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High-Reliability and Reduced Switch Count
Single-Phase Dual-Output Current Source
Inverter Using Switching-Cell Structure

Duc-Tuan Do

Abstract—In this article, a novel high-reliability single-phase
dual-output current source inverter is presented. By using the
switching-cell (SC) structure in the proposed topology, the overlap-
time between switching transition can be minimized or eliminated.
This improves the quality of ac output currents, efficiency, and
dc-source utilization. Additionally, the capacitors in SC structure
can help to reduce dv/dt of power switches and clamp the over-
shoot voltage under open-circuit problems, thus improving relia-
bility. Two modes of common and different frequency operations
are considered and detailed pulsewidth modulation schemes are
presented. A 650-W hardware prototype was built and tested to
verify the performance of the proposed inverter, and the results
are compared with conventional single-phase dual-output current
source inverters.

Index Terms—Current source inverter, dual-output, high-
reliability, overlap-time, single-phase inverter, switching-cell,
voltage overshoot.

1. INTRODUCTION

HEN compared to voltage source inverter (VSI), current
W source inverter (CSI) has the following advantages:

1) VSI requires the use of a boosting circuit when the input
voltage is smaller than the output voltage, whereas CSI
has an inherent voltage boosting function [1]—[3].

2) Power decoupling in CSl is realized by an inductor, which
has a longer lifetime than electrolytic capacitors used in
VSI [4], [5].

3) A rapid controlling system can be achieved owing to
intrinsic short-circuit protection and direct-current control
capability [6].

4) CSI can achieve high power factor operation because it
has an ability to inject current with known magnitude to
the grid [7], [8].
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5) The development of superconducting magnetic energy
storage systems can provide better power decoupling ef-
ficiency in CSI [9], [10].

From these advantages, CSIs are attractive in applications
such as photovoltaic grid-connected systems [11]-[16] and
others.

In many industrial applications, there is a need to supply en-
ergy to two ac autonomous loads at the same time. For example,
two separate inverters with the conventional method of control-
ling two ac loads are used. However, this method increases both
the cost and volume of the whole system. Similarly, dual-output
(DO) CSIs sharing the same dc-bus yield high conduction loss
due to the series connection of many semiconductor devices. As
can be seen in Fig. 1(a), the topology of two H-bridge (2HB)
single-phase CSIs always has eight conducting devices (i.e., four
active switches and four diodes). To reduce the conduction loss,
the topology shown in Fig. 1(b) is proposed in [17]. However, it
still has six conducting devices at the same time. Besides, like
other CSIs, these topologies still suffer from the open-circuit
problem. An overlap-time must be inserted between switching
transitions to ensure the continuity of dc current [18]-[21]. This
overlap-time causes distortions in output waveforms, reduces
both efficiency and dc-source utilization, as analyzed in [20]
and [21].

In [22] and [23], the basic p- and n-switching cells (SCs)
shown in Fig. 2 were presented, and the topology of the SC-CSI
was introduced to resolve the commutation problem. Although
the feasibility of this configuration was proved, a detailed anal-
ysis of the operation principle was omitted.

To overcome the disadvantages of the conventional ones,
this article proposes a single-phase DO-SC-CSI. The proposed
topology uses only six active switches instead of eight and only
four devices (i.e., two switches and two diodes) are conducting
during the operation. Therefore, compared to the conventional
DO-CSIs, it can reduce the number of switches and conduction
loss. Moreover, the two SC capacitors C; and Co connected be-
tween the switches and diodes provide continuous current paths
for the input current source (/4. ). Therefore, the overlap-time can
theoretically be eliminated completely or at least minimized,
which leads to better output waveform quality. Similar to the
conventional DO-CSIs, the proposed DO-SC-CSI can be used in
two-phase open-end winding induction motor drive [24], smart
microgrid applications [25], and photovoltaic grid-connected
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Fig. 1. Conventional single-phase DO CSIs. (a) 2HB single-phase CSIs con-
nected in series. (b) Proposed in [17].
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Fig. 2.  Series connection of two (a) n-cells and (b) p-cells.

systems. Also, the proposed inverter can be used as an ac—ac
current source converter in [27], a power decoupling for current
source converters [5], [28], etc.

