time driving
strategy is adopted as that in [34]. For instance, in Sector I, the
dead time ¢4 sr_ofr during turn-OFF can be simply described as
the summation of the time to discharge the parasitic switch node
capacitance C'g, of S5 and the intrinsic turn-OFF delay tof g of
S1 [34] as

nve, + ve,

- Cs, + toff d- (16)

La_sr off =
2 Lo
The dead time t4_sg_off iS set to satisfy the worst-case condition,
in which the inverter operates at the instantaneous peak point.
On the other hand, the dead time ¢4 sr_on during turn-ON is set
to be small enough to prevent the conduction overlap of S; and
S5 during the CCM operation [33].

Remark 1: Let us define Vg, as the input voltage of an H-
bridge inverter. In a conventional H-bridge inverter with bipolar
modulation method, the output voltage of the inverter switches
between Vg, and — V. when v, > 0, and between — Vg and V.
when v, < 0during the switching period. The voltage difference
is high enough to generate the reactive current with any desired
power factor and supply it to the grid. On the other hand, in a con-
ventional H-bridge inverter with unipolar modulation method,
the output voltage of the inverter switches between V. and 0
when v, > 0, and between — V. and 0 when v, < 0 during the
switching period. The voltage difference is not high enough to
generate the reactive current near the zero grid voltage [10], [11].
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TABLE III
PEAK CURRENT, PEAK VOLTAGE, AND AVERAGE CURRENT OF THE SWITCHES

Sector I | Sector IV Voltage/Current Values
On-state minimum current L‘“‘ (Jvg| 4+ nvin) — M#ﬂm‘ (L% + Z_Z)
Sy On-state maximum current L“’n‘ (lvgl + nvin) + “”§T5 m‘vii‘m‘ (L% + ”—j)
Off-state voltage Vin + %
S3 Sy On-state current lio| during S on-state, “:L‘vﬂ during S, off-state,
S Ss On-state current lio]
On-state minimum current TZ—"' (lvgl + nvip) — im“’i% (n}l + ,%)
S5 Sy On-state maximum current Ji)—"l (lvgl + nvin) + ”"’QTS —nvfjl‘%‘ (n—il + g—’z)
Off-state voltage Ny + |vg

A conventional H-bridge inverter with unipolar modulation can
generate the required reactive current when the desired power
factor is high; this inverter would generate highly distorted
reactive current when the desired power factor is low.

Similar to a conventional H-bridge inverter with unipolar
modulation method, an H-bridge that consists of S3—Sj5 in the
proposed inverter outputs nvc, + v, and 0 when v, > 0, and
outputs —nvc, — v, and 0 when vy, < 0. A similar tendency
can be observed in the proposed inverter. To analyze the reactive-
power-transfer ability of the proposed inverter in detail, two
cases are considered as follows: 1) when the desired power factor
is leading; and 2) when the desired power factor is lagging.
When the desired power factor is leading, S; mainly operates in
forward power flow, and Sy or S5 mainly operates in reverse
power flow. Here, D is defined as the duty-ratio of S; and
D(= 1 — D) as the duty-ratio of S, or S5 in the steady state. In
reverse power flow, D can be described as
A

_ . 2% (17)
Nin + |vg|  nuin + |vg| T

D=1-p=_"n L

where Ag} is the required current variation of ¢ to track the
modified reference output current ¢} . in (8). When the desired
power factor is leading, the output Ai in reverse power flow
is negative. When the grid voltage is close to zero, the required
duty-ratio D of S4 or S5 becomes larger than one if
AV
lug| < =Lz - T:'

(18)

Since the duty-ratio D is limited to one, the grid voltage is not
enough to magnetize the output inductor, which leads to the
distorted output current around the zero grid-voltage. When the
desired power factor was not low, time interval with D = 1was
short, and the current distortion was not significant. However,
as the power factor gets lower, the time interval with D = 1
gets longer, and the current distortion becomes more signifi-
cant. Thus, the capability for the reactive-power injection in the
proposed inverter is limited. When the desired power factor is
lagging, Az} inreverse power flow is positive. Then, the required
duty ratio D is lower than one. Therefore, the output current

distortion is relatively insignificant around zero grid voltage
[10].

