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An AC Z-Source Converter Based on Gamma
Structure With Safe-Commutation Strategy

Mohamad Reza Banaei, Rana Alizadeh, Nazanin Jahanyari, and Ebrahim Seifi Najmi

Abstract—This paper proposes a novel single-phase ac-ac Z-
source converter based on the I'-structure. The proposed converter
uses a coupled transformer to produce the required gain. The ob-
tained gain can be tuned by varying the turn ratio vr of the trans-
former within the narrow range of 1 < - < 2. Also, the gain
factor increases with decrease of the transformer turns ratio, ~r.
Small transformer turn ratio results in more practical topology
in some voltage gains. It makes the transformer design easier and
reduces construction cost. Also, in the proposed topology, the input
and output voltages share the same ground. In order to avoid volt-
age and current spikes on the switches, a commutation strategy is
proposed and safe commutation is achieved without using a snub-
ber circuit. The operating principles and steady-state analyses are
presented to verify the operational concept of the proposed topol-
ogy. Also, experimental results are given to verify the validation of
the proposed converter.

Index Terms— Quasi-Z-source, trans-Z-source, Z-source, I'-Z-
source.

1. INTRODUCTION

ODERN power electronic applications usually require

boosted voltage at their output side. Indirect ac—ac con-
verters with dc link [1], matrix converters [2], and direct PWM
ac—ac converters [2]-[5] are the most utilized ac power conver-
sion systems. The disadvantage of back-to-back converters is
that the diode-rectifier link causes power-line pollution. Matrix
converters have the disadvantage of lower voltage ratio, which is
0.866. They also own complex structure and commutation strat-
egy. However, they can provide output voltage with variable
frequency, but for applications where only voltage regulation is
needed, direct PWM ac—ac converters have the merits such as
single-stage conversion, simpler topology, easier control, higher
efficiency, smaller size, lower cost, and lower current harmonics
in line.

Traditional single-phase Z-source ac—ac converters (ZSACs)
have some advantages such as providing a larger range of out-
put voltage in buck—boost mode, with reversing or maintaining
phase angle [6], [7]. However, the main drawback of conven-
tional voltage-fed ZSAC [6] is that the ground in input and output
voltages is not shared. Hence, the feature that the output voltage
reverses or maintains its phase angle with the input voltage is not
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supported well. Direct PWM ac—ac converters can be derived
from dc—dc topologies by substituting all of the unidirectional
switches with bidirectional devices [8]. The authors in [9] and
[10] use direct PWM ac—ac converters to overcome voltage sags
and swells as static VAR compensators in power systems. The
performance of ac—ac converters can be improved significantly
using safe-commutation strategy in switching with PWM con-
trol as presented in [11]. A class of single phase PWM ac-ac
power converters with simple topologies have been presented
n [12]-[18]. These include buck, boost, buck—boost, and Cuk
converters. Z-source converters applied to dc—ac inverters and
ac—ac converters have recently been proposed in [6] and [17]-
[19]. The research on the dc—ac inverters consists of modeling,
control [20], [21], and PWM strategy [24]. Trans Z-source in-
verters have recently been proposed to improve the voltage gain
using coupled inductors [18], [19]. Quasi-Z-source converters
have been presented in [17] and [22]. New Z-source inverters
with ability of operation in buck and boost modes are possible by
using an impedance network between the power source and con-
verter circuit [23]. Various ZSACs based on Z-source dc—ac are
presented considering single-phase [25], [18] and three-phase
topologies [26].

In this paper, a single-phase ac—ac I'-Z-source converter is
proposed, which has buck—boost capability and can maintain or
reverse the output phase angle. Also, the input and output have
common ground. Decrease in transformer turn ratio increases
the voltage gain, which results in more practical topology in
some voltage gains. It makes the transformer design easier and
reduces the construction cost. A new safe-commutation strategy
is provided for the proposed converter, which eliminates volt-
age and current spikes on the switches without using a snubber
circuit. The operating principle, designing analyses, and exper-
imental results are also presented to verify the validity of the
proposed structure.