II. TOPOLOGY AND OPERATION PRINCIPLE

Fig. 3 shows the proposed single-phase DO-SC-CSI. It has
three two-switch phase legs (leg a, leg b, and leg ¢), two single-
phase output loads, and two SC capacitors (C; and C2) combined
with four diodes (D;, D2, Dy, and Dj) to form the paths to the
current source. The two outputs share the middle phase leg.
Therefore, the switching states of two outputs affect each other.
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Fig. 3 Proposed single-phase DO-SC-CSI.

A. Carrier-Based PWM With Offset Function

The operation of the proposed inverter is divided into two
modes: different-frequency (DF) and common-frequency (CF)
modes. In the CF mode, the two outputs have the same funda-
mental frequencies, and the amplitudes of them can be different.
Depending on the phase difference between the references, the
two outputs have modulation indices up to one. When the output
current references are in-phase, the total magnitude of them can
g0 up to two.

In the DF mode, the two outputs are independent of each other
in both amplitude and frequency, the sum of the magnitude of
their reference signals must be less than one.

The CSI outputs are modulated by two references (m; and
msy) as follows:

{ml = 05M1 Sin(27rf01t—|—<,901) (1)
mo = 0.5M5 sin(27rf02t + (pog).

In (1), M; and M, represent modulation indices. f,1 and f,2
are output frequencies. ¢, and ¢,2 are phase angles of m; and
mo, respectively.

In order to avoid modulating wave interference, the appro-
priate offsets (i,1.0f, i02.0fr) Should be added to the references.
Therefore, modulating references are determined as follows:

iol.u = Z-ol.oﬁf + 05]\41 Sin(277folt + 9001) (2)
Tol.d = Tol.off — 0.5M; Sin(Qﬂ-folt + §001)

io2.u - Z.02.0ff + 05]\/[2 SiIl(27Tf02t + @02) (3)
Z102.d == Z102.of‘f - O5M2 Sin(27rfo2 + @02)

Where i,1. 4, 102, us Lo1.d> aNd 9. ¢ are the modulating references

for upper and lower terminals, L and R, respectively. Hence,

output references (i,1 ref, I02.ref) €an be determined as
iol.ref - iol.u - Z-ol.d - Ml sin(27rf01t + 9001) (4)
102.ref = Lo2.u — Lo2.d = M2 SIH(27Tf02t + @02)'
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The sum of the modulation indices must ensure the following
conditions:

My + My <2, CFmode )
My + My <1, DFmode.

By adding appropriate offset values, references in the CF and
DF modes are shifted in modulation space, as shown in Fig. 4(a)
and (b). The modulating waveform of output 1 should always
be greater than that of output 2, as given by

Z.ol.u Z Z.02.uai01.d 2 io2.d' (6)

Therefore, the additional offsets should ensure the following
conditions:

toloff < 1—0.5Mi,i02.01 = 0.5M>. (N

Fig. 4(c) shows the gate signal generation logic of the pro-
posed single-phase DO-SC-CSI. Modulating waveforms and
gate signals over a switching cycle are shown in Fig. 4(d).

B. Switching-State Analysis

Fig. 5 shows current paths for each switching state, which are

as follows.

1) States 1, 8, and 9: One of the legs has all switches in the
ON state. Thus, two output currents i; and iy are zero, as
shown in Fig. 5(a), (h), and (i), respectively.

2) State 2: S, and Sg are ON. The output current i is zero,
and the output current is becomes —/q., as shown on the
right-hand side of Fig. 5(b). However, when the voltage
of the capacitor Cy is lower than the total output voltage,
i.e., voo < (v1 + v2), the capacitor Cs is charged through
D, and D5, as shown in the left-hand side of Fig. 5(b).

3) States 3 and 6: All switches of the phase leg b are OFF.
Therefore, one of the two output currents is /4., and the
other one is /4., as shown in Fig. 5(c) and (f).

