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A Modified Single-Phase Quasi-Z-Source
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Abstract—A modified single-phase quasi-Z-source ac-ac con-
verter is proposed in this paper. The proposed converter has the
main features in that the output voltage can be bucked or boosted
and be both in-phase and out-of-phase with the input voltage. The
input voltage and output voltage share the same ground, the size
of a converter is reduced, and it operates in a continuous current
mode. A safe-commutation strategy for the modified single-phase
quasi-Z-source ac—ac converter is used instead of a snubber circuit.
The operating principles and a steady-state analysis are presented.
A laboratory prototype, tested using a resistive load, a passive load,
and a nonlinear load, was constructed that used an input voltage
of 70 V,.,s/60 Hz in order to verify the performance of the modi-
fied single-phase quasi-Z-source ac—-ac converter. The experimental
results verified that the converter has a lower input current total
harmonic distortion, a higher input power factor, and a higher effi-
ciency in comparison to a conventional single-phase Z-source ac-ac
converter. In addition, the experimental results show that the use
of the safe-commutation strategy is a significant improvement, as
it makes it possible to avoid voltage spikes on the switches.

Index Terms—Buck-boost capability, pulsewidth modulation
(PWM), quasi-Z-source converter, reversing and maintaining
phase angle, safe-commutation, single-phase ac-ac converter,
total harmonic distortion (THD).

1. INTRODUCTION

N industrial practice, ac—ac line conditioners or ac—ac con-
I versions are commonly implemented using ac thyristor
power controllers, which employ the phase angle or integral
cycle control on the ac supply in order to obtain a desired out-
put voltage. However, they have some significant disadvantages,
such as a low input power factor, a high total harmonic distor-
tion (THD) in the source current, and a poor power transfer
efficiency. Often ac controllers can be replaced by pulsewidth
modulation (PWM) ac chopper controllers, which have the
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following features: provisions for a better power factor, tran-
sient response and efficiency, a low harmonic current in the
line, and smaller input—output filter parameters [1]-[5]. AC-
AC converters can perform conditioning, isolating, and input
power filtering in addition to voltage regulation. Direct PWM
ac—ac converters can be derived from dc—dc topologies; all of
the unidirectional switches are substituted with bidirectional
devices [5].

A class of single-phase PWM ac—ac power converters with
simple topologies have been presented in [4]-[10]. These in-
clude buck, boost, buck—boost, and Cuk converters. However,
each topology has its drawbacks. An increase of the output
voltage above the input voltage is not possible using the buck
topology found in [4]-[6]. A decrease of the output voltage un-
der the input voltage is not possible for the boost topology found
in [4] and [5]. The buck—boost and Cuk topologies found in [4]
and [5] enable the output voltage to be either lower or higher
than the input voltage with a reversible phase angle. However,
there are discontinuous input and output currents found in the
former case. The multilevel or multicell ac—ac converters found
in [7]-[9] are step-down multilevel circuits based on the concept
of flying capacitors that reduce the voltage stress on the switches
and improve the quality of the output voltage. In the multicell
converters, however, the voltage of the flying capacitors needs
to be in a constant proportion to the input voltage. Therefore, a
balancing circuit, such as an RLC booster, needs to be connected
in parallel to the converter load in order to reduce the imbal-
ance [7], [8]. For isolated ac—ac topologies, current-mode ac—ac
converters with high-frequency ac links using a two-stage power
conversion were presented in [10]. Direct PWM ac—ac convert-
ers can be used to overcome voltage sags and swells [11]-[13] or
to compensate for a static VAr [14] in power systems. It has also
been reported that the use of safe-commutation switches with
the PWM control can significantly improve an ac—ac converter
performance [15]-[18].

