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In the conventional DC-AC inverter consisting of two DC-DC converters with unipolar output capacitors, the output capacitor
voltages of the DC-DC converters must be higher than the DC input voltage. To overcome this weakness, this paper proposes
a single-phase DC-AC inverter consisting of two embedded Z-source converters with bipolar output capacitors. The proposed
inverter is composed of two embedded Z-source converters with a common DC source and output AC load. Though the output
capacitor voltages of the converters are relatively low compared to those of a conventional inverter, an equivalent level of AC
output voltages can be obtained. Moreover, by controlling the output capacitor voltages asymmetrically, the AC output voltage
of the proposed inverter can be higher than the DC input voltage. To verify the validity of the proposed inverter, experiments
were performed with a DC source voltage of 38 V. By controlling the output capacitor voltages of the converters symmetrically or
asymmetrically, the proposed inverter can produce sinusoidal AC output voltages. The experiments show that efficiencies of up to

95% and 97% can be achieved with the proposed inverter using symmetric and asymmetric control, respectively.

1. Introduction

In general, a single-phase DC-AC inverter is a full-bridge
inverter composed of four switches and a method using two
converters with bipolar output voltages. A full-bridge inverter
has weaknesses in that the AC output voltage is limited to
below the input voltage, and a boost converter must be used to
generate an output voltage over input voltage. A single-phase
DC-AC inverter [1] using two DC-DC converters (Buck,
Boost, Buck-boost, etc.) generates AC output voltages by the
difference of the output capacitor voltages of each converter.
This kind of inverter is advantageous because it does not
require an LC output filter and their AC output voltage levels
are not limited by the input voltages. However, this method
has a disadvantage in that the voltage stress of the entire
system increases because the output capacitor voltage of the
DC-DC converter is only unipolar on the off-set voltage
over the input voltage. Recently, embedded Z-source DC-AC
converters [2-5] with bipolar output capacitor voltage have
been proposed.

There is no need to consider oft-set voltage, and direct AC
voltage output can be obtained from each converter. Because
the positive half-cycle of the AC output voltage from one
embedded Z-source converter is limited by the input voltage,
it is the same as a single bridge inverter. But, the output of the
Buck or Boost AC voltage can be in the negative half-cycle
voltage of the embedded Z-source converter, regardless of the
input voltage. Therefore, a single embedded Z-source DC-AC
inverter that combines the asymmetrical output voltage from
two embedded Z-source converters is proposed.

In the proposed method, the output of a single AC voltage
that is the same as the input voltage level is possible with
an output voltage of the converter that is lower than that
of a DC-AC inverter composed of a conventional DC-DC
converter. And the proposed inverter can implement the
same performance as the two-stage single phase full-bridge
inverter using a boost converter. To verify the validity of the
proposed system, an experiment was performed with a DC
source voltage of 38 V. A DSP (TMS320F28335)-based single-
phase embedded Z-source DC-AC inverter was used for the
experiment.
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FIGURE 1: The proposed embedded Z-source DC-AC inverter.
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FIGURE 2: Output voltage principle of the proposed single-phase
embedded Z-source DC-AC inverter.

2. The Proposed Inverter

2.1 The Proposed Embedded Z-Source Inverter. Figurel
shows the proposed single-phase embedded Z-source DC-
AC inverter that consists of two embedded Z-source DC-DC
converters.

The proposed inverter consists of common DC power
source (V;), two embedded Z-source converters (Converter
A, Converter B), and common AC load (Rp). The output
AC voltage (vgo) of the proposed inverter is the difference
between the output voltage (C,,) of converter A and the
output voltage (Cp,) of converter B, as shown in Figure 2.
Consequently, it is possible for the embedded Z-source DC-
AC inverter to generate more than double the voltage of one
converter output voltage [2].
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FIGURE 3: Gain curve of embedded Z-source DC-DC converter B.

As shown in Figure 2, converters A and B generate the
output voltages with a 180° phase difference, and the output
voltage of each converter is expressed by

vear = — Vo

Vear = 2D - lVI = Viu, Sin wt, W
Ve = — Vi

2

Vepy = %VI = Vg sin (wt + 1), @

where D denotes the turn-on time during one cycle time T
of switching for each converter, and the time ratio of the turn-
off time is (1 — D). In other words, D is the duty ratio of the
embedded Z-source DC-AC inverter. The output voltage of
proposed inverter is given by

@D-1)V, .
Vro = Vear — Vemy = Da=D) sin wt. 3)

The output area of embedded Z-source converters A and
B can be verified by (1). Figure 3 shows the gain curve of the
embedded Z-source converter. Because the output capacitor
voltage of the converter A is equal to the DC input voltage V;
under the condition that D = 1.0, Buck mode is performed
only in the positive half-cycle voltage.