4) States 4 and 5: All switches of the leg c are OFF. The i is
zero, and ¢ is — I 4. or I 4., as shown in Figs. 5(d) and (e),
respectively.

5) State 7: S3 and S5 are ON. i; is zero, and i> becomes /4,
as shown in the right-hand side of Fig. 5(g). However, the
capacitor is charged through Dy and D; when the voltage
of the capacitor C; is lower than the total negative output
voltage, i.e., vo1 <—(v1 + v2), as shown on the left-hand
side of Fig. 5(g).

From the switching-state analysis, it can be seen that the

maximum voltage of SC capacitors (V1 max, Vo2.max) 1S given
as

VCl.max = VCQ.max = VIP + ‘/ZP (8)

where V; p and V; p are the peak values of the output voltages 1
and 2, respectively.

C. Overlap-Time

Fig. 6 shows the gate signals and simplified equivalent circuit
of the proposed single-phase DO-SC-CSI during overlap-time.
The capacitor C discharges during overlap-time between S; and
Ss5. As shown in Fig. 6(a), the capacitor Cy discharges through
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Fig. 4. (a) Modulation space division in the CF mode. (b) Modulation space

division in the DF mode. (c) Gate signal generation logic of the proposed inverter.
(d) Modulating waveforms and gate signals over one switching cycle.

the loop S3, load 2, Dg, Sg, and S; when switches S1, S, and Sg
are ON. When switches S, Sz, and S4 are ON, the capacitor Cy
discharges through the loop load 1, diode D,, and switches are
in ON state, as shown in Fig. 6(b). The capacitor C, discharges
during overlap-time between S4 and S5. When switches S1, Sy,
and S5 are ON, the capacitor Cy discharges through the loop S,
S1, D1, load 1, and S5, as shown in Fig. 6(c). When S3, S4, and
S5 are ON, the capacitor Cs discharges through Sy, S3, D3, load
2, and S5, as shown in Fig. 6(d).
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Fig. 5. Switching states of the proposed single-phase DO-SC-CSI.

As mentioned before, the SC capacitors C; and Cs in the
proposed inverter can help to reduce dv/dt of power switches
and clamp the overshoot voltage under open-circuit problems
in power switches. Therefore, the overlap-time between gate
signals can be minimized. While the conventional DO-CSI, the
overlap-time must be large enough to guarantee a safe transition.
The overlap-time effect in the DO-CSI is presented as follows.

Take output current i; as an example, Fig. 7 shows the impact
of overlap-time on i;. It can be seen that some parts of output
current pulses (A7) are lost due to the overlap-time. The total
current pulse losses are

A-[01 =2 Atov . fs : Idc~ (9)

In (9), Al is the total current pulse losses over one period
of output fundamental frequency, Af,, is the overlap-time, f is
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the frequency of carrier signal, and /. is the magnitude of the
dc source.

As presented in [20], the overlap-time will result in a deviation
of the output current for both negative and positive parts. Apply-
ing Fourier decomposition, the output current wave deviation is
given as

3
. Atov : fs

AIol(t) - ¥

sinbwt  sin Twt
5 7

R (sinwt — > . (10)

Therefore, additional odd harmonics components in the out-
put current waveform can be found in (10). The harmonics are
affected proportionally by Af,,, dc source /4., and switching
frequency fs.
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Fig. 6 Gate signals and simplified equivalent circuits of the proposed single-phase DO-SC-CSI during overlap-time. (a) and (b) Overlap-time between S; and

S2. (¢) and (d) Overlap-time between S4 and Ss.
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Fig. 7.  Effects of overlap-time on output current.