Z-source converters applied to dc—ac inverters and ac—ac
converters have recently been proposed in [1]-[3], [15], [16],
and [19]-[31]. The research on Z-source dc—ac inverters has
been focused on the PWM strategy, modeling and control [19],
[20], applications [21], high boost factors [22], [23], and other
Z-network topologies [24]-[30]. The research on Z-source ac—
ac converters has been focused on single-phase topologies
[1]-[3], [15], [16] and three-phase topologies [31]. A family
of quasi-Z-source converters has been presented in [3], [24],
and [25] that overcome the inconveniences found in traditional
Z-source inverters. Quasi-Z-source converters have advantages,
such as reducing the passive component ratings and improving
the input profiles.
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The conventional single-phase Z-source PWM ac—ac convert-
ers proposed in [1] and [2] have main features in that the output
voltage can be bucked/boosted and be in-phase/out-of-phase
with the input voltage. However, the conventional Z-source
PWM ac—ac converters found in [1] and [2] have a significant
drawback in that the input current is operated in a discontinuous
current mode. When the input current operates in this discon-
tinuous current mode, its waveform is nonsinusoidal, which in-
creases the input current THD. Moreover, the peak of the input
current in the discontinuous current mode is higher than it is in
the continuous current mode. Another drawback is that the input
voltage and the output voltage of the original Z-source PWM
ac—ac converter [1] do not share the same ground. As a result,
the desired feature that enables the output voltage to reverse
or maintain its phase angle relative to the input voltage is not
well supported. In an effort to overcome the inconveniences of
the traditional Z-source ac—ac converters, a single-phase quasi-
Z-source ac—ac converter has recently been proposed in [3]. In
comparison to the conventional Z-source ac—ac converters, the
single-phase quasi-Z-source ac—ac converter has the following
unique advantages: the input voltage and the output voltage
share the same ground; the converter operates in the continuous
current mode with special features such as a reduction in the
in-rush, a harmonic current, an improved power factor, and an
efficient power transfer.

In this paper, a modified single-phase quasi-Z-source ac—ac
converter without input or output filters is presented. The pro-
posed converter inherits all of the advantages of the traditional
single-phase Z-source ac—ac converter; it has buck—boost ca-
pabilities and can maintain or reverse the output phase angle
all the while sharing the same ground. Moreover, the modified
single-phase quasi-Z-source ac—ac converter has the following
unique advantages: a smaller converter size, an operation in
the continuous current mode that enables special features such
as a reduction in the in-rush, a harmonic current, an improved
power factor, and an increased efficiency. A safe-commutation
strategy is provided for the proposed converter that eliminates
voltage spikes on the switches without the need for a snubber
circuit. The operating principles, compared to those of a con-
ventional single-phase Z-source ac—ac converter, are thoroughly
outlined.

In order to verify the proposed converter, a laboratory proto-
type based on a TMS320F2812 digital signal processor (DSP)
was built and connected to a resistive load R, a passive load RL,
and a nonlinear load. The experimental results show that the
output voltage can be boosted and be in-phase with the input
voltage, as well as bucked/boosted and be out-of-phase with the
input voltage. The experimental results show that the use of the
safe-commutation strategy provides a significant improvement,
in that it avoids voltage spikes on the switches. Moreover, in
order to fully explore the merits of the modified single-phase
quasi-Z-source ac—ac converter, when compared to other con-
ventional single-phase Z-source ac—ac converters, the experi-
mental results exhibit a lower input-current THD, a higher input
power factor, and a higher efficiency. The proposed converter
effectively becomes a “solid-state transformer” with a contin-
uously variable turn ratio. The proposed converter can be used
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Fig. 1. Single-phase Z-source ac—ac converter topologies. (a) Original single-
phase Z-source ac—ac converter with LC input/output filter with no ground
sharing [1]. (b) Conventional single-phase Z-source ac—ac converter with LC
input/output filters and ground sharing [2]. (c) Single-phase quasi-Z-source ac—
ac converter with ground sharing, an, LC output filter, and no LC input filter [3].
(d) Modified single-phase quasi-Z-source ac—ac converter with ground sharing
and no LC input/output filters.

as a dynamic voltage restorer to compensate for voltage sags
and swells in ac—ac line conditioning without requiring large
energy-storage devices.