IV. DESIGN CONSIDERATION
A. Transformer

The loss caused by the switches can be obtained from ON-state
currents and OFF-state voltage (see Table III). The transformer’s
turns-ratio n mainly affects the switching loss and the conduc-
tion loss of the switches in the bridgeless Cuk-derived inverter.
The loss caused by the switches comprises most of the overall
power conversion losses (see Fig. 22), so the transformer’s
turns-ratio n should be designed to minimize the loss in switches
while maintaining the voltage conversion ratios (5) during a grid
period. For a simple analysis, it is assumed that the inverter
operates under SR mode, and the conduction and switching
losses are considered in the loss caused by the switches. Then,
the averaged loss caused by the switches during a grid period
can be derived as

1

Ps_av(naLeq) - ?

Ts
/ Py(io(t), vg(t), 1, Leg)dt  (19)
0

where Leq = L1 Lo/ (n%2Ly + Lo) is the equivalent inductance,
and the loss caused by the switches is Py = Z?Zl(PS(ZC)(md +
P, s(_ls)W)§ ‘Ps(lc)on

switching losses of S; fori =1,...,5.

From (19), the averaged loss can be obtained using the current
and voltage of switches (see Table III), and the resulting averaged
loss depends upon turns ratio n and equivalent inductance Legq
(see Fig. 9). The loss in the switches increases if n > 3.3 orn <
3. As the inductance increases, the loss in the switches decreases,
but this change results in increasing the size of inductors, but
with inductance > 70 pH, the equivalent inductance does not
greatly affect the loss in the switches. Thus, it is regarded that
the appropriate n is n = 3.1 and that the minimum equivalent
inductance Leg min is 70 H in the prototype implementation.

4 and Ps(is)W are, respectively, the conduction and



2638

Loss [W]

1
2 40
T 3 4 s 20
urns ratio 5

W

Lea

Fig. 9. Overall loss on switches in a grid period depending on the turns ratio
n and the equivalent inductance Leg.

TABLE IV
PARAMETERS AND COMPONENTS OF THE PROTOTYPE BRIDGELESS
CUK-DERIVED INVERTER

Parameters Symbols Values
Input voltage Vi 60 Vdc
Grid voltage Vg 220 Vims
Grid frequency I 60 Hz
Switching frequency fs 40 kHz
First capacitance Ch 8.8 uF
Second capacitance Cy 200 nF
Third capacitance Cs 470 nF
First inductance Ly 360 uH
Second inductance Lo 1.1 mH
Filter inductance Ly 170 uH
Turns ratio of T° Np + Ng 10:31
Magnetic inductance of T' Lo, 65 uH
Leakage inductance of T’ Ly 0.25 uH
Components Symbols Part numbers
Primary-side switch S IPP200N25N3G
Secondary-side switches Sy — S5 TPW60R0O70F7
Transformer core T PQ3535 (Ferrite R)

Considering the resulting transformer’s turns-ratio n = 3.1
and the characteristic of the transformer core provided in Ta-
ble IV, the appropriate number of the primary turns and sec-
ondary turns of the transformer are selected as n, = 10 and
ns = 31. Also, the energy stored in the leakage inductance of the
transformer can generate the voltage spike at the main switch. To
minimize the leakage inductance of the transformer, a sandwich
winding technique [35] is adopted in the transformer.

B. Inductors Ly and Lo

An allowable maximum ripple current Aéy,, max at the instan-
taneous maximum power can determine the inductance Lo as
[37] follows:

Lo = TSUL2D _ TS (nvC1 + Ve, — |Ug|) ( ‘,U9| >
2 — . - . .
Aip, Aip, NV + |vg]
> L2,min _ TSULQ-DI‘H&X Tsnvin Vi, (20)

AZ.Lz,max AZ.Lz,max (nvin + Vm)
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where Dy« is the nominal duty-ratio at the instantaneous max-
imum power.