D. Reliability Analysis

As explained before, CSIs generally require finite overlap-
time for safe commutation. However, if there are some delays
or mismatches in gate drive signals, there is an open-circuit
problem and the switching devices are damaged by overvolt-
age because the input inductor current is blocked suddenly.
The open-circuit problem may also be caused by EMI noise’s
misgating-off. For example, in the conventional single-phase
DO-CSIs [see Fig. 8(a) and (b)], either the two top switches
(S; and S») or bottom switches (S7 and Sg), or all switches
are accidentally turned-OFF, high di/dt will appear in the input
inductor, generating high voltage spikes, which may damage
power devices. On the other hand, in the proposed inverter as
depicted in Fig. 8(c), the two capacitors C; and Co with four
diodes (D1, D2, D4, and D5) can always provide a path for the
input inductor. As shown in Fig. 8(c), the capacitors C; and
C, are charged during the dead-time (At,) and the increase
in the capacitor voltages (AVs1 and AVo) is given by the
following equation. For the sake of simplicity, C; and Cs values
are assumed to have the same capacitance C

Idc

AVer = AVpy = ?Atd. (1)

The SC capacitor value C can be chosen to guarantee that
the voltage stress of switches is always lower than the switch
breakdown voltage (Vg max) under fault conditions. The value
of the SC capacitor is chosen by

Idc
AV

In (12), the increase of the capacitor voltage (AV) is given
as

C = Aty.

12)

AVC — V;‘w.max - (‘/IP + Vv2P) (13)

E. Common-Mode Voltage

Fig. 9(a) shows the proposed DO-SC-CSI for grid-connected
photovoltaic (PV) systems. C,; and C,2 represent parasitic
capacitances between PV panel and the earth terminal. The value
of Cp1 and Cy, are estimated to be 1uF/kW for thin and 50-150
nF/kW for the crystalline silicon module film module [12]. The
common-mode voltage (CMV) vy, ; (i = 1, 2) can be obtained
as
ULN + VMN _ URN tUMN
favcnﬂ - #
where vy, varn, and vy are the voltages between points L,
M, R, and the point N, respectively. The relationship between
CMVs and switching states of the proposed inverter is shown
inTable I. S, (x =1, 2, 3, 4, 5, 6) represents the ON-state when
S, = 1, and OFF-state when S, = 0. As can be seen, in Fig. 9(a),
vemi (I = 1, 2) varies with high frequency, the ground leakage
current exists in the DO-SC-CSI. To solve this issue, a modified
DO-SC-CSI for grid-connected PV system is shown in Fig. 9(b).
In Fig. 9(b), a common-mode choke (Lq.1 and Lqc2), and a split
capacitor arrangement (C4.1 and Cqc2) are used to reduce the

(14)

VUeml =
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TABLE I
SWITCHING STATES AND CMYV OF THE PROPOSED DO-SC-CSI

Fig. Fig.
State S, S, S; S4 S5 Se i 0 ig. 9(a) ig. 9(b)
Veml Vem2 Vem1 Vem2
1 1 0 0 1 0 0 0 0 /2 (vav1)2
2 0 1 0 0 0 1 0 -Ldc (vi-n2)/2 -v/2
3 0 0 1 1 0 0 ~Lye Ly /2 (v2-v1)/2
4 0 1 0 1 0 0 -Lye 0 -vi/2 (v-v1)/2
5 1 0 0 0 1 0 L. 0 vi/2 /2 (1+2Va)l2 (1 +2Va)2
6 1 0 0 0 0 1 Ly Ly (vi-v)/2 -v/2
7 0 0 1 0 1 0 0 Ly vi/2 vo/2
8 0 0 1 0 0 1 0 0 (vi-12)/2 /2
9 0 1 0 0 1 0 0 0 vi/2 vo/2
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! ! R? —_L CSI for grid-connected PV system.
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E Ss Ly leakage current for transformerless PV inverter system. As can
[ T T be seen in Table I, the CMVs in Fig. 9(b) are always constant
() regardless of switching state and are expressed as
Fig.8. Simplified equivalent circuits of the conventional and proposed inverter U1 + 2Vie2 vg + 2Vieo

during dead-time. (a) 2HB CSIs. (b) DO-CSI in [17]. (¢) Proposed DO-SC-CSI. Veml = =5 Vem2 = — 5 (15)
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Fig. 11 Semiconductor loss comparison in the proposed and other conven-
tional CSIs.

where vy and vy have sinusoidal variation at grid frequency.
Therefore, vem1 and veyo also have sinusoidal variation at the
grid frequency. Thus, the ground leakage current is small and
negligible because the impedance of C,; and C,o at the grid
frequency is high.