II. MODIFIED SINGLE-PHASE QUASI-Z-SOURCE
AC-AC CONVERTER

Fig. 1 shows the single-phase Z-source ac—ac converters dis-
cussed in this paper. The original single-phase Z-source ac—ac
converter [ 1] with an LC input/output filter and no shared ground
is shown in Fig. 1(a). Fig. 1(b) shows the conventional single-
phase Z-source ac—ac converter [2] with an LC input/output filter
and a shared ground. In Fig. 1(c), a single-phase quasi-Z-source
ac—ac converter [3] with a shared ground and an LC output
filter but no LC input filter is presented. The proposed modi-
fied single-phase quasi-Z-source ac—ac converter with a shared
ground and no LC input/output filters is shown in Fig. 1(d).
In the conventional converters [1], [2], as shown in Fig. 1(a)
and 1(b), an LC input filter is required in order to reduce the
switching ripple found in the input current. Furthermore, in the
original converter [1], as shown in Fig. 1(a), a small snubber
circuit is added for each switch in order to limit the voltage
overshoot and to provide commutation paths during the dead
times; this results in inefficiency and unreliability. In the single-
phase quasi-Z-source ac—ac converter [3], as shown in Fig. 1(c),
an LC input filter cannot be added because inductor L; connects
directly to the input. However, an LC output filter needs to be
added in order to decrease the high harmonic components that
appear on the load side. In a compact topology, the modified
single-phase Z-source ac—ac converter, as shown in Fig. 1(d),
uses only a quasi-Z-source network with two inductors L, Lo,
two capacitors C1, Co, and two bidirectional switches S, S
(j = a, b). Because the load is directly connected to capacitor
Cq, the LC output filter can be omitted. Therefore, the modified
single-phase Z-source ac—ac converter topology is smaller when
compared to the other topologies.
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A. Commutation Problem

The two bidirectional switches, S1; and S»; (j = a, b), are able
to block voltage and conduct current in both directions. Because
true bidirectional switches are not available to date, they can be
implemented by the connection of two diodes and two insulated
gate bipolar transistors (IGBTs) in an anti-parallel (common
emitter back to back) manner, as shown in Fig. 1(d) [14], [15].
The single-phase quasi-Z-source ac—ac converters shown in
Fig. 1(c) and (d) have a commutation problem. A change in
the current due to the PWM switching will result in current and
voltage spikes. Note that the current spikes are generated by the
short-circuit or shoot-through path; the voltage spikes are pro-
duced because of the current derivative of the inductance. Both
types of spikes will destroy the switches due to stress [14], [15].
In order to understand the commutation problem found in single-
phase quasi-Z-source ac—ac converters, take the circuit shown
in Fig. 1(d) as an example. Suppose that S1; (j = a, b) is turned
ON and conducts current. After a time, we want to commutate
the current to So; (j = a, b). Theoretically, the switching must
be instantaneous and simultaneous. For practical reasons, how-
ever, we have to take into account the finite switching times and
delays found in the drive circuits and switches. Therefore, if Sy;
(/ = a, b) is turned ON before S1; (j = a, b) is turned OFF, a
short-circuit path is established through §;;—C;—-S2;,—C2 caus-
ing current spikes that will destroy the devices. Similarly, if Sy ;
(j = a, b) is turned OFF before Sy; (j = a, b) is turned ON, there
will be a junction that connects inductors L; and L» resulting in
voltage spikes that will destroy the switches. In some previous
methods, alossy snubber circuit is added for each switch in order
to limit the voltage overshoot. This provides commutation paths
in the dead times that results in inefficiency and unreliability.

The modified single-phase quasi-Z-source ac—ac converter
does not require a snubber circuit because a safe-commutation
strategy is used. The safe-commutation scheme establishes a
continuous current path in the dead times that eliminates volt-
age spikes on the switches. Therefore, the modified single-phase
quasi-Z-source ac—ac converter has a smaller size and a higher
efficiency in comparison to the conventional converters pre-
sented in [1]-[3].

B. Operating Principles

Fig. 2 illustrates the switching strategy of the modified single-
phase quasi-Z-source ac—ac converter. In the in-phase mode
where the input voltage and the output voltage are in the same
phase, if the input voltage v; > 0, switches S, and Sy, are fully
turned ON while S;; and Sy, are modulated complementary
to the dead time. If v; < 0, switches Sy, and So, are fully
turned ON while S;, and Sy, are modulated complementary
to the dead time. In the out-of-phase mode in which the input
voltage and the output voltage are in opposite phases, if v; > 0,
switches Sy, and S5, are fully turned ON while S;, and So; are
modulated complementary to the dead time. If v; < 0, switches
S1, and Sy, are fully turned ON while S5 and Sy, are modulated
complementary to the dead time. As indicated in Fig. 2, D refers
to the equivalent duty ratio and 7 is the switching period.