The output voltage of the converter is 0V at D = 0.5,
and the negative half-cycle voltage for the DC input voltage
is theoretically limitless voltage gain (G). The output voltage
of converter B has a 180° phase difference for the capacitor
voltage of converter A, but D (the duty ratio) and G (the gain)
are equal to those of converter A.

2.2. 'The Method for the Asymmetrical Voltage Control. As
shown in Figure 5, T - W(+V; ~ =V}) and S - X(+V; ~ -V))
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FIGURE 5: Boost method of embedded Z-source DC-AC Inverter.

are defined as the symmetrical output cycle, which is the
period in which it is possible to output the same magnitude
as the maximum value of [V}| in the negative half-cycle of the
embedded Z-source converter.

The higher negative half-cycle U — W(+V; ~ -2V}),
V- WHV, ~ =3V)), S = Y(+V; ~ =2V}), S — Z(+V; ~ =3V
than the maximum value of V} is defined as the asymmetric
output period. The reason for the division between sym-
metrical and asymmetrical output sections is related to the
boost method of the output voltage of the proposed single-
phase embedded Z-source DC-AC inverter. When the output
voltage of embedded Z-source converters A and B with a
180° phase difference is in the symmetric output region, the
output voltage (vpp) of the proposed inverter can be in the
buck region of Figure 4. But, if the negative half-cycle voltage
with the gain of the symmetric and asymmetric output region
is generated in the positive half-cycle, the proposed inverter
can generate output of voltage (vgo) in the entire period of
the Buck and Boost. So, when using one of the embedded

Z-source converters A and B, although the output voltage
is limited by the DC input voltage, the proposed single
embedded Z-source inverter reverses converters A and B and
using the output period of the symmetric and the asymmetric
regions has the same performance as the conventional single-
phase full-bridge inverter without being limited by the DC
input voltage.

Figure 5 shows the relationship of the output capacitor
voltage of the embedded Z-source converters A and B and
the sinusoidal waveform for the load (Ry). S and W of the
output capacitor voltage (S, X, Y, Z) of converter A and the
output capacitor voltage (T, U, V, W) of converter B are the
positive half-cycle voltages, which are the same as the input
voltage (V7) of each converter, and X, Y, Z and T, U, V are
the negative half-cycle voltage for one, two, and three times
the input voltage (V7).

If the positive and negative half-cycle voltage of the
converters A and B are equal to the input voltage (V;), the
output voltage of the proposed inverter is expressed as (S—T),
which is the difference between the positive half-cycle S of
converter A and negative half-cycle T of the converter B and
(X — W), which is the difference between the negative half-
cycle X of converter A and positive half-cycle W of converter
B:

s 3 T
+VRO-Peak = S Sin 3" <—T sin 7) = +2VIE’
3 NG
—VRO-Peak = — X Sin 7” — Wsin g = _21117”,
T . 3m s
+VRO-Peak = S SiN 5 <—3V sin > = +4VIE’
(5)

3 3
—VRO-Peak = — 3Zsin 771 - Wsin % = —4\/1771,

According to (4), the output voltage (vp() for theload is +2V7.
If an asymmetrical voltage is generated, where the output
voltage of the converters A and B has the same positive half-
cycle voltage magnitude as the input voltage and the same
negative half-cycle voltage as three times the magnitude of
the input voltage, the output voltage (vyo) of the proposed
single embedded Z-source inverter generates the AC output
voltage of +4V; by the difference between S — Z and V - W,
asin (5).

