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A Class of Bidirectional Single-Phase Z-Source
AC-AC Converter With Continuous Input Current
and Reduced Component Count

Seyyed Mohammad Javad Mousavi
and Hasan Komurcugil

Abstract—TIn this article, a class of single-phase Z-source ac-ac
converters is proposed. Share ground and continuous input current
are the common features of the proposed converters. The proposed
converters have unique features that differentiate them from their
counterparts. These features include the buck operation in both
in-phase and out-of-phase mode, being bidirectional, the minimum
component counts, the ability to boost without duty cycle limitation,
and reducing total power rating of switches is known as switching
device power (SDP) parameter. Reducing SDP leads to a reduc-
tion in the voltage and current rating of the semiconductors and
converter cost. A safe commutation strategy is applied to elimi-
nate voltage and current spikes on the switches. The experimental
results verify the performance of the laboratory prototype of the
proposed converters.

Index Terms—AC-AC converter, buck in-phase operation,
continuous input current, safe commutation strategy, shared
ground, Z-source.

1. INTRODUCTION

NE of the main purposes of ac—ac converters is to change
O the constant voltage of the network for applications, such
as lighting adjustment, motor drives, etc. AC-AC converters
can be divided into matrix converters [1], [2], [3], two-stage
(ac—dc—ac) converters [4], [5], and direct pulsewidth modulation
(PWM) converters [6], [7]. Matrix converters and ac—dc—ac
converters can change the output voltage and frequency. In
applications such as dynamic voltage restorer (DVR) [8] and
solid-state transformers (SST) [9] where only voltage amplitude
adjustment is required, direct PWM converters are considered a
more suitable option, due to easier control, and higher efficiency.
The buck, boost, and buck—boost type PWM ac—ac converters
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are obtained from conventional dc—dc converters, employing
bidirectional switches instead of unidirectional switches [10].
Z-source ac—ac converters with unique features have drawn more
attention [11]. Z-source inverter (ZSI) was first introduced in
2003 by Peng [12].

Subsequently, the traditional Z-source ac—ac converter
(TZSC) was introduced in 2005 [13]. This converter can operate
in both boost in-phase and buck out-of-phase. However, TZSC
suffers from discontinuous input current, lack of shared ground,
and the need for a snubber circuit. In [14], by implementing a safe
commutation strategy, using a snubber circuit is eliminated. But
its input current is discontinuous. The quasi Z-source converter
(QZSC) [15] solves the problems of conventional Z-source
converter with continuous input current and common ground.
In modified QZSC (MQZSC) [16], by using the filtering
property of the impedance network, the load is connected
directly to it without an output filter. As a result, MQZSC saves
one inductor and one capacitor. Although TZSC, QZSC, and
MQZSC have various topologies, they have the same voltage
gain (1-D/1-2D). In parallel, with the advances made in
transformer-based ZSIs [17], an ac—ac Z-source converter based
on a transformer was first introduced in 2015 [18]. Trans-ZSCs
have two types of isolated [19], [20] and nonisolated [21], [22],
[23], [24]. By changing the transformer’s turn ratio and duty
cycle, T-ZSC [18] and I — ZSC [21] canproduce a wide range
of output voltages. However, [21] has a discontinuous input
current and requires an LC input filter. Both Trans-Z-source
converters presented in [18] and [22] have a similar structure,
except that the output filter inductor in [22] has been removed
and replaced with a bidirectional switch. The effect of this
change is an improvement in voltage gain and an increase in
efficiency compared to [18]. In [23], like MQZSC, the load is
connected directly to the impedance network. Due to eliminating
the output filter, the efficiency increases and the volume and
weight of the converter reduces. The converters presented in
[24] have two coupled inductors. Although these converters
have a high-voltage gain, they still have an output LC filter.

However, the single-phase Z-source converters are a good
choice for voltage amplitude regulating, but existing Z-source-
based DVRs faced some drawbacks that limited their ap-
plication, like lack of compensation for voltage sag less
than 50% [25], lack of compensation for voltage swell
[26], and need the extra switches [27]. The origin of all
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Fig. 1. Proposed bidirectional Z-source AC—AC converters. (a) Topology-1
(load at the right) and topology-2 (load at the left). (b) Topology-3 (load at the
right) and topology-4 (load at the left).