In conventional single-phase ZSAC [6], a small snubber cir-
cuit is needed for each switch in order to limit the voltage over-
shoots and provide commutation paths during the dead times.
This causes inefficiency and unreliability. In order to share the
ground of input and output sides in the conventional converter,
another topology is proposed in [7]. The boost factor in both
converters is expressed as follows:

1-D

B=1"p

ey

Fig. 1 shows the proposed single-phase I'-Z-source ac—ac
converter. This topology uses an LC filter at the output, one

capacitor, and a transformer with turn ratio of 7 = Z’—; The
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Fig. 1. Proposed I'-Z-source ac—ac converter.

boost coefficient of the I'-Z-source converter is expressed as

1-D
B:1—D(1+ L ) ?

yr—1

The boundary of 1 < 4 < 2 can obtain greater boost factor
(B) in comparison with conventional ZSAC. Also, considering
the boost factor (B) more than zero, new limits for shoot through
duty cycle, D, willbe 0 < D < % It is obvious from (2) that
smaller turns ratio results in higher boost factor.

II. STUDY OF THE PROPOSED I'-Z-SOURCE CONVERTER
A. Circuit Analysis

The following assumptions are assumed for the circuit anal-
ysis of the proposed single-phase I'-Z-source —ac—ac con-
verter: 1) all capacitors and switches are ideal and lossless;
and 2) the converter is operating in the continuous conduction
mode.

The proposed converter contains two states in each switch-
ing period: 1) non-shoot-through and 2) shoot-through. The
time interval of (1 — D)T, is taken for the non-shoot-
through state, while DT is the time interval of shoot-through
mode.

The coupled inductor can be modeled as an ideal transformer
that has magnetizing inductor (L,, ) and leakage inductor (Ly,).
The turns ratio (vr) and coupling coefficients (k) of this trans-
former are defined as

Uy,

= (3)
Uiy
Ly,
k= ——. 4
Lm + Lk ( )

Using these definitions, the equations for non-shoot-through
mode are as follows:

L, 0 0 0 i, (t)
0" L0 o |afao]
0 0 C 0 )dt| ve(®) |
0 0 0 ¢ vo (t)
0 0 —r 0 L., (t)
0o 0 F |||,
T = 0 0 ve (t)
0 1 0o = vo (t)
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( erigt)
1— ) (1)
k 4
0 . (5)
0
The shoot-through analyses are calculated as follows:
L, 0 0 0 ir,, (t)
0 Ly 0 0 d |ig, (t) | _
0 0 C 0 |adt|vel(t) a
0 0 0 C vo (t)
0 0 ’lerk 0 L, ((t))
0 0 0 -1 ir, (t
20 0 0 || ee® ©
0 10 /) \wl()
In the steady state, the averaging equation is deduced as
L, 0 0 0 ir,, (1) 0
0 Ly 0 0 | d[ig,(t) |0 )
0 0 C 0 |dt]| vel(t) |0
0 0 0 Cf V0 (t) 0
Hence
1-D V; t
ety - — {1 Dt)
1-D(1+
( - k)
1-D v; t
vo(t) — =Dyl
1-D (1 + >
-k ®)
—(1—=D)ir,(t
1= D)
1-D (1 + )
=1
: vo (t)
ZLf (t) = R .

Hence, the voltage gain of the proposed converter is deduced
as

1-D
B = ( ) - ©)
1-D (14 755)
Considering k = 1, the voltage gain can be obtained as
1-D
B = ( ) . (10)
1-D (14 5)
yr—1

It can be deduced from (9) and (10) that the boost factor will
increase with reducing the transformer turn ratio. As mentioned
above, this advantage results in more practical topology in some
required voltage gains. It also reduces transformer construction
and wounding cost and simplifies the transformer design. Hence,
a practical ac—ac converter would be achieved.

B. Commutation Study

As it is shown in Fig. 1, two switches with body diodes
are connected in common emitter back-to-back manner to
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Fig. 2. Modulation of switches (a) considering practical dead-time for
switches and (b) considering the limitation for buck out-of-phase mode (v; > 0).

implement as a bidirectional switch. In order to prevent the
damages on implemented switches, a suitable safe commutation
strategy is proposed to solve the problem of current and voltage
spikes. It is worth mentioning that current spikes are generated
because of sudden changes in capacitor voltages. Also, voltage
spikes are due to the sudden changes in current flowing through
inductors [7], [28].