2.3. PWM Control Method. Generally, the sinusoidal pulse
width modulation (SPWM) of the single phase full-bridge
inverter is based on the comparison of a triangular carrier
signal with a reference sinusoidal signal. But, in the case of
the proposed embedded Z-source DC-AC inverter, because
the two Z-source embedded converters A and B are used, a
reference waveform is needed. The output capacitor voltage
(vep,) of converter Bis the same as that of converter A, except
for the phase difference. If the positive and negative half-cycle
of converter A have symmetric output with the maximum
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Embedded Z-source converter B: output voltage [vp,] and duty ratio [Dg]

FIGURE 6: Relationship of duty ratio (D4, D) and output voltages (voa,, Vep,) of embedded Z-source converter A, B.

value of the input voltage V, the relationship is expressed by
(6) [6,7]:

2D -1
Vear = V; = GV} = sinwt, (6)
V;sinwt
Vi Vi

If (6) is defined by the voltage gain (G), it is equal to (7).
Equation (8) is calculated by (6) and (7), and the short-circuit
ratio (D) of converter A is equal to (9). Figure 6 shows the
relationship between the capacitor and the duty ratio (D) of
the converter A, B for the one cycle:

_2D-1

G = sinwt (8)

1 1

D= = - .
2-G 2-sinwt

)

Figure 6 shows the output capacitor voltage v, of converter
A by the short-circuit ratio (D). The D, curve to generate
a positive half-cycle voltage shows a distorted sinusoidal
waveform, and the D, curve to generate the negative half-
cycle voltage shows a negative voltage that becomes higher
while approaching D = 1.0. As shown in Figure 6, if D4 in
the negative half-cycle (m — 2m) is 0.67, a symmetric voltage
with the same magnitude (-V}) as V} is generated. Figure 7
shows the control method of the modified SPWM.

TABLE 1: System parameter.

Output power 500 W

Input DC voltage (V;) 38V

Output AC voltage (v,) 53 Vims ~85 Vips/60 Hz
Switching frequency (f;,,) 20kHz
Inductor (L 4, L 45, Lg> L) 1,000 4H/10 A
Capacitor (C,;, Cg;, Cayp» Cp,) 10 uF/250V
Acload (R,) 100 Q, 50 Q)

The short-circuit ratios (D,, Dg) are calculated by the
order voltage (voa, "> Vg, *) of converters A and B with a 180°
phase difference and the input voltage (V7), and the gate signal
is generated by comparison of the short-circuit ratio (D 4, Dj)
and a chopping waveform.

3. Experimental Result

To verify the proposed inverter, an experiment for the
symmetric output and asymmetric output of converters A
and B was performed with a DC input voltage of 38V
and a load of 100 Q. Figure 8 shows the experiment system.
The microprocessor of the control board is a DSP (TMS320
F28335) from Texas Instruments Inc.

An AC load with a resistance of 100 Q2 was used. Table 1
shows the system parameters, while Figures 9 and 10 show
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FIGURE 8: The experiment system.

the voltage and the current of the proposed inverter for the
symmetrical output.

Figure 9 shows the output voltage (vyo) of the proposed
inverter, the output capacitor voltage (vca,, Vep,) of con-
verters A and B, and the input capacitor voltage (Vi4,) of
converter A. As shown in Figure 9, the maximum voltages
of the positive and negative half-cycle are 38 V and -38V,
respectively, and the inverter generates an AC output voltage
Vro = 53Vrums (76 V) with a sinusoidal waveform by the
difference of this voltage.

In this case, the voltage of the capacitor has a little noise,
but the same 38 V output as the input voltage V; is verified.
Figure 10 shows the waveform for the current of the proposed
inverter in the case of the symmetrical output. As shown in
Figure 10, the output current (ip) has a sinusoidal waveform.

Figures 11 and 12 show the asymmetric output for S —
U and Y — W in Figure5. As shown in the symmetrical
output, the maximum voltages of the positive half-cycle for
converters A and B are the same value of 38 V as the input

voltage V;, and the maximum voltage of the negative half-
cycle is verified as —76 V, which is two times the magnitude
of the input voltage V;. The proposed inverter generates a sine
wave of 80Vyys (114 V) by the difference between the output
capacitor voltage of converters A and B. It is verified that the
asymmetrical output is higher than the symmetrical output.
In this situation, the capacitor voltage (V) is the same as
the input voltage (38 V).

Figure 12 shows the current waveform in case of asym-
metric output. The output AC current (ip) of the proposed
inverter is the sinusoidal waveform, and the current of
two inductors (L 41, L 4,) for the converter A is increased
compared to the symmetrical output.