Setting the maximum ripple current as 80% of the maximum
value of i7,,, Lo min is calculated as

2.5 x 1075 x 3.1 x 60 x 311

= 1.1mH.
0.8 x 3.23 x (3.1 x 60 + 311) m

2

L2,min =

Likewise, an allowable maximum ripple current Aéz, max at
the instantaneous maximum power can determine the inductance
L as
Tval Dmax o TsUian

A7;L1,max AZ.Ll,max (nvin + Vm)

Ll > Ll,min - (22)

Setting the maximum ripple current as 20% of the maximum

value of ¢7,,, L1 min is calculated as

2.5 x 107% x 60 x 311
0.2 x 16.67 x (3.1 x 60 + 311)

L1 min = =281 puH. (23)

Hence, the appropriate inductances L; and Lo are selected as
Ly =360 uH and Ly = 1.1 mH such that L.y = 86.85 uH is
more than the minimum equivalent inductance Leg min = 70 p/H.

C. Intermediate Capacitors Cy and Co

An allowable maximum ripple voltage Avc, max at the instan-
taneous maximum power can determine the capacitance C; as
[37] follows:

Tsichmax - Tsnln, ( Vin )
A'UCl,max B A'UCl,max Vin + nupp .
(24)

Cl > CYl,min =

In order to make the voltage across C'; become almost constant
within a switching period and its voltage ripple become less than
30% of the input voltage, C iy is calculated as

C’1,min =

2.5 x 107° x 3.1 x 3.23
0.3 x 60

311
311 + 3.1 x 60

— 8.7 iF. (25)

Likewise, an allowable maximum ripple voltage Avc, max at
the instantaneous maximum power can determine the capaci-
tance Cy as

TsiCQDmax Telm

Vin
Cy > C min — = . .
e A'UCQ,max AUC’Q,mm( <Vm + nvin)
(26)

In order to make the maximum ripple voltage become less than
85% of the maximum voltage of vc,, Co min is calculated as

C'2,min =

2.5 x 107° x 3.23 ( 311

— 191 nF.
0.85 x 311 311+ 3.1 x 60) E

@7

Hence, the appropriate capacitances C; and C'y are selected as
C1 =8.8 uF and C's =200 nF, which are more than the minimum
capacitances C1 min and C3 min.
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Fig. 10.  Experimental setup of the bridgeless Cuk-derived inverter system.

D. Capacitor Cs and Filter Inductor Ly

As the LCL filter features good decoupling from the grid
impedance, and good current ripple attenuation even with the
small inductance value, this filter is suited for the grid-connected
inverter. Its design procedure is introduced in [38]. To attain
sufficient switching ripple attenuation, the cut-off frequency
should be lower than half of the switching frequency. The cut-off
frequency can be calculated as

1 L2+Lf<£

— 28
27 LQLfOS -2 ( )

fLC,cut =

The maximum power-factor variation can determine capaci-
tance C'3 as

C3 < C3,max = tand (29)

L,
27 fqVim
where 6 is the displacement angle between the grid voltage and
the output current. Here, C'3 is designed such that the reactive
power absorbed from C'5 becomes < 1% of the rated power.

The corresponding value of Ly is

Ly
fs271'2L203 —1
B 1.1x 1073
© 40 x 103 x 72 x 1.1 x 1073 x 470 x 1079 — 1

= 153.54 uH.

Lf > Lf,min =

(30)

Hence, the appropriate inductance Ly is selected as L; =
170 pH, which are more than L ¢ .

V. EXPERIMENTAL RESULTS AND DISCUSSION

A prototype (see Table IV and Fig. 10) of the 500-VA ex-
perimental bridgeless Cuk-derived inverter was constructed for
the experimental validation of the developed design rules. The
control algorithms were implemented on a TMS320F28377D
digital signal processor chip; a single-phase phase-locked loop
with a notch filter [39] was used for grid voltage synchronization
(see Fig. 11). In this experiment, the reference output current
was obtained using the dg—a/3 transformation, and the modified
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Fig. 11.  Configuration of the proposed control system.

Yy [100V/div.]

time [10ms/div.]

. Output current

THD : 2.55 %

1.0

0.5

Ratio of harmonic components [%]
.
wv

0.0 ™ [ | ] ™ ] | | ] ™ ™ ™
5 10 15 20 25
Harmonic order

(b)

Fig. 12.  Experimental results when the bridgeless Cuk-derived inverter oper-
ates at unity power factor. (a) Experimental waveforms of the grid voltage and
the output current. (b) Frequency spectrum of the output current.

currents ), and ¢ ., were generated in accordance with rule (8).
All the system parameters were designed according to the design
guideline (see Section IV).