If v; > 0, q; and q3 should be modulated in complement as
shown in Fig. 2(a). Also, during the time interval in which v; <
0, g2 and q4 should be modulated in complement. Considering
the fact that the switches are not ideal and have dead time in
both turning ON and OFF modes, four modes will occur during
switching period as shown in Fig. 2(a):

For v; > 0, at the time interval I, q; is turned ON and q3 is
turned OFF. During this mode, the capacitor C is charged.

At time interval II, g3 is turned ON, while q; has not still
been OFF due to nonideal characteristics of switches. Hence,
two voltage loops will be formed: 1) the first loop contains the
input voltage, v;, the secondary side of coupled transformer
and capacitor, and 2) the second loop consists of the coupled
transformer and capacitor. Therefore, a sudden change in ca-
pacitor voltage occurs, which results in current spikes in the
bidirectional switches.

At time interval III, q; is turned OFF and g3 is turned ON. In
this mode, the capacitor C' is discharged.

At time interval IV, q3 is turned OFF before q; is turned
ON due to nonideal characteristics of the switches. In this time
interval, the series connection of output filter inductor and pri-
mary side of the coupled transformer results in a sudden change
in inductor current. Therefore, a voltage spike on bidirectional
switches will occur.

In order to solve the aforementioned problems, safe com-
mutation strategy should be utilized. A modulation limitation
should be considered in order to prevent current spikes in q;
and q2. Four switches qi, q2, g3, and q4 should never be ON
at the same time. For this reason, according to the dead time
characteristics of utilized switches, the pulsewidth of DT} and
(1 — D)T is reduced as shown in Fig. 2(b).

In boost in-phase operation mode, if v; > 0 and [;;, <0,
g2 can be modulated considering the limitation that the four
switches should not be turned ON simultaneously. Therefore,
g2 can provide the input current path in this situation. On the
contrary, if v; < Oand [;;, > 0, q; can be modulated considering
the aforementioned limitation. However, if this condition occurs
in a negligible time, it is preferable to turn q, and q; fully OFF
when v; > 0 and v; < 0, respectively. This strategy is shown
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Fig. 3. Proposed safe commutation strategy for boost in-phase and buck out-
of-phase modes.

in Fig. 3. This is because, every turn-on and turn-off operation
of the switches include losses. Especially, because q; and qq
are at input side, have high stress, and are at hard-switching
situation, the low frequency modulation of these switches can
reduce the losses and increase the switch lifetime. Also, in this
modulation, the aforementioned limitation is not needed to be
considered, because one of the switches is OFF at each time
period.

In this commutation strategy, two switches are fully turned
ON considering the input voltage direction. q; and q4 are fully
turned ON and q3 is modulated in shoot-through duty cycle,
DT,. If iry + ity > 0, qu and the body diode of g3 are the
current path; otherwise, the current will pass through q; and the
body diode of qo. When —uv,,92 + v¢ becomes larger than input
voltage source (i.e., —v,2 + V¢ > vin), the body diode of qy is
turned off and the capacitor C' is discharged. The proposed safe
commutation strategy is depicted in Fig. 3.

For buck out of phase mode, if v; > 0, q; and q4, otherwise
ge and g3, are modulated. For v; > 0, q; and q4 are modulated
in this structure, while q» and g3 are fully on. If iy, 447, > 0,
then g2 and the body diode of q; will provide the current path.
Butif if y + iz < 0, the current will pass through q; and the
body diode of q. For v; < 0, the same method should be used
as shown in Fig. 3.

The safe commutation strategy for boost out-of-phase mode
is on contrary with Fig. 3, where q; and q4 are fully ON when
the input voltage is negative. Also, g2 and q3 are fully ON when
the input voltage is positive.