Fig. 3 shows the operation states in the in-phase mode when
v; > 0. Switches S;, and So;, are fully turned ON while Sy,
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Fig. 2. Switching pattern of the modified single-phase quasi-Z-source ac—ac
converter (D is the duty ratio; T is the switching period).
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Fig. 3. Operation states of the modified single-phase quasi-Z-source ac—ac

converter in the in-phase mode when v; > 0. (a) State 1. (b)Commutation state
when i; + ig 2 > 0. (c) Commutation state when i; + iy o < 0. (d) State 2.

and Sy, are modulated complementary to the dead time. In
state 1, as shown in Fig. 3(a), S1, is turned ON and conducts
the current during the increasingly positive cycle of the input
voltage; S, is turned ON and conducts the negative current
from the load to the source, if possible; Sy; is turned ON for
commutation purposes. Sy, is then turned OFF while Sy, has
not yet turned ON, and so there are two commutation states
that occur. If i; 4 iz, o > 0, the current flows along a path from
S14, as shown in Fig. 3(b); if i; + iz 9 < 0, the current flows
along a path from Sy;, as shown in Fig. 3(c). In state 2, as
shown in Fig. 3(d), Sy, is turned ON and conducts the current
from the source to the load; S9; is turned ON and conducts
the negative current from the load to the source, if possible;
S14 18 turned ON for commutation purposes. In these switching
patterns, the current path is always continuous regardless of
the current direction. This eliminates the voltage spikes during
the switching and commutation processes. The analysis when
y; < 0 is similar to that found when v; > 0. The dotted line
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TABLE I
SWITCHING CONTROL SEQUENCE FOR THE MODIFIED SINGLE-PHASE
QUASI-Z-SOURCE AC-AC CONVERTER OPERATION
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Fig. 4. Equivalent circuits for the proposed converter. (a) State 1. (b) State 2.

Fig. 4(b). The time interval of this state is (1—D)T. Therefore

in Fig. 3 indicates the safe-commutation switch during each
particular stage. Table I provides the switching sequences for
the operations of the modified single-phase quasi-Z-source ac—
ac converter.

C. Circuit Analysis

A circuit analysis of the modified single-phase quasi-Z-source
ac—ac converter begins with the following assumptions: 1) the
converter is operating in the continuous conduction mode; 2)
the parasitic resistances of L; and L, are the same and equal and
denoted by ry ; 3) the equivalent series resistances of C; and Cy
are the same and equal and denoted by r¢; 4) the on-resistance
of the switches S;; and Sy; (j = a, b) are the same and equal
and denoted by r,; and 5) the switching frequency is more than
the frequency of the input and output voltages.

Ignoring the dead time effects, the modified single-phase
quasi-Z-source ac—ac converter has two operating states in one
switching period, which are denoted as state 1 and state 2, as
shown in Fig. 4(a) and (b), respectively. In state 1, Sy ; is turned
ON and Sy; is turned OFF, as shown in Fig. 4(a). The time in-
terval of this state is DT, where D is the equivalent duty ratio of
S1; and T is the switching period, as shown in Fig. 2. Therefore

Ly 0 0 0 ii (1)

0 Lo 0 0] d i@
0 0 C 0]dt]| v
0 0 0 02 ves(t)
(rp + 7y -7y -1 0
—(rp +re +rs) 0 -1
[ 0 -1/R 0
1 0 0
i ( v; (t)
ir9(t 0
vo((t)) 0 W
vea (t) 0

In state 2, §y; is turned OFF and S»; is turned ON, as shown in

Ly 0 0 0 i (1)
0 Ly 0 0| d i@
0 0 C 0 ]dt]| v
0 0 Oy vea (t)
—(rp +rc +7rs) —7ry 0 1
—(rp + 1) 1 0
1 ~1/R 0
0 0 0
i ( vi(t)
iro(t 0
o ((t)) + 0 )
vea(t) 0

From (1) and (2), the following averaged equation is obtained

Ly 0 0 0 i; (1)

0 Lo 0 0| d|in®
0 0 C 0]dt| v
0 0 0 G ves (1)
—(rp +7rs)— (1 —D)re —ry
—ry —(rp +rs) — Dre
B D ~(1-D)
—(1-D) D
-D 1-D
1-D -D
“1/R 0
0 0

ii(t) (
ir2(t) 0
Vo (t) * 0
Vo2 (t) O

3)
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In the steady state, it is found that

Ly 0 0 0 i (1) 0
0 Ly 0 0| d |ir® 0 @
0 0 C; 0]dt| @) | |o
0 0 0 02 Vo2 (t) 0
Thus
o D(2D —1)R
Y= @D —12R+r, + (2D2 —2D + 1)rp + D(1 — D)r¢
(1-D)(2D —1)R —r, — (1 = D)r;, — D(1 — D)r¢
Vep = Vi
(2D —1)2R+r, + (2D% —2D + 1)r;, + D(1 — D)r¢
. D Vo
"T9D-1R
. 1—-D v,
"“2Z5D 1R
(5)