The combination of the feedback current controller plus the
feedforward controller is not sufficient to track the output current
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Fig. 13.  Experimental results when the bridgeless Cuk-derived inverter oper-
ates at 0.85 lagging power factor. (a) Output waveforms of the grid voltage and
output current. (b) Frequency spectrum of the output current.

with sufficient precision. Thus, the RC is used and designed in
accordance with the four sectors. In the RCs, the RC gain k,
was selected as 0 < &, < 1, and the cut-off frequency of the
filter Q(z) was set to 13.2 kHz to obtain tracking performance
in a wide frequency band; Q(z) = 0.1z + 0.8 + 0.1z~ 1. The
RC gains and the phase-lead steps for each sector are given as
kT_1_4 = 0.1, mip = my = 4, and mo = M3z = 2.

When the bridgeless Cuk-derived inverter operated under
unity power factor, the output current tracked the reference
without any visible distortions and was in phase with the corre-
sponding grid voltage [see Fig. 12(a)]. The frequency spectrum
of the output current with unity power factor and its THD was
2.62%, which satisfies the IEEE-1547 requirements (THD <
5%) [40].

When the bridgeless Cuk-derived inverter operated under
nonunity power factor, the bridgeless Cuk-derived inverter ac-
curately generated the phase-lagged/leaded output current [see
Figs. 13(a) and 14(a)]; the corresponding phase angle to the
given PF is ¢ = arccos(PF) = +x /6. The frequency spectra
of the output currents [see Figs. 13(b) and 14(b)] showed that
the THD values are 3.41% at 0.85 lagging PF, and 3.97% at 0.85
leading PF; these THDs also satisfy the IEEE-1547 requirements
[40].

To validate the dynamic performance of the proposed inverter,
the output power was varied from 300 to 500 W and vice versa.
When the output power was changed, the output currents well

Fig. 14.  Experimental results when the bridgeless Cuk-derived inverter oper-
ates at 0.85 leading power factor. (a) Output waveforms of the grid voltage and
output current. (b) Frequency spectrum of the output current.
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Fig. 15. Output waveforms of the grid voltage and output current when the
output power is varied between 300 and 500 W.

tracked the reference output current under the power variation
(see Fig. 15).

The experimental waveforms (see Fig. 16) show that the
average voltage across C depended on the average input
voltage, whereas the average voltage across Co depended upon
the average grid voltage. The inverter operates in CCM during
the grid period, so the currents of L; and L, did not go to zero.
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Fig. 16.  Experimental waveforms of vc, , vc,, Vg, i1, and ir,,. (a) Unity
power factor. (b) 0.85 lagging power factor. (c) 0.85 leading power factor.

The experimental gate drive signals (see Fig. 17) for Sy, Sy,
and S5 of the bridgeless Cuk-derived inverter were fully matched
with the modulation scheme as in Section III. When the inverter
operates at unity power factor, Sy switches at high frequency; the
body diode of S conducts in a complementary way to S; when
vy > 0, and the body diode of S5 conducts similarly to Sy when
vy < 0. When the inverter operates at nonunity power factor, the
operations of all the switches are the same in forward power flow
but different in reverse power flow; one of S, or S5 switches at
high frequency of 40 kHz for the reactive-power injection [see
Fig. 17(b) and (c)]. To increase the power conversion efficiency
of the bridgeless Cuk-derived inverter, the inverter can operate
with SR as in Section III. When the bridgeless Cuk-derived
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time [10ms/div.]
©
Fig. 17.  Gate drive signals vg, vgs1, Vgs4, and vgs5. (a) Unity power factor.

(b) 0.85 lagging power factor. (c) 0.85 leading power factor.

inverter operates under SR, S, or S5 is selected depending upon
the polarity of the grid voltage and turned ON complementarily
to S (see Fig. 18).