C. Parameter Design

1) T'-Z-Source AC-AC Converter Network Design: The mag-
netizing inductor parameter of the proposed I'-Z-source ac—ac
converter is selected according to the current ripple in state
II. During this state, the voltage of magnetizing inductor, L,,,
equals fr v . The worst case for the parameter design is when
k = 1. Hence, the parameter of L,, could be calculated as

L. — iy DT. ‘Uc|
m N
o — 1 AZL

(11)

m
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Considering the current ripple to be Ai,, < 2% - I, the
following equation could be deduced:

DT ViV,

s DT-"UC|_\/§ Y
m - Po

77{‘—1.13%[[, ’yp—lx%-IL

. (12)

m m

In order to select the size of capacitor C, the voltage ripple
of capacitor in state II is used:
DT - if,
AUC

m

c=—"=1

-1 4

Assuming the voltage ripple of capacitor to be Ave < m% -
Ve, the equation of capacitor C' can be written as
DT . |Z‘Lm | - yr DT . P[,
T - 1m% ViV
2) Parameter Design of Output Filter: The output filter in-
ductance is calculated as follows:
€RL

iy
C >
_’}T—l m%VC

(14)

= g (15)
Moreover, the output filter capacitor is deduced as
Cp= (16)
2n feeRy,

where f, and Rj are cutoff frequency and load resistance, re-
spectively. ¢ is a constant between 0.5 and 0.8 [7].

3) Input Filter Design: In some applications such as voltage
sag/swell compensators, the switches q; and qy at input side
can be used for bypass mode of compensator [29]. However,
in order to attenuate the switching harmonics in the converter
input current, an input filter is of great importance [30]. The
input LC filter has become very critical in its design and must
be designed not only for conducted electromagnetic interface
but also for system stability. The equivalent circuit of the input
filter is also shown in Fig. 4. The voltage Av¢ is the sum of
the voltage across the equivalent series resistance (ESR) and the
reactance of the capacitor.

The voltage developed across the capacitance is

D-(1-D)

Avee = Ic o T (17)
Also, the voltage across the ESR is developed as
Avcp = Ic - (ESR). (18)
Hence
Ave = Avoe + Aveg. (19)

The input filter can affect the stability of the switching con-
verter. In order to avoid this to happen, the output impedance
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of the input filter should be lower than the open-loop input
impedance of the converter, i.e.,

Zin > Zos (20)

n- (Vin)2 > L
Po C + (R + Rg) - (ESR)

(Rr, + Rs) + (ESR)

where 7 is the converter efficiency, V;, is the maximum input
voltage, Py is the output power in watts, L is the input inductor
in henries, C'is the filter capacitor in farads, R, is the inductor
series resistance in ohms, Rg is the source resistance in ohms,
and R; is ESR in ohms.

If additional damping is required, it can be done by increasing
Ry or Ry, [see Fig. 4].

If parallel damping was necessarily required, R; and C; can
be calculated as follows:

| L
Rd: 6, 4C§Od

The input filter L is designed as follows. Considering the
inductor current ripple developed by Avc i to be Al g

ey

(22)

AU()R

(23)

Al p = ( > D.(1-D)T.

Also, the inductor ripple current developed by Al is as

follows:
- AUCC T
ane = (5572) (5)

Due to the capacitor, ESR, Al z dominates Al . Hence

(24)

N A’UCR
- Alg

4) Voltage and Current Stress of Switches: The maximum
voltage of bidirectional switches is as follows:

(D) - (1 — D)T. (25)

V2V;
Vi —max = Viy —max = V2(V; = V] = =
1 a P f( L, ) o (D — 1) 1
(26)
The RMS current values of two switches are calculated as
follows:

1 Po

I ims = V1= DI = ——
' VI-DYV,

27)

- _ . B 2vr(1-D) -1\ P,
o = VBl +in,) = VD (G2 ) 32

(28)

D. Proposed I'-Z-Source Converter Versus Other
Z-Source Topologies

1) T'-Z-Source Converter in Comparison With Previous
Topologies: Table 1 indicates the boost factor, currents, and
voltages of utilized components in the proposed topology, con-
ventional converter [6], and the quasi-ZSAC presented in [17].
I, Iy, Iro, Ity , and V; are the RMS values of input, inductor,
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TABLE I
I'-Z-SOURCE CONVERTER VERSUS OTHER Z-SOURCE TOPOLOGIES [6], [17]

Conventional
converter in [6]