(®)

Fig. 2. Equivalent circuits of topology-1. (a) NST interval. (b) ST interval.

these drawbacks is the lack of buck in-phase operation in
the ZSC.

In this article, two bidirectional structures are proposed.
The common properties of the proposed converters are shared
ground, continuous input current, and minimum component
count. In addition, buck in-phase operation and lowering SDP
are the unique features of some proposed converters.

II. PROPOSED CONVERTERS

The topologies of the proposed converters are shown in Fig. 1.
All proposed converters consist of two capacitors, two bidirec-
tional switches, a three-winding coupled inductor, and the load.

The proposed converters have two operating modes. In ana-
lyzing the proposed converters, the following assumptions are
considered: 1) the converter operates in continuous conduction
mode, 2) all elements are ideal, and 3) the secondary tertiary to
primary winding ratios are indicated by n; and ns, respectively.

A. Analysis of Topology-1
The equivalent circuit of NST state is shown in Fig. 2(a). In

this operation mode, S; is ON, while S5 is OFF. By applying KVL
and KCL in this mode, the following equations are obtained:

1

- i — Vo 1
VL1 — l(U Vo) (1
1o = iLs1 ()
. . Vo
ico =1i — 5 3)

The equivalent circuit of ST state is shown in Fig. 2(b). In this
operation mode, S is OFF, while S5 is ON. By applying KVL and
KCL in this mode, the following equations are obtained:

V1 = v; +vo 4)

ic = i &)
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TABLE I
KEY RELATIONSHIPS OF PROPOSED CONVERTERS
Topology-1 Topology-2 Topo;ogy- Top ﬁogy-
v 1-D 1-(n,+1)D 1+n,D 1-D
i 1-(n,+DD 1D 1D ' | 1+n,D "’
v IllD E nlD IIID
¢ I-(n,+1)D 1D 1D ' 1+n,D '
, 3 3 P P
: \ \ Vi Vi
I o R o R n R R
o 1-DV, I-(n,+1)D V, 1+n,D 'V, 1-DV,
V. \/En' \/Eﬂ] v \/Enl \Y \/En'
=l I-(n,+1)D ' 1D " 1-p 1+n,D
v —ma
S & 5, i, |
Yo | T +1)D " 1D 1D 0D
/ V2 B, Sip V2 B | A2P
, o 1-DV, 10, +1D V. 1+n,D V, 1-DV,
= p xﬁnl P, Van, P \/En1 P, \/En, P,
52 1DV, 1o, +1)D V, 1+n,D V, 1-D V,

-

Fig. 3. Equivalent circuits of topology-2. (a) NST interval. (b) ST interval.
. . Vo
ico =irL3 — 5 (6)

By applying the voltage balance law to the primary winding
and the current balance law to the capacitors, the voltage gain
and other main relationships are calculated as follows:

G Yo _ (ny —n9)(1 — D) o
v;  np—ng—(ng+1)D
nlD v
1—(ni+1)D"
j— ny —ng — D(ny + 1) & ©)
o ny —ng — D(an — 7?,2) ‘/z
n2+1—D(1+TL2—TL1)
1-D

Using (9) and assuming n;—ny = 1, the simplified relation-

ships above are presented in Table I.

@®)

Vo =

Iim = Iin. (10)

B. Analysis of Topology-2

The equivalent circuit of the NST state is shown in Fig. 3(a).
By applying KVL in this operating mode, the voltage across the
primary winding is obtained as follows:

1

n2+1

v = (11)

(Vo — v;).
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Fig. 4. Voltage gain versus the duty cycle for various conversion ratios.
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Fig. 5. Equivalent circuits of topology-3. (a) NST interval. (b) ST interval.

