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Abstract: This paper introduces a new single-phase AC-AC converter based on an impedance source
circuit. Like the existing single-phase impedance source AC-AC converters, it has the buck-boost
ability and direct ac conversion. The input and output voltage possesses the same ground, and
the phase angle is maintained and reversed smoothly. The presented converter utilizes a coupled
transformer which allows the designer to exploit the transformer’s turns ratio as a variable to attain
the desired output voltage. Additionally, the used transformer provides an option to obtain higher
voltage gain by decreasing the turns ratio. Hence, smaller size of the coupled inductors is required
for the higher voltage cases. To eliminate the switching voltage and current spikes on the power
switches, a safe commutation strategy is used instead of utilizing snubber circuits. Furthermore,
the input current is continuous and sinusoidal with low harmonics thanks to embedding the input
inductor in series with the input source. Additionally, a dynamic voltage restorer is presented based
on the proposed converter to compensate the voltage sag and swell faults. Simulation results are
provided to evaluate the theoretical analysis. Finally, a laboratory prototype has been fabricated to
demonstrate the validation of the presented converter.

Keywords: AC-AC conversion; trans-inverse converter; magnetic coupling; commutation strategy

1. Introduction

Nowadays, power quality problems are among the most critical concerns for sensitive
loads’ consumers. Voltage sags and swells are the most common power quality issues,
especially for single-phase home appliances. Recently, single-phase AC-AC converters have
been exploited widely among sensitive loads to compensate voltage sags and swells [1].
Conventional indirect AC-AC converters, including two AC-DC and dc-ac conversions,
have to employ expensive battery storage or super capacitors to supply compensating
voltage [2—4]. Direct AC-AC converters usually cannot provide the voltage buck-boost
possibility at the same time or suffer from the discontinuous input current and high
current/voltage stress [5]. Likewise, matrix converters have limited voltage boost ability,
which are not good choice for very high voltage drops compensation [6]. Over recent
years, different impedance source networks have been introduced for the DC-DC, DC-AC,
AC-DC, AC-AC conversions [7-10]. For the ac-ac cases, the three-phase impedance source
converters have offered high voltage gain ranges and high efficient AC-AC conversion,
current filtering, and frequency controlling for the renewable energy systems [11,12].
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The direct single-phase AC-AC impedance source (Z-source) converter has been
presented in [13] to provide buck-boost ability simultaneously. However, it cannot share
the same ground between the input and output voltages. Furthermore, it needs snubber
circuits to delete the switching voltage and current spikes. Topology in [14] has been
recommended with a safe commutation method to solve the mentioned problem. Though,
both of the topologies suffer from the high peak non-sinusoidal input current. Single-phase
quasi Z-source and modified quasi Z-source converters gave continuous input current with
the low harmonics and a safe commutation strategy and eliminated switching spikes [15,16].

In the last ten years, magnetically coupled impedance source networks have been
exploited numerously in all types of power conversions [17-22]. The single-phase AC-AC
magnetic coupling impedance source converters are classified into two types: isolated and
non-isolated topologies. In [23,24], AC-AC high-frequency transformer isolated (HFTT)
impedance source topologies are suggested. They can be used as a dynamic voltage restorer
without utilizing heavy line low-frequency frequency transformers using extra bidirectional
switches and passive elements. Figure 1 shows the first non-isolated single-phase AC-AC
magnetically coupled impedance source topology, an AC Trans Z-source converter [17].
It offers the transformer’s turns ratio as an additional voltage control variable along with
the switching duty cycle. By assuming ideal condition, the voltage gain in this converter

can be derived as:
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Figure 1. Schematic of the single-phase AC-AC Trans Z-source converter [17].

A modified single-phase trans-Z-source AC-AC topology with no inductor in the
output filter is introduced in [25] to meet reduced low-frequency fluctuations and a better
power density. However, it applies more bidirectional switches than the existing single-
phase Z-source AC-AC converters. In [26,27], passive components at the output filter are
eliminated, which results in cost and volume reduction. Nonetheless, this elimination
brings current and voltage ripple at the output waveforms. To minimize the transformer’s
size and turns number, a single-phase AC I'-source was in [18], which is illustrated in
Figure 2. The main disadvantage of this converter is its discontinuous input current, which
has a high peak value and high THD. By considering the ideal state, the voltage gain can
be calculated as:

G=2-__1°2 @
v - (1 + (ﬁ))D
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Figure 2. Schematic of the single-phase AC-AC I'-source converter [18].