Quasi-Z-source
converter in [17]

Proposed
I"-Z-source converter

Yo 1-D 1-D B= _— 1=D
V; 12D 12D - 1
1-D (14—
L
Voo 1-D
V; 12D 12D
Voo 1-D 1-D B = 1-D
v, 12D 12D - 1
1-D (14 =
YT —
P, P,
Ip &I, v v
P
Ipm - - v
I Lo Po Lo
! VI-DV; Vi VI-DV;
VP, VP, - Fo
I max T T Ly max = V2pitpy
24 (1-D)-1 p
— 1 .20
Loy -max = V235 5oty - 74
v V3V, Vav; vav;
s—max 1-2D 12D yr(D-1)+1
15 ] ]

Gamma=1.3
—LG mma=1.4
Gamma=1.5
Gamma=1.6

10

Voltage Gain
(=

12 / // /“’[6] and [17]
L]

0 0.2 0.4 0.6 0.8 1
Duty Cycle (D)

Fig. 5. Output voltage gain versus duty cycle with variable ratio of vp.

L,, currents, and input voltage, respectively. P, is the output
power. I, and V; . are RMS values of current and voltage
stresses of switches, respectively.

It is obvious from this table that the proposed topology uses
less components in comparison with the conventional ac—ac
Z-source converter [6] and the same number of elements in
comparison with the topology presented in [15], considering
the input LC filter for the proposed I'-Z-source converter. Also,
the boost factor of the proposed converter is higher and has
wider range of control due to the use of coupled transformer.
Voltage and current stress in all three topologies are nearly the
same considering both buck and boost modes of operation.

Fig. 5 shows the output voltage gains versus the duty cycle D
with variable turn ratios of 4. This figure depicts that there are
three operation regions: 1) when duty cycle is smaller than 72 L
the output voltage is boosted and in phase with the input voltage;
2) when duty cycle is 12— < D < Q , the output voltage
is boosted out of phase ‘with the mput voltage and 3) when
duty cycle is % < D < 1, the output voltage is bucked
and out of phase with the input voltage. Also, the efficiency
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Fig. 7. Current passing through coupled transformer in both T and I struc-

tures.

comparison in boost in-phase operation mode of the proposed
converter with previous topologies [6], [17] , [28] is obtained
within experimental results in Section III. As it is shown in this
section, the efficiency of the proposed converter is higher than
previous topologies.

2) I-Structure of Coupled Transformer in Comparison With
the T-Structure: Considering the quasi-ac—ac Z-source con-
verter [17] and replacing the utilized inductors with coupled
transformer, the voltage across L is reflected to the inductor
L, through magnetic coupling. Then, one of the two capacitors
can be removed from the circuit. Fig. 6 shows the T-structures
of coupled transformer in an ac—ac Z-source converter.

The boost factor for trans-source converter is obtained as

1-D

T 1-D(+nr) 29

Also, the boost factor for I'-source converter is achieved in
(10). For better comparison of the two proposed topologies, the
boost factor and shoot-through time intervals are considered
equal. Hence, we have

1
r=14—.
nr

(30)

From equalization of (30), for 1 < ny < oo, the turn ratio
of the I'-structure will be 1 < v < 2. It is obvious from (29)
that increasing ny results in higher voltage gain. Although this
feature is natural for most of the transformer-based power elec-
tronic converters, but it is a drawback for some required voltage
gains, making the converter impracticable. Equation (10) shows
that the voltage gain of I'-Z-source converters increases while
decreasing the transformer turn ratio. yr is within the narrow
range of (1,2]. Fig. 7 shows that the current passing through both
transformer structures are nearly the same. Although smaller
transformer turns results in higher nH/t2 of the transformer
core, this feature is more practical in larger voltage gains [27].
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TABLE II
LIST OF EXPERIMENTAL PARAMETERS

Dsnootthrough (boost and buck) 0.3 and 0.7
Switching frequency (f ) 30 KHz
c 25 uF
Yr 94/60
Ly, 0.6 mH
Coupling coefficient factor (k) 0.999
Output LC filter (L y and C'y) 50 mH and 40 uF
Ri0ad — Lioad 60 2-100 mH
= TSI -
Vom
NVia
e—N-
— L] R wa=
(a)
oy _—
\.l-
A\

ity L] L ] epE S

(b)

Fig. 8. Experimental results. (a) Input and output voltages, (1v/div), boost
in-phase mode D = 0.3. (b) Input and output voltages, (1 x 1v/div), buck
out-of-phase mode D = 0.7.