III. SEMICONDUCTOR LOSS ANALYSIS

Power loss of semiconductor devices includes conduction and
switching losses of MOSFET and diode. In this article, the power
loss equations in [26] is used for the loss calculation and the
additional power losses in input inductor and others are not
considered because they are small. The percentage of switching
and conduction losses of diode and MOSFET is shown in Fig. 10.
Ppofts Pporrs PDons and Ppeon are turn-OFF, reverse-recovery,
turn-ON, and conduction losses of diode, respectively. Puicon,
Priog, and Pyon are conduction, turn-OFF, and turn-ON losses
of MOSFET, respectively. The total semiconductor loss calculated
by equations in [26] is 38.13 W at the rated output power 550
W. As expected, more than half of the loss comes from diode
conduction loss. The semiconductor loss comparison among the
proposed and other CSIs under the same condition of P, = 550
W, I, =7.5 A, and fi, = 30 kHz is shown in Fig. 11 .

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

PSIM simulation is used to verify the operation of the pro-
posed inverter. The system operates with two resistive loads of
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20 Q. The inductance and capacitance values of the ac filters are
Ly = Ly, = 0.74 mH and Cy; = Cp = 10 puF, respectively. A
7.5 A ideal current source is used for the input and the switching
frequency is 30 kHz. In the CF mode, two outputs are modulated
using the additional offsets (i,1.06 = 0.55, ip2.06 = 0.35) with
modulation indices (M; = 0.8, M5 = 0.6) at the same frequency
of 60 Hz. In the DF mode, i,1 og and i,2 o5 are 0.65 and 0.25
with modulation indices (M7 = 0.6, My = 0.4) at frequencies
(for = 60 Hz, f,o = 120 Hz), respectively.

Fig. 12(a) shows the simulation results in the CF mode.
In the simulation results, i;, is the input current, i,; and i,
are load currents, vy and ve are the output voltages, vo; and
veo are the voltages of SC capacitors (C; and Cq), and vgy
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(a) 2HB CSIs. (b) DO-CSLin [17].

and vg,4 are the voltage stresses on the switches (S7 and Sy),
respectively. Similarly, simulation results in the DF are shown
in Fig. 12(b). As can be seen, the inverter is able to generate the
two currents i,; and i,2 independently. The simulation results
in Fig. 12 are consistent with the theoretical analysis.

To verify the operation under fault conditions, it is assumed
that all the switching devices are accidentally turned-OFF during
1 ps. Under the fault conditions, in the conventional DO-CSIs,
the inductor current has no path to flow, the high di/dr will
appear in the inductor, and huge voltage spikes are generated
across the switches. Fig. 13(a) shows the drain-to-source voltage
waveforms of the switches of 2HB CSIs. It can be seen that
a huge voltage spike of about 50 kV is generated across the
switches. Similarly, as shown in Fig. 13(b), the switches of
DO-CSI [17] also suffer from excessive voltage spikes.

On the other hand, in the proposed DO-SC-CSI, no significant
voltage spike is generated and the switch voltages are well
clamped, as shown in Fig. 14(a). The waveforms of Fig. 14(a)
are magnified around the time interval when all the switching
devices are accidentally turned OFF, as shown in Fig 14(b).
It can be seen that SC capacitors (C; and C3) are charged
during this time. The relationship between AV (or AVs)
and Aty is given by (11). The change in capacitor voltages
(AVer, and AVig) is 75 V (where C = 0.1 uF; Iy = 7.5
A; Aty = 1 ps). From Figs. 13 and 14, it can be concluded
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Fig. 14.  (a) Simulation waveform of the proposed DO-SC-CSI under fault
condition. (b) Magnification of (a) around the time interval when appearing
fault.

Fig. 15.  Prototype photo of the proposed single-phase DO-SC-CSI.

that conventional DO-CSIs suffer from open-circuit problems,
whereas the proposed DO-SC-CSI does not have such a problem
and can work properly.