The output voltage gain and the inductor Lo current gain can be
defined, respectively, as

V, D
l{r = ——= —
v 2D-—1
1
X and
rs + (2D* = 2D + 1)rp + D(1 — D)r¢
(2D —1)2R
(6)
L9 1-D
K, =—-—=—: 7
= D (7

It should be noted that the output profile in (6) can be used
for both resistive and inductive loading. The equations from
(1) to (5) which lead to the output profile in (6) are unchanged
when the load is inductive. Fig. 5 shows the output voltage gains
versus the duty cycle D with a variable ratio of k, = (s + r1)/R
in the case of r;, = r¢/2. Inthe ideal case (s =rp, =rc =08)
from (5), the following is obtained:

D
o= op—1"
1-D
Ve2 = 2D — lvi (8)
. D v,
“TO9D-1R
. 1-D v,
“2EO9D 1R

The output voltage gain has features that were reported in
[1]-[3]. It is clear that there are two operation regions, as shown
in Fig. 5. When the duty cycle is greater than 0.5, the output volt-
age is boosted and is in-phase with the input voltage. When the
duty cycle is less than 0.5, the output voltage is bucked/boosted
and out-of-phase with the input voltage.

Fig. 6 shows the relationship between the inductor Ly current
gain and the duty cycle. When the converter is operating in
the boost in-phase mode (D > 0.5), the inductor Lo current is
bucked. When the converter is operating in the buck/boost out-
of-phase mode (D < 0.5), the inductor Lo current is boosted.
The inductor Ly current is in-phase with the input current.
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Table II shows the voltage and current equations for the ideal
case (ry = r;, = re¢ = 0 Q) of the conventional single-phase
Z-source ac—ac converters presented in [1] and [2] as well as for
the single-phase quasi-Z-source ac—ac converters. In Table II,
P, is the output power and /;, I1.1, I, 2, and V; are the rms values
of the input current, inductor L, current, inductor Ly current, and
the input voltage, respectively.

The quasi-Z-source network parameters are usually chosen
according to the percentage of the current ripple through the
inductor x%, and to the percentage of the voltage ripple across
the capacitor y% [2], [3]. Table III shows the parameter design
of the conventional single-phase Z-source ac—ac converter [1],
[2], the single-phase quasi-Z-source ac—ac converter [3], and
the modified single-phase quasi-Z-source ac—ac converter. In
Table 111, sy, max> 15, rms, and Vo, max are the peak current
stress, the rms current stress, and the collector-emitter voltage
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TABLE II
GOVERNING EQUATIONS OF THE CONVENTIONAL SINGLE-PHASE Z-SOURCE
AC—-AC CONVERTERS IN [1] AND [2] AND THE SINGLE-PHASE
QUASI-Z-SOURCE AC—AC CONVERTERS IN THE IDEAL CASE
(re =rp =rc =0Q)

Conventional | Quasi-Z- Modified
converter source converter
11, [2] converter [3]
& _ h D D D
v, v, 2D-1 2D-1 2D-1
Vea D 1-D 1-D
v_ 2D-1 2D -1 2D-1
I =1y P, P, P,
v, v, v,
)z P, P, 1-DF,
v, v, DV,
TABLE III

PARAMETER DESIGNS OF THE SINGLE-PHASE Z-SOURCE AC—-AC CONVERTERS

Conventional converter [1]. | Quasi-Z-source converter Modified quasi-Z-

[2] [31

source converter

L1 . N2D(-Dy1v;? L N2D(- D)1V
L JID (1= DYV T (1-2D)x%P, "7 (1-2D)x%P,
L=l "2 22
LT T (1-2D) k%P, > 201V,
(1-2D)x%P,

¢ $Y20-D)@D-11PE,

s V2(1- D)2D-DTP,
Dy%l? e Dy%V;

c . _N20-Dep-nre,
o —LIZTM ¢ 2\/5(207!)7'13 . >ﬁ(zn—1)rlj,
Y%V Ty
Lstr, ma J2p, V2p, V2P,
DV, DV, DV,
s, rts J— ;. =_h 7 /A
s1 \/BVI S '\/BV’ S \/BV’
;. _=Dr, ;. _=Dor, ;. V=D,
§2 DV, 82 DV, §2 7 DVI
Ver, max V2 v V2 v V2
2D-1"' 2D-1" 2D-1"

stress of the switches S, So; (j = a, b), respectively. As shown
in Tables II and III, the input current, the output voltage, the
peak current stress, the rms current stress, and the collector-
emitter voltage stress of switches S;; and S»; are the same for
all of the converters. In Table III, we can see that the inductors
and capacitors of each topology may be chosen using different
values. Therefore, each converter has its optimized design in
terms of loss reduction.