This is because, for tight coupling of the transformer, especially
at low voltage side, the number of turns should be large enough.
This results in even larger turns in the transformer high voltage
side. For example, instead of ny = 3 in the T-structure, a turn
ratio of ngamma = 1.33 can be used. Hence, less turn ratio in
gamma results in more practical topology. It makes the trans-
former design easier and reduces construction cost remarkably
[31], [32].

III. EXPERIMENTAL RESULTS

Experimental results are presented to verify the validity of the
proposed ac—ac I'-Z-source converter. The list of experimental
parameters is given in Table II. As calculated in previous section,
for the mentioned parameters, an input LC filter of 0.625 mH
and 19 pF can be used. The input peak voltage of 25 V with
transformer turn ratio of 94/60 is used for both buck and boost
modes in experiment. Fig. 8(a) and (b) shows the input and
output voltages of the proposed converter for boost in-phase
and buck out-of-phase modes of operation. It is clear from this
figure that the modulation change with zero crossing does not
affect the output voltage.

Figs. 9(a), (b) and 10(a), (b) show the voltage across the
switches q; and q2, q3 and q4 in boost mode, respectively. The
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Fig. 9. Voltage and current of q; and qo before and after safe commutation
strategy for boost mode. (a) v 1 —q2 before safe commutation strategy (1v/div).
(b) vq1-q2 after safe commutation strategy (10 x 1v/div). (¢) iq1—q2 before
safe commutation strategy (10 x 1A /div). (d) iq1—q2 after safe commutation
strategy (14 /div).

e - L. ] - L___Em
@ |
L L] | ] % ) P 4 L L L] .l'l
(a) (b)
. . - M L~ ] -
L] L} L . :!5:. ¥ g _— L] L] = S
(c) (d)
Fig. 10.  Voltage and current of q3 and q4 before and after safe commutation

strategy for boost mode. (a) vy3—q4 before safe commutation strategy, (1v/div).
(b) vq3—q4 after safe commutation strategy (10 x 1v/div). (c) iq3—q4 before
safe commutation strategy (10 x 1 A/div). (d) iq3—q4 after safe commutation
strategy (1 A/div).

problem of voltage spikes has been solved properly after using
safe commutation strategy. Figs. 9(c), (d) and 10(c), (d) show
the input current flowing through qi, g2 and g3, q4 switches in
boost mode, before and after using safe commutation strategy,
respectively. It is clear from the figures that safe commutation
strategy has prevented the current spikes thoroughly.

The efficiency of the proposed converter is measured and
compared with conventional Z-source [6], quasi-Z-source [17],
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Fig.11.  Experimental results of the efficiency of the proposed converter versus
output power, in comparison with conventional Z-source [6], Quasi Z-source
[17], and modified quasi Z-source converters [28] in boost in-phase mode.

and modified quasi-ZSACs [28] in boost in phase mode, as
shown in Fig. 11.

IV. CONCLUSION

A novel single-phase ac—ac Z-source converter based on the
I"-structure of coupled transformer is proposed in this paper.
A novel safe commutation strategy is also employed. The safe
commutation strategy is a significant improvement as it makes
it possible to avoid voltage and current spikes on the switches.
The operation principal, steady-state analyses, and parametric
design are presented in detail. The output and input voltages
share the same ground in the proposed converter. Transformer
ratio is controlled in a small range of 1 < 4r < 2. The gain
factor increases while reducing the transformer ratio. This ex-
clusive feature results in a practical converter for some voltage
gains. The input LC filter design is also provided to attenu-
ate the switching harmonics that are presented in the converter
input current. Experimental results are also provided to verify
the validity of the proposed structure. The boosted in-phase
and bucked out-of-phase output voltages, the current passing
through the switches, and the voltage across them are shown
before and after using safe commutation strategy within exper-
imental results
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