To solve the discontinuous input current of the topology in [18] and the high trans-
former’s turns number of converters in [17,25], a new structure of an AC-AC converter
based on coupled inductors has been proposed in [28]. It employs an input inductor linked
in series with the input source, an extra capacitor, and the coupled transformer. The high
output voltage is attained by decreasing the turn number of the coupled transformer. How-
ever, a brief introduction of the converter with just simulation results has been presented
in [28]. To verify the performance of the converter with more accuracy, experimental
evaluation and further detailed analyses of the topology is conducted in this study.

This paper continues the earlier work conducted in [28], which provides a comprehen-
sive presentation of the trans-inverse magnetic coupling single-phase AC-AC converter;
the operation states discussion in boost and buck operating modes, THD and efficiency
analysis, parameters design, comparative analysis, and experimental results are presented.
It discusses all benefits of the topologies as mentioned earlier and improves the input
current’s profile of the converter. This manuscript is organized as follows; in Section 2,
circuit description, commutation strategy, and the steady-state analysis are presented; pa-
rameters design of the proposed converter is provided in Section 3. Then, a single-phase
dynamic voltage restorer based on the proposed converter has been presented in Section 4.
Furthermore, comparative evaluation of the proposed converter is presented in Section 5.
Simulation and experimental results are shown in Sections 6 and 7, respectively. Then,
further analyses on harmonics and efficiency of the presented topology are provided in
Sections 8 and 9, respectively. Eventually, the presented article is concluded in Section 10.

2. Trans-Inverse Magnetic Coupling Single-Phase AC-AC Converter

The presented trans-inverse magnetic coupling single-phase AC-AC converter is
shown in Figure 3. The input inductor L; is connected in series with the AC input source, re-
sulting in a continuous and smooth current. The introduced topology exploits an impedance
network, including an input inductor Ly, a coupled transformer with the windings of Np-
N, and capacitors C; and C;. The relationship between the transformer’s windings turns
is N = Np/Ns. Two power switches are used to transfer the power between the input and
output sides bi-directionally. Each of the switches is a combination of two anti-parallel
diodes and two back-to-back IGBTs or FETs. An output filter consisting of L¢ and C is con-
sidered to decrease the ripples and harmonics. Hence, the proposed converter employs ten
passive and active components, which is reasonable compared to the previous single-phase
AC-AC converters. From Figure 3, it can be seen that the input and output sides have a
common ground, which bring the advantages for the input and output waveforms.
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Figure 3. Trans-inverse magnetic coupling single-phase AC-AC converter.

2.1. Commutation Strategy

Over the switching period, the power switches may sustain current and voltages
spikes because of their overlap, dead-time effects, and instantaneous changes in capaci-
tors’/inductors’ voltages/currents. Two ways can be applied to eliminate these destructive
spikes: designing the snubber circuits or implementing a safe commutation strategy. Due
to the complexity and cost increment and the efficiency reduction in the snubber circuits,
implementing a safe commutation technique is considered a more efficient strategy. The
switching pattern of the applied safe commutation method to the presented converter in
boost in-phase mode and buck or boost out of phase mode is shown in Figure 4. To perform
the mentioned commutation strategy, four switches must not be turned ON at the same
time. Furthermore, the dead time for the switches must be considered in practice. From
Figure 4a, for the positive input voltage, when the converter operates in boost in-phase
mode, S11 — Sy are switched on entirely, and S1p — Sy, are modulated complementary at a
high frequency. For the negative input voltage and boost in-phase state, S;p — S1 conduct
thoroughly, while Si; — Sy, are modulated complementary at high frequency. In boost
in-phase state and during the input voltage is positive/negative, we entirely turn OFF the
512/511. Accordingly, semiconductors’ lifetime grows, and conducting losses are reduced
dramatically. Additionally, the pulse width of Sp; and Sy, can directly change the voltage
boost factor. As a result, by exploiting the presented coupled transformer, smaller pulse
width of the switches can be applied to obtain high voltage boost ability. From Figure 4b, for
boost/buck out-of-phase state, during the positive input voltage, S;; — Sy are modulated
complementarily, while S, — Sp; conduct fully. Then, during the negative input voltage,
511 — Spp are completely turned ON, and S;» — Sp; are modulated complementary.