Different PWM strategies have been introduced in differ-
ent applications. Depending on load conditions, some of these
strategies have yields related to the input power factor (PF)
while others focus on high efficiency. A modified sinusoidal
PWM technique [32] is used to optimize the PF. Fig. 7 shows
the PF control strategy block diagram. The input voltage v; go-
ing through to the voltage detector shifted to the left by an angle
«. The output phase-shift sinusoidal signal u, that leads to v;
by an angle « is synthesized to a positive sinusoidal signal. This
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signal is compared with a triangle waveform to generate the
switching pulses. On the other hand, the power factor is con-
trolled via the phase-shift angle «, and this power factor control
technique for ac chopper was described in detail in [32].

III. VERIFICATION EXPERIMENTS

In order to verify the properties described earlier, a labo-
ratory prototype of the modified single-phase quasi-Z-source
ac—ac converter was constructed. Fig. 8 shows a block diagram
of the experimental system, which includes a microcontroller
TMS320F2812 DSP, an IGBT driver circuit, and a modified
single-phase quasi-Z-source ac—ac converter power circuit. The
input voltage was produced by an ES2000S single-phase master
(NF Corporation, Yokohama, Japan). An LEM LV25-P voltage
transducer was connected across the input. The input voltage
sensor signal was sent to the DSP via a 12-bit A/D converter.
Anunsigned long-type 12-bit (0—4095) signal from the A/D con-
verter was compared to 2048 in order to detect the zero crossing
point of the input voltage. Depending on the desired output
voltage, the DSP generated four control PWM signals that con-
trolled the four switches Si,, S14, S24, and Sg;,. The input power
and the input power factor were measured by ES2000S whereas
the output power was measured by a WT210 digital power
meter (YOKOGAWA, Musashino, Japan). Four FAIRCHILD
SGL60N90D insulated gate bipolar transistors (IGBTs) were
used in building the hardware. The parameters used were L; =
Ly =1 mH, C; = Cy = 6.8 uF, and R = 30 (. The switching
frequency was set to 20 kHz and the dead time for commutation
was set to 0.5 us. The input voltage was 70 V,.,,s/60 Hz.

Fig. 9 shows the experimental results based on a resistive
load for the modified single-phase quasi-Z-source ac—ac con-
verter when the input voltage is 70 V,,,,s/60Hz, D = 0.75, and
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Experimental results based on an R load for the boost in-phase mode when D = 0.75 and V; = 70 V., 5. The measured PF; = 0.991, THDi = 2.95%, and

THDvo = 1.96%. (a) From top to bottom: v; (100 V/div); i; (10 A/div); v, (250 V/div); i, (10 A/div). Time: 10 ms/div; (b) top: Vg of S1, (10 V/div); bottom:
Vog of S14 (100 V/div). Time: 4 ms/div. (c) Top: Vg of S1, (10 V/div); bottom: Vg of S, (100 V/div). Time: 10 ps/div.

9 {100 Vidiv,) o s ! s,
L Tl W\/ 010 Vidiv) i. 4 | uoviaiy ¥
, , : JUUOE OV POUUE SOUOE OO 00 eerorspoorrireos
. . Yo 1100 Vidiv.] : A _ . :
: : Vep (510 : Veg (Sga)
(250 V/div]) 1 [250 V/div:)
3 S . S A >
Time: 4me/div. ’n:ule:l uxv’di‘\-.
(a) (®) (©

Fig. 10.

Experimental results based on an R load for the buck out-of-phase mode when D = 0.3 and V; = 70 V,,5. The measured PF; = 0.975. (a) Top: v;

(100 V/div); bottom: v, (100 V/div). Time: 10 ms/div. (b) Top: Vg of Si, (10 V/div); bottom: Vo of Si, (100 V/div). Time: 4 ms/div. (c) Top: Vg of Si,

(10 V/div); bottom: Vg of S1, (100 V/div). Time: 10 ps/div.