Figure 13 shows the experimental results for character-
istics of transient state when the load is reduced suddenly
to 50 Q2 from 100 Q. Load current (v) in 100 Q is 0.5A gps»
and when the load is reduced to 50 Q, load current (izp)
is increased to 0.85Ap). In the case of the symmetrical
and asymmetrical output control, although the current is
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FIGURE 12: In case of symmetric output-output current (ip,) of the
proposed inverter, inductor current (i} ;,1; 4,) of converter A and
input current (i;).

increased by the load (R) change, the output voltage (vzp)
and current (ipy) are verified to maintain normally the
sinusoidal waveforms.

In this situation, the capacitor voltage (vc,,) is the same
as the input voltage (38 V). Figure 12 shows the current
waveform in the case of asymmetric output. The output
AC current (ipg) of the proposed inverter is a sinusoidal
waveform, and the current of the two inductors (L 4;, L 4,)
for the converter A is increased compared to the symmetrical
output.

Figure 13 shows the experimental results for characteris-
tics of the transient state when the load is reduced suddenly to
50 Q from 100 Q. The load current (ig) for 100 Q is 0.5A gps»
and when the load is reduced to 50 Q, the load current (i) is
increased to 0.85A gy s In the symmetrical and asymmetrical
output control, although the current is increased by the load
(Rp) change, the output voltage (vzo) and current (ip) are
maintained normally in the sinusoidal waveforms.

Figure 14 shows the graph for the output voltage (rms)
of the single embedded Z-source DC-AC by the output
voltage of the proposed converters A and B. The solid line
shows the output voltage of the embedded Z-source DC-AC
inverter when the voltage of the negative half-cycle increases
to multiples of the input voltage in conditions of the same
positive half-cycle voltage.

As shown in Figure 11, if the voltage of the negative half-
cycle is two times (=76 V) the DC input voltage, the output
voltage (rms) of the embedded Z-source DC-AC inverter is
about 80Vyys. The dotted line is the output by the voltage of
the negative half-cycle when the voltage of the positive half-
cycle for converters A and B is half (19 V) of the input voltage.

At the maximum voltage of the positive half-cycle for
the symmetrical output control and asymmetrical output
control, the minimum voltage of the negative half-cycle for
the symmetrical output control is —38V, and the minimum
voltage of the negative half-cycle for asymmetrical output
control is =76 V (see Table 2).

In these conditions, the output voltage of the inverter
is 53V for symmetrical output control, but the output
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TABLE 2: Experimental comparison of the proposed system according to the symmetric and asymmetric output control.

Symmetrical output control Asymmetrical output control

Output voltage of inverter (vg,) 53 Vrus 80 Vrums
Maximum voltage of positive half-cycle of converter (Voa,, Vep,) 38V 38V
Minimum voltage of negative half-cycle of converter (ve4,, Vep,) -38V -76 V
Input current of inverter (I;) 0.76 A 177 A
Output current of inverter (ipo) 0.53 Aguis 0.80 Agps
Efficiency (1) 971% 95.1%
The efficiency of the symmetrical output is about 2% higher
140 than that of the asymmetrical output, and it is verified that
the efficiency of the proposed system is over 95%.
120
z 4. Conclusion
= 100
E} An embedded Z-source DC-AC inverter using an asym-
R metrical output capacitor voltage of the embedded Z-source
g converter was proposed. The proposed single-phase inverter
T 60 generates boosted AC output voltage by combining the
3 generated asymmetrical voltages from two converters. In
e - comparison with the inverter using the conventional DC-DC
=40 o converter, the proposed method can generate the same output
0 voltage with low converter voltages, and the voltage stress of

=Vi -2V; -3V, -4V,
Negative output peak of converter A, B [Vieq ]

-~ Positive output (Vpeqi ): 0.5 V7

— Positive output (Ve ): 1.0V]

FIGURE 14: Output voltage (rms) of embedded Z-source DC-AC
inverter according to negative half-cycle (0.5V;,1.0V;) of voltage
converter A, B.

voltage of the inverter is 80Vy,s for the asymmetrical output
control. So, it is verified that the asymmetrical output control
is 1.5 times higher than the symmetrical output control.

the system is reduced.

To verify the proposed method, a controlled single
embedded Z-source inverter was made using a DSP. With
an input voltage of 38V, an experiment was conducted by
symmetrical and asymmetrical output control for the output
capacitor voltages of converters A and B. It was shown
that the proposed inverter generated sinusoidal outputs,
and it was verified that the asymmetrical output control
generated higher AC voltage than the asymmetrical output
control. Lastly, it was verified that the overall efficiency of the
proposed inverter was over 95%.
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