Fig. 19 shows the configuration of the reference output current
generation for the MPP tracking (MPPT); the rotating reference
frame is synchronized with the grid voltage v,; the d-axis
component i, 4 of %, is equal to the amplitude of the output
current reference obtained from the MPPT controller. The ¢-axis
component %, 4 of i, is calculated by the reference reactive
power (o ref; an incremental conductance method is used to
compute the MPP [41]. To show the MPPT performance of
the proposed inverter, a PV simulator (AMETEK) was used to
emulate the dynamic behavior of the PV panel; an additional
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Fig. 18.  Gate drive signals vgs1, Vgs2, Vgs3, and vgs4 With the SR operation
(unity power factor).
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Fig. 19. Configuration of reference output current generation with MPPT.
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Fig. 20. Irradiance profile, PV curve, and MPPT efficiency provided by the
PV simulator.

input capacitor (Ci, = 2 mF) was used at the input side of the
inverter. The proposed inverter well tracked the MPP, and the
maximum efficiency of the MPPT was measured at 98.84% (see
Fig. 20).

The efficiency (see Fig. 21) of the bridgeless Cuk-derived
inverter was measured within a range of load conditions and
with and without the SR operation by using a digital power meter
(Yokogawa WT330). Without the SR operation, the measured
maximum efficiency was 95.5%, and the California Energy
Commission’s (CEC) weighted efficiency was 95.1%. With the
SR operation, the maximum efficiency was 96.6%, and the CEC
efficiency was 95.8%. Referring to [43] and [44], the power loss
distribution was also analyzed (see Fig. 22). The SR operation
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Power loss distribution with and without the SR operation.

significantly reduces the diode loss, so the power conversion
efficiency of the bridgeless Cuk-derived inverter increases.

To emphasize the merits of the proposed inverter, it was
compared (see Table V) with the existing solutions for the
reactive-power supply in single-phase MICs. A bipolar PWM
scheme in the inverters has excellent reactive-power capability
in the entire grid period, but it causes high switching loss and
high current ripple. Unipolar-based PWM techniques [9], [10]
can also make H-bridge based inverters inject reactive power to
the utility grid, while satisfying international standards, but the
reactive-power-injection capability of these techniques is limited
due to insufficient magnetizing force [9]. Moreover, H-bridge
based inverters require an additional boost converter stage,
which increases their development cost and decreases power
conversion efficiency. A proposed method [24] for reactive-
power supply in unfolding-type flyback inverters requires an
additional decoupling circuit that increases hardware develop-
ment cost. The reference waveform modification scheme [25]
has been presented for the reactive-power supply by using an
unfolding-type inverter without having to use any additional
circuit, but the output current has quite high THD due to the
different shape of the reference current. The low cost and good
reactive-power capability of the proposed inverter make it an
effective solution for single-phase MICs.

Two-stage inverter and Cuk-topology-based inverters are
also compared in terms of current stress/voltage stress of the
switches, efficiency, size/value of passive components, and
control complexity (see Table VI). Here, a two-stage inverter
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TABLE V
COMPARISON OF METHODS FOR REACTIVE-POWER SUPPLY IN SINGLE-PHASE MICs
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Two-stage power conversion Unfolding-type conversion Single p(.)wer
conversion

Ref. [8] [9] [10] [24] [25] This paper

Full-bridge HS inverter H6 inverter Unfolding circuit Unfolding Bridgeless
Structure inverter (BP) | (UP & BP) (UP) + Flyback converter inverter Cuk

(+ Step-up dc-dc converter needed for MICs) | + Decoupling circuit | (No boost) inverter
DC input voltage 400 V 380 V 380 V 30 vV 380 V 60 V
AC output voltage 230 Vims 220 Vims 220 Vims 120 Vi 120 Vi 220 Vims
THD min. - - 3.7 % 4 % 16.7 % 3.34 %
Efficiency max. 97.6" % 96.4Y % 97.9Y % - - 96.6 %
Reactive power Full range | PF>09 | PF> 0095 PF > 0.95 PF > 095 | PF > 0.85
Capability