B. Experimental Results

In the experiment, 650-W prototypes of single-phase DO-SC-
CSI and other CSIs were built and tested. A dc voltage source is
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TABLE II
EXPERIMENTAL PARAMETER OF THE PROPOSED INVERTER

Symbol Value Symbol Value Symbol Value
P(, 650 W ﬁw 30 kHz C/], C/z 10 ]J.F
Ly 7.5 A C, C, 0.1 uF
Lic 55mH R.LR, 200 IpLp  0.74mH
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Fig. 16. Experimental waveforms of the 2HB CSIs with overlap-time of 0.8 ys.
(a) Input and load currents. (b) Output voltages. (c) Switch voltages.
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connected with an inductance of 55 mH to represent the current
source in the dc side. The input current on the dc side has the
second-order harmonic of the output frequency. Therefore, the
nonlinear modulation technique with functions, m; and ms, in
[7] is employed to improve the quality of both input and output
currents. The 60C7040 MOSFETs and RHRG3060 diodes were
used in both the conventional DO-CSIs and proposed DO-SC-
CSI for fair comparison. The other experimental parameters are
the same as simulation parameters, as shown in Table II. The
photo of the proposed topology is shown in Fig. 15.

To verify the operation under normal conditions, 0.8 s switch
overlap-time is used for the control signals of the conventional
DO-CSI. Fig. 16 shows the waveforms of 2HB CSIs. Fig. 16(a)
shows the output currents with the total harmonic distortion
(THD) of injected load currents i,,; and i, measured to be 4.3%
and 4.7%, respectively. The output voltages v; and v, are shown
in Fig. 16(b). Fig. 16(c) shows the voltage stress of switches S
and S5. Similarly, Fig. 17 shows the experimental results of the
DO-CSI [17]. Fig. 17(a) shows output currents i,; and i,o with
the THD measured to be 4.2% and 4.6%, respectively. Fig. 17(b)
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Fig. 17.  Experimental waveforms of the DO-CSI [17] with overlap-time of
0.8 ps. (a) Input and load currents. (b) Output voltages. (c) Switch voltages.

shows the output voltages v; and vo. The voltage stress of the
switches S and S7 are shown in Fig. 17(c).

With the proposed inverter, overlap-time intervals can be
minimized. Fig. 18 shows the experimental results in the CF
mode of the proposed inverter with overlap-time intervals of 0.3
us. Fig. 18(a) shows the input and load current waveforms. As
shown, the input has a peak-to-peak ripple of about 3.5 A with
the average dc component of 7.5 A. The THD of injected load
currents i,1 and i,o are 2.4% and 2.6%, which are lower than
those of the conventional single-phase DO-CSIs, respectively.
Table III shows the amplitude of the harmonics of the output
currents of the DO-CSI topologies. Fig. 18(b) depicts the output
voltages v; and v. The voltages of capacitors (v and vo) are
presented in Fig. 18(c). The voltage stress of the switches (S; and
S4) are shown in Fig. 18(d). Experimental results in the DF mode
are also shown in Fig. 19. The input current has the peak-to-peak
ripple of about 1.5 A with the average dc component of 7.5 A, as
shown in the top of Fig. 19(a). The bottom of Fig. 19(a) shows
the load current i, at the frequency of 120 Hz and the load
current i,1 at the frequency of 60 Hz. The output voltage v
at the frequency of 120 Hz is shown at the top of Fig. 19(b),
whereas the bottom of Fig. 19(b) presents the output voltage v,
at the frequency of 60 Hz. The voltages of capacitors (v and
vee) are depicted in Fig. 19(c). Fig. 19(d) indicates the voltage
stress of the switches Sy and S4. It can be seen that the results
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Fig. 18. Experimental waveforms of the proposed inverter in the CF mode
with overlap-time of 0.3 us. (a) Input and load currents. (b) Output voltages. (c)

Capacitor voltages. (d) Switch voltages.