R =30 Q. In Fig. 9(a), the waveforms from top to bottom rep-
resent the input voltage, the input current, the output voltage,
and the output current. When D = (.75, the output voltage is
boosted to 100 V,,5 from the 70 V.5 input voltage and is in-
phase with the input voltage. The measured input power factor
PF; 15 0.991.

Fig. 10 shows the experimental results based on a resistive
load for the modified single-phase quasi-Z-source ac—ac con-
verter when the input voltage is 70 V,,5/60Hz, D = 0.3, and
R =30 Q. In Fig. 10(a), the top waveform is the input voltage
and the bottom waveform is the output voltage. When D = 0.3,
the output voltage is bucked to 50 V,,,s from the 70 V,,, 4 input
voltage and is out-of-phase with the input voltage. The PF; is
0.975. In Figs. 9(b) and (c), and 10(b), and (c), the top waveform
is the gate-emitter voltage of S;, and the bottom waveform is
the collector-emitter voltage of Sy, .

Fig. 11 shows the experimental results based on a passive RL
load with R =30 Q and L = 30 mH when D = 0.75 and V; =
70 Vyms. The measured input power factor is 0.956. In Fig. 1 1(a),
the waveforms from top to bottom are the input voltage, the
output voltage, and the output current. In Fig. 11(b), the top
waveform is the gate-emitter voltage of S;, and the bottom
waveform is the collector-emitter voltage of Sy,.

Fig. 12 shows the experimental results based on a nonlin-
ear load when D = 0.75 and V; = 70 V,us. The nonlinear
load consists of a single-phase diode-bridge rectifier and an LC
output filter with L = 3 mH, C = 470 uF, and R = 30 Q.
The measured input power factor is 0.839 and the THD of the
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Fig. 11. Experimental results based on an RL load for the boost in-phase
mode when D = 0.75, V; = 70 Vyy,5. The measured PF; = 0.956. (a) Top: v;
(100 V/div); center: v, (250 V/div); bottom: i, (10 A/div). Time: 10 ms/div. (b)
Top: Vgg of S14 (10 V/div); bottom: Vg of Si, (100 V/div). time: 4 ms/div.
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mode when D = 0.75, V; = 70 V5. The measured PF; = 0.839, THD: =
55.98%. (a) Top: v; (100 V/div); center: v, (250 V/div); bottom: i; (10 A/div).
Time: 10 ms/div. (b) Top: v; (100 V/div); center: Vq i of S1, (10 V/div); bottom:
Veg of S14 (100 V/div). Time: 4 ms/div.



208

1) —
’ ﬁ\ ) /_K iy
2)
\\ 7
. DN . /-
£ = 3
g 3) g y / «— Q)
s — \\o & ,/ @,
/
4) \N \ ________ | . b
>
} 00 200 30 “0 500 600 700 800 ‘ 0 x0 e 40 00 €00 700 800
Outpet Power (W] Oupat Powes [W]
(@) (b)

Fig. 13.  Measured THD versus the output power based on a resistive load
with D = 0.75. (a) THD of the input current (THDi). (b) THD of the output
voltage (THDvo) [(1) original single-phase Z-source ac—ac converter [1], (2)
conventional single-phase Z-source ac—ac converter [2], (3) single-phase quasi-
Z-source ac—ac converter [3], and (4) modified single-phase quasi-Z-source
ac—ac converter|.

input current is 55.98%. In Fig. 12(a), the waveforms from top
to bottom are the input voltage, the output voltage, and the
input current. In Fig. 12(b), the top waveform is the input volt-
age, the center waveform is the gate-emitter voltage of S, and
the bottom waveform is the collector-emitter voltage of S;,. As
Figs. 9—12 show, there is no voltage spike on the switches. From
these results, it can be seen that the use of the safe-commutation
strategy provides a significant improvement in that it avoids
voltage spikes on the switches.