1) Power conversion efficiency of the inverter only.
TABLE VI

COMPARISON OF TWO-STAGE INVERTER AND CUK-TOPOLOGY-BASED INVERTERS IN TERMS OF HARDWARE IMPLEMENTATION AND PERFORMANCE

Two-stage inverter

Cuk topology based inverters

Boost converter +
H-bridge inverter

Unfolding-type
Cuk inverter

Differential-mode
Cuk inverter®

Bridgeless Cuk-
derived inverter

Ref. [42] [21] [28] This paper
Ly = 400 pH L, = 360 uH Ly =Lz =50 uH Ly =360 uH
L2:3mH L2:680 ,U,H L2:L4: 100 ;J,H LQZ 1.1 mH
Size/value of Ly =200 pH Ly =210 uH Ly =200 pH L1 =170 uH
components Clac = 400 pF Cy =44 uF Cy=Cy =58 uF Ch = 8.8 uF
Co=1uF Cy = 100 nF Co=Cs =15 uF Cy = 200 nF
Cg = 100 nF Cg = C() =44 ﬂF Cg = 470 nF
- 1:2.82 1:2 1:3.1
Adopted PI controller RC with phas.e-lead Multiple resonant RC with phas‘e-lead
controller compensation controller compensation
Switching 5175: 10 kHz Sl & D12 40 kHz 5172 (or 5374) S1 & S4 (or S5)2 40 kHz
frequency fs Sa_5: 60 Hz : 100 kHz So_3: 60 Hz
Voltage stress”) S1: 0.3 p.u S1: 0.5 p.u, Di: 1.6 p.u Si(or S3): 0.5 p.u S1: 0.5 p.u
of switch Sa_5: 1.2 pu Ssa(or S25): 1.0 p.u Sa(or Sy): 1.6 p.u Sa(or S3): 1.0 p.u
Ss(or S1): 0.2 p.u Ss(or Sy): 1.6 p.u
S1:10.3 p.u S1: 83 p.u, Di: 2.6 pu Si(or S3): 8.3 p.u Si: 8.3 p.u
Current stress®) Sa_5: 1.0 p.u Sa s(or S3.4): 1,0 pu Sa(or Sy): 2.6 p.u Ss(or S2): 1.6 p.u
of switch Si(or S2): 1.0 p.u Sa(or S5): 1.0 p.u
Ss(or S4): 2.6 p.u
Efficiency 93.2 % 94.7 % 94.1 % 95.1 %
THD 4.62 % 371 % 4.12 % 3.06 %
Leakage current < 120 mA =0A =0A ~0A

D Benchmark value - switch voltage and current stresses, vg = 1.0 p.u., i, = 1.0 p.u. at the instantaneous peak power with full load P, = 500 W and the dc-link

voltage = 380 V.

2)Implemenled in discontinuous modulation scheme [28].

consists of boost converter and H-bridge inverter with bipolar
modulation. Using the PSIM software, simulations were con-
ducted for the two-stage inverter [42] and Cuk-derived inverters
[21], [28] under the same operating condition (P, =500 W, vy, =
60V, v, =220 V/60 Hz). Two-stage power conversion results in
low power conversion efficiency. Since it does not have a trans-
former, it would suffer from leakage current problem. Also, the
size of the output inductor is relatively large. The unfolding-type

Cuk inverter achieved high efficiency with reduced number of
power components. At unfolding stage, switching loss is almost
zero. Since it has a transformer, it would not suffer from leakage
current problem. The size of the output inductor is small enough.
However, it cannot generate reactive current due to the unfolding
stage operation. On the other hand, the differential-mode inverter
can generate reactive current and inject it into the grid. One of
the two bidirectional Cuk converters operates when grid voltage
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is positive or negative. It requires a reduced number of active
components, but it also requires many passive-power compo-
nents. The proposed bridgeless Cuk-derived inverter features
a reduced number of power components, high efficiency, and
reactive-power-transfer capability.

VI. CONCLUSION

This paper has presented a bridgeless Cuk-derived single
power conversion inverter. The inverter features reactive-power
capability with fewer components and, thus, lower cost than that
of the existing Cuk-based inverters for MIC uses. To reduce the
number of active-power components, the secondary-side diode
into the secondary-side switches was integrated. We developed
the modulation technique for the bridgeless Cuk-derived inverter
to inject the active/reactive power to the utility grid. To achieve
accurate tracking of the output current, we used an RC coupled
with the linear feedback controller and the feedforward con-
troller. We also propose the design guidelines for the proposed
converter. To confirm its validity, a 500-VA prototype inverter
was built and tested. The proposed bridgeless Cuk-derived in-
verter operating in SR mode achieved the maximum efficiency
of 96.6% and a power factor of 0.85 under both leading and
lagging conditions.
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