TABLE III
AMPLITUDES OF HARMONICS OF THE OUTPUT CURRENT OF THE
SINGLE-PHASE DO-CSI TOPOLOGIES

Proposed DO-
Harmonics 2HB CSIs DO-CSI17] gC—CSI
(n)
iﬂl i{)Z il)] iﬂz il)] il)?

5.78 4.308 5.75 4.302 5.85 4.35

0.223 0.181 0.225 0.178 0.144  0.114

0.061 0.054 0.057 0.047  0.004  0.017

1
3
5 0.043 0.051 0.048 0.044  0.005  0.005
7
9

0.051 0.035 0.042 0.036  0.001  0.001

11 0.037  0.029 0.032  0.027 0.003  0.009
13 0.027  0.024 0025 0.022 0002 0.007
15 0.023  0.015 002 0017 0006 0.006
17 0.018 0013 0016 0014 0005 0.005
19 0.014 0012 0013 00I1 0005 0.004
21 0.01 0.009 001 0009 0.004 0.003
23 0.009  0.007 0008 0008 0.003 0.003
THD (%) 43 47 42 46 24 2.6
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Fig. 19.  Experimental waveforms of the proposed inverter in the DF mode
with overlap-time of 0.3 ps. (a) Input and load currents. (b) Output voltages. (c)
Capacitor voltages. (d) Switch voltages.

shown in Figs. 18 and 19 are similar to the ones presented in
Fig. 12(a)and (b), respectively.

As shown in Figs. 18(d) and 19(d), because SC capacitors
(Cy and Cy) in the proposed inverter perform a role in reducing
dv/dt of high-speed switching switches, the voltage spikes of
the switch are reduced when compared with those of the con-
ventional DO-CSIs shown in Figs. 16(c) and 17(c).
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Fig. 20. Experimental waveforms of the proposed inverter. (a) Modulation
indices variation. (b) Both modulation indices and frequencies variation.

TABLE IV
COMPARISON AMONG SINGLE-PHASE DO-CSI TOPOLOGIES

Proposed
2 separate 2HB DO-CSI
Parameter CSls CSIs [17] DO-SC-
CSI
No. of switches 8 8 8 6
No. of c_onductlng 4 4 3 5
switches
Reliability Low Low Low High
Efficiency (%) 86.1 86.4 89.2 92.5
Can be
Overlap_—tlme in Large Large Large minimized
gate signals or
climinated

Fig. 20(a) shows the output waveforms when modulation
indices (M7 and M>) are changed. Where 7,1 yet and i, et Start
with M; = 0.8 at 60 Hz and M5 = 0.6 at 60 Hz, respectively.
Then, the i, ;or and i,2¢f change to M7 = 0.6 and My =
0.8, respectively. Fig. 20(b) shows the output waveforms when
both modulation indices and frequencies are changed. Where
to1.ref and 7y9 rer Start with M; = 0.6 at 60 Hz and My =
0.4 at 120 Hz, respectively. Then, 7,1 ;o and 2,2 ref change to
My = 0.4 at 120 Hz and My = 0.6 at 60 Hz, respectively. The
efficiency comparison of the topologies is plotted for different
values of output power, as shown in Fig. 21. Table IV shows a
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Fig. 21. Efficiency comparison.

brief comparison among the single-phase DO-SC-CSI and other
single-phase DO-CSI topologies.

V. CONCLUSION

This article proposes a novel highly reliable single-phase DO-
CSI using SC structure. With sharing the middle phase leg, the
proposed topology has less semiconductor count and conduction
loss compared with the conventional single-phase DO-CSIs.
The SC capacitors (C; and Cs) in the proposed inverter can
help to reduce dv/dt of power switches and clamp the overshoot
voltage under open-circuit faults. Additionally, the overlap-time
of gate signals in the proposed DO-SC-CSI can be minimized
or eliminated. Thus, the THD of the output current is reduced.
The proposed inverter can be used in many applications, such
as two-phase open-end winding induction motor drive, smart
microgrid applications, photovoltaic grid-connected systems,
etc. Both the simulation and experiment results were in good
agreement with theoretical analyses.
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