The equivalent circuit of the ST state is shown in Fig. 3(b).
By applying KVL in this operating mode, the voltage across the
primary winding is obtained as follows:
(12)

By applying the voltage balance law on the primary wind-
ing and using (11) and (12), the voltage gain of the proposed
topology-2 is calculated

1 — (’fll + 1)D
G=——""-—"—.
1-D

Fig. 4(a) shows the voltage gain in terms of the duty cycle of
topology-1 for various turn ratios. In Fig. 4(b), the voltage gain
versus duty cycle of topology-2 for various turn ratios.

V1 = Vo + V.-

13)

C. Analysis of Topology-3

The equivalent circuit of the NST state is shown in Fig. 5(a).
Applying KVL to the equivalent circuit can be written
1

vy = ———(v; — U,).

= 14
P (14)

The equivalent circuit of the ST state is shown in Fig. 5(b).
Applying KVL to the equivalent circuit can be written

15)
By applying the voltage balance law on the primary wind-

ing and using (14) and (15), the voltage gain of the proposed
topology-3 is calculated

V1 = U;.

_ 1+4+mnD

G= T, (16)

D. Analysis of Topology-4

The equivalent circuit of the NST state is shown in Fig. 6(a).
Applying KVL to the equivalent circuit can be written
1

ng + 1

= (vo — v;). 17

6313

S, Ly 1y
o o -
s L
=" Q.
(b)

Fig. 6. Equivalent circuits of topology-4. (a) NST interval. (b) ST interval.
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Fig. 7. Voltage gain versus the duty cycle for various conversion ratios.
(a) Topology-3. (b) Topology-4.

The equivalent circuit of the ST state is shown in Fig. 6(b).
Applying KVL in the equivalent circuit can be written
(18)

Using (17) and (18), and applying the voltage balance law on
L1, the voltage gain of topology-4 is calculated

1-D
]. —+ ’ngD ’

Table I includes the voltage gain, voltage across the capacitor,
input current, magnetizing current, and the maximum voltage
and current of bidirectional switches of the proposed converters.
The voltage gain of topologies-3 and 4 for various turn ratios are
plotted in Fig. 7.

V1 = Vo

G = (19)

E. Switching Strategy of Proposed Converters

All proposed converters have two bidirectional switches. In
practice, due to the nonideal characteristics of switches, an
undesirable transient interval may occur.

In [12], to solve the commutation problem, a snubber circuit
has been used for each of switches. Using snubber causes
permanent losses and reduces the efficiency. Another solution
is implementing a safe commutation strategy. In the proposed
converters, a safe commutation strategy is adopted to provide
the flow path of the current windings at dead times. In the
investigation carried out for the proposed converters, the input
voltage is positive (v; > 0), and the converter is at the end of the
ST interval. Applying KCL in the topology-1 circuit, it can be
written as

ir1 +ic = is1 (20)
ic =152 +iL2. 20

By replacing (20) with (21), it can be written as
i1 +tire =is1 — is2- (22)

The equivalent circuit of the topology-1 in ST state is shown
in Fig. 8(a). As soon as Ss, is turned ON, the sum of v; and
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TABLE II
COMPARISON OF THE PROPOSED CONVERTERS AND THE OTHER Z-SOURCE CONVERTERS