Fig. 13 shows the measured THD of the input current and
the output voltage of the converter topologies based on a re-
sistive load R with a variable output power. The THD: of the
input current of the modified single-phase quasi-Z-source ac—ac
converter is less than 3% when the output power is more than
300 W. This THD: value is acceptable, even though an LC input
filter is not attached to the modified single-phase quasi-Z-source
ac—ac converter. The THDvo of the output voltage of the mod-
ified single-phase quasi-Z-source ac—ac converter is less than
4%. Fig. 14 shows the measured efficiency of the single-phase
Z-source ac—ac converters from Fig. 1 with a variable output
power. The experiment used to measure the THD and the effi-
ciency of the conventional converters is implemented with the
following conditions: 1) a small RC snubber circuit was added
to S; and Sy of the original single-phase Z-source ac—ac con-
verter as shown in Fig. 1(a) [1]; 2) the parameters used for the
LC input filter, as shown in Fig. 1(a) and (b), were L; = 0.1 mH
and C; = 10 uF; 3) the parameters used for the LC output filter,
as shown in Fig. 1(a)-(c), were Ly = 1.4 mH and C; = 10 uF;
and 4) the other parameters were kept constant in order to jus-
tify the efficiency comparison. As shown in Figs. 13 and 14,
the modified single-phase quasi-Z-source ac—ac converter with
the safe-commutation strategy has a lower THD and a higher
efficiency when using the same values for the inductors and
capacitors (and the same LC filters—just in case) for the four
topologies studied.

Table IV shows the output ripple components of the pro-
posed topology in comparison to the original quasi Z-source
topology [3]. From Table IV, we can observe that the output
ripple components of the modified single-phase quasi-Z-source
ac—ac converter are higher than those of the single-phase quasi-
Z-source ac—ac converter [3]. This can be explained as follows.
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Fig. 14. Measured efficiency versus the output power with different duty
cycles [(1) the original single-phase Z-source ac—ac converter [1], (2) the con-
ventional single-phase Z-source ac—ac converter [2], (3) the single-phase quasi-
Z-source ac—ac converter [3], and (4) the modified single-phase quasi-Z-source
ac—ac converter].

TABLE IV
OUTPUT RIPPLE COMPONENTS OF THE PROPOSED TOPOLOGY COMPARED TO
ORIGINAL QUASI Z-SOURCE TOPOLOGY

Quasi-Z-source Modified
converter [3] converter
1,% 2.84% 4.42%
V,% 2.71% 431%

Tables I and IT show the voltage ripple across the capacitors of
both converters is the same when the quasi-Z-network parame-
ters are the same. The output voltage of the proposed topology
equals the voltage across the capacitor C; as shown in Fig. 1(d).
Besides, the output voltage of the original topology is the volt-
age across the capacitor Cy of the second order LC output filter
as shown in Fig. 1(c). Therefore, the output ripple components
of the single-phase quasi-Z-source ac—ac converter reduce com-
pared to those of the modified single-phase quasi-Z-source ac—
ac converter. In the table, /,% and V,% are the ratio of the
peak-peak output ripple current with respect to the peak value
of the output current and the ratio of the peak-peak output ripple
voltage with respect to the peak value of the output voltage,
respectively.

From the experimental results, it can be seen that the modified
single-phase quasi-Z-source ac—ac converter inherits all of the
advantages of the conventional converters in which the output
is bucked/boosted and in-phase or out-of-phase with the input
voltage. In addition, the modified single-phase quasi-Z-source
ac—ac converter has the unique advantages of a smaller size, a
lower THD;, a higher input power factor, and a higher efficiency
in comparison to the conventional converters.
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IV. CONCLUSION

A single-phase Z-source converter for ac—ac power conver-
sion has been presented in this paper. The proposed converter,
called a modified single-phase quasi-Z-source ac—ac converter,
inherits all of the advantages of a traditional single-phase Z-
source ac—ac converter; it can perform buck—boost output volt-
ages, as well as maintaining or reversing the phase angle all
the while sharing the same ground. In addition, the modified
single-phase quasi-Z-source ac—ac converter has the unique ad-
vantages in that the size of the converter is reduced and the
operation of the input current is continuous, with additional fea-
tures, such as a reduction in the in-rush, a harmonic current,
and an improved power factor. A safe-commutation strategy is
applied to the modified single-phase quasi-Z-source ac—ac con-
verter. The use of this safe-commutation strategy is a significant
improvement, as it makes it possible to avoid voltage spikes on
the switches without the use of a snubber circuit. The operating
principles and a steady-state analysis are presented.

Experimental results show that the modified single-phase
quasi-Z-source ac—ac converter has a higher efficiency in com-
parison to the conventional single-phase Z-source ac—ac con-
verters, and that there is no voltage spike on the switch. With
the use of duty-ratio control, the converter is essentially a “solid-
state transformer” with a continuously variable turn ratio. The
converter can be used to compensate for voltage sags and swells
in ac—ac line conditioning.
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