Ref. [16] [18] [21] [22] [24] [23] Topology-1 | Topology-3
Component
Counts 2/-12/4 2/1%2w/3/4 2/1%2w/3/4 1/1%2w/3/6 1/2%2w/3/4 1/1%2w/2/4 -11¥3w/2/4 -11¥3w/2/4
(LI/CLY/CY/SY
Shared ground v v v v
Continuous v “
Input Current
(Input or output) R o e R o R R R
Filter
G-1 G-1 61 G-1 G-1 _ G G-1 G-1
D(G) _— n —_— 2n-1 _—
2G-1 G(n+2)-1 G ol -1 G(n+2) G(n,+n,+2)-1 G ol -1 G(n,+1)-1 G+n,
2P Vw2 2P 2P 2 p
Is1 —o «/E P, £ & Vi \/5 P, —o —o Zo
P 1-DV, EV‘ 1-DV, «/5[1-D(n+2)]& EV‘ 1-DV, 1-DV, 1+n,DV,
o V2B, | Aeenr | JE[n0D)r P B e, Vn B | 2P, | 2 P,
Iy 1-DV, LD ¥, AD)w-1) V, V2R DV (1-D)(n-1) V, 1D V, 1+n,DV,
1DV,
2
Vs, 2 V2(n+) \2 v 1-D(n+2) N2(n,+n,+1) v \2n v Von, . \2n, v
” 1-2D 1 D@) " n(1-Dy1 No DM, m,+2) | @DDEnD ' | o+)D 1-D "
S-max NG 2 ﬁ(n.l)v 1-Dm+2) 2 V2(n-1) v 2 2 v
Vo | 12D D) n(l-D-1 V204D 1D 0,42) | @)DEa-) | 1{n+DD ' | 1-D
1-D@n+2)
SDP,..(G) 42G-1y | 4G@+2)-1) 4n(nG-n+1) RGmHT +26m+2) | 4G, +n,#2-1F | 4[@n-DGnt1P | 4[G(n,+D-1] 4(G+n,)
P, G G(n+1) n-1 G(n+1)+1 G(n,+n,+1) n(n-)G Gn, G(n,+1)
Numerical
example 64.8 87.12 84 93.33 115.12 96.26 70.53 13.52
(G=5,n=1.5)

i
A

Fig. 8. Commutation states in topology-1 when v; > 0. (a) Shoot-through
state. (b) Commutation state I if i;,1 + if,2 < 0. (¢) Commutation state II if
ir1 + ir2 > 0. (d) Non-shoot-through state.

ve is put across Li. According to the current direction of the
windings, there will be two possible situations: Commutation
state I) if i1 + iz2 < 0, according to (22), the Sy, provides the
current path for Ly and the load and prevents its sudden change.
The S, also provides a current path for L; and prevents it from
being cut off. This commutation situation is shown in Fig. 8(b).
Commutation state II) if iy + iz2 > 0, according to (22), Sy,
provides a proper path for Ly current, as shown in Fig. 8(c). At

boost in-phase buck out-of-phase

v v, v Vi v
Vi /V o
ot ot
S, ! S, T
T O, O 1 o
0 B | a1 b fe
o e rteemone
S gne SO o
S PN
DT, (I-DT, DT, U-DJT,
@ (b)
Fig. 9. Switching pattern of the proposed converter with safe commutation

strategy. (a) Boost in-phase mode. (b) Buck out-of-phase mode.

the end of the dead-time interval, the NST state begins, in which
equivalent circuit is shown in Fig. 8(d).

The switching pattern of topology-1 in both buck and boost
operating modes is shown in Fig. 9.

III. PARAMETER DESIGN OF THE PROPOSED CONVERTERS
A. Passive Element Design

The parametric design is presented for topology-1. The
following relationships are obtained based on At = DTs. The
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Fig. 12.  Laboratory prototype of proposed converters.
TABLE III
PARAMETERS USED IN EXPERIMENT
T
|4 L, C C, Js o D
ratios
0.15
100V, | 410uH 4.5uF 6 uF 30kHz 1:2:1 0.6

Inductive load Non-linear load

50Q+ j15.7Q Diode Bridge C=470uF R=50Q
Elements Part Number
Switches SiHG20N50C
Magnetic core EE 42 ferrite core
Capacitors All Earth

minimum value of the inductor is calculated by following equa-
tion:

. |VLm|At

Lm =% T (23)

where Alp,, is the magnetizing inductor current ripple. The
allowable current ripple of L,, is considered as Alr,, =
2 Lm %I L. According to Table T and (23), the minimum value
of L,, is obtained

D(1 —D)? V2

; (24)

L, >V2 .
"= \/_nl 1—(n+1)D]2rm%fsP,

6315

The minimum value of the capacitor is calculated by following
equation:
o HclAt
AVe
where AV, is the capacitor voltage ripple. The allowable volt-
age ripple of the capacitors is considered as AV =y %Ve.
According to Table I and (25), the minimum value of C and C,
are obtained
Ozﬁl—(n1+1)D PO
n yc%fsVi

mD[l—(m +1)D] P,
C,>V2 .
> V2 1-D Yoo o fsViE

(25)

(26)

27)

B. Magnetic Core Selection and Design

In order to select the appropriate magnetic core, a step-by-step
method is presented in [28]. In the first step, the geometrical
constant of the core (K ) for the coupled inductor of the proposed
converter is calculated, which is defined as
K, - ALWa o PL?a

MLT r Ky B2 .y
where A ¢ is the effective cross-section of the core, W, is the
window area, MLT is the mean length turn, p is the resistivity
of the copper, Byax is the maximum flux density of the ferrite
core, and K, is the window utilization factor.

By replacing the values obtained from Table I and (24) in (28),
K, for the coupled inductor is calculated as follows:

o _AeWa_  p D1-D) 17/ Vi \°
97 MLT — TLKuBrznax |:1(TL1 +1)D:| (:ZZLm%fs ) '

(29)

In second step, after choosing the appropriate core, according

to the value of A, the number of winding turns (7¢,,) and the

air gap (/,) are calculated as follows:

(28)

L-[max
urn — T, 5 30
B AC’BmaX ( )
MOLI?nax
[ = ——__max 31
7 2B2. Ac D

where [ is the permeability of air.

IV. COMPARISON OF THE PROPOSED CONVERTERS WITH
OTHER Z-SOURCE AC—AC CONVERTER

The advantages of the proposed converters are presented in
Table II. All proposed converters have a less magnetic core than
other competitors. Also, all proposed converters have a con-
tinuous input current and no input or output filters are required.
Another feature of the proposed converters is the reduction of the
SDP index, which is introduced in [29]. SDP of each converter
is calculated as follows:

SDPpeak = Z stmax,i . Isfmax,i (32)
i=1

where n is the number of bidirectional switches. As can be seen,

the SDP value of topology-1 is reduced compared to the [18],

[21], [22], [23], and [24]. But, the SDP value of topology-3
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Fig. 14.  Experimental results of the topology-1 with nonlinear load (D = 0.15). (a) V,, 15, V;, and I;. (b) Vg1, Vg2, and V. (¢) Zoom-in of Vg1, Vg, and V.
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Fig. 15.  Experimental results of the topology-1 with RL load (D = 0.6). (a) V,, I,, V;, and I;. (b) V1, V52, and V. (¢c) Zoom-in of Vg1, Vg2, and V.

has decreased significantly. The normalized SDP versus voltage
gains is shown in Fig. 10.

The power density of each converter is directly related to the
energy stored in the inductors (E;, = 1/2LI?) and capacitors (E ¢
= 1/2CV?) using an analytical method presented in [30], the total
capacitors and inductors volume metric is evaluated as follows:

E

VCapacilors = < (33)
PE,C
1)

‘/Induclors = L (34)
PE,L

where pg ¢ and pg ; are the volumetric energy density of
capacitor and inductor, respectively. In Fig. 11, the comparative
curve of the normalized total volume metric of capacitors and
inductors versus voltage gain is plotted.

V. EXPERIMENTAL RESULTS

A laboratory prototype has been built to confirm the perfor-
mance of the proposed converters, which is shown in Fig. 12.
The experimental result of the topology-1 is obtained based on
the parameters given in Table III.

The experimental results of topology-1 for boost in-phase
mode with RL load are shown in Fig. 13. Fig. 13(a) shows the
output voltage, output current, input voltage, and input current
waveforms from top to bottom. The input and output voltages
are 100 and 148 V, respectively. The main component of the
input current is 4.54 A and the output current peak is 2.81 A

The voltage waveforms of S1, So, and V¢ and their zoom-in are
shown in Fig. 13(b) and (c). The maximum voltage stress of S,
Sy,and Vare 375, 183,and 51 V, respectively. The experimental
results of topology-1 with nonlinear load are shown in Fig. 14.
The experimental results of topology-1 for buck out-of-phase
mode with RL load are shown in Fig. 15. As can be seen, the
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Fig. 18. Comparing the efficiency of the proposed converter with other Z-
source AC—AC converters.
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