The presented topology’s current paths in boost in-phase mode for the positive and
negative input voltage are demonstrated in Figures 5 and 6, respectively. From Figure 5,
the operation intervals of the presented topology consist of a non-shoot-through state, dead
time intervals, and a shoot-through state. Figure 5a shows the non-shoot-through mode
when Sy is fully turned ON to conduct positive current from source to load, and Sy, is
conducting to remove commutation effects difficulty in a dead time interval, Sp; is in OFF
state, and as mentioned earlier, Sy, is fully turned OFF. Three conditions happen before
switching ON the output switches to reach the shoot-through mode during the dead time.
According to Figure 5b, if I; + Iy — Iy > 0, S11 passes the current flow. If [; + [y — I)f <0,
two conditions can occur; if I = I, Sy conducts current flow that is demonstrated in
Figure 5¢, if I1 < I1,,, the stored energy in Lm must be reduced through the Sq; path. As
shown in Figure 5d, this condition is kept until the save energy in L;; and Ly becomes equal,
where Lm and L; express magnetizing inductance and leakage inductance, respectively.
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Eventually, Sp1-52 are turned ON to reach the shoot-through state, and S5 is switched ON
for the commutation issue, shown by Figure 5e.
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Figure 4. Switching signals of safe commutation approach in (a) boost in-phase mode and
(b) buck/boost out-of-phase mode.
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Figure 5. Operation intervals of the introduced topology for boost in-phase state when V; > 0,
(a): non-shoot-through state, (b): commutation state if I; + Ix — Iir > 0, (¢): commutation mode

when I; + I — Iy < 0 and Ix = Iy, (d): commutation state if I; + Iy-Iiy < 0 and I;x — Irm <O,

(e): shoot-through state.
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Figure 6. Operation intervals of the introduced topology for boost in-phase mode when V; < 0,
(a): non-shoot-through state, (b): commutation state if I; + I — Ijy <0, (c): commutation state if
Li + Iy — Iy > 0 and Ij = Iy, (d): commutation state if I; + Iy — Iir > 0 and Iy, — Iy > 0, (e): shoot-
through state.

Figure 6 shows the operation intervals of the introduced topology in boost in-phase
state for the negative input voltage. Figure 6a illustrates non-shoot-through mode, when
switch S1 conducts to create a negative current flow and Sy is switched on because of
removing the commutation difficulty. Based on indicated causes, S1; is entirely turned OFF.
In order to provide shoot-through mode, three states can happen before switching on the
S22 during dead time. According to Figure 6b, if I; + Iy, — I ) <0, S1 provides the negative
current path. If I; + Iy — Iir> 0, there are two conditions based on the saved energy of Ly
and Lm. If I} = I}, the current path is provided through Sy;, which is shown in Figure 6c.
From Figure 6d, if I1y > I, S12 is turned ON in order to the stored energy of L, and Ly to
become balanced. Finally, S;; — Sy, are turned ON to create the shoot-through state, and
517 is turned on to avoid commutation problems, as shown in Figure 6e.

2.2. Circuit Analysis

The assumptions for the introduced topology analysis are considered as follows;
it works in continuous conduction mode (CCM), the effects of the switches’ dead time
are ignored, the switching frequency is higher than the source frequency. Likewise, the
equivalent series resistance of capacitors, the parasitic resistance of inductors, the ON-
resistance of the semiconductors are negligible. Additionally, the turns ratio (n) of the
transformer and the coupling coefficient (k) are defined as:

YNp _iNs g Lm
Vs in, Ly + Ly

®)
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Two operating modes are supposed in the steady-state analysis because of the ignor-
able effects of switches” dead time: (1). non-shoot-through (NST) and (2). shoot-through
(ST) states. Figure 7a,b show the equivalent circuits of the introduced converter in NST and
ST states, respectively. According to Figure 7a, in NST mode, switch S1 (S1; — Sy») is turned
ON, and switch S2 (Sy; — Sp») is turned OFF. The time interval of this state is (1-D)T that D
and T present the duty cycle and the switching period, respectively. So, by applying KVL
and KCL, the equations are derived as (4). According to Figure 7b, in ST state, Sy (S21 — S22)
is turned ON and switch S1 (511 — Spp) is turned OFF. In this state, DT is the time interval,
and (5) can be obtained by KVL and KCL.
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! Nple LmQtim !
[NpT L +>
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Figure 7. Equivalent circuits of the suggested topology: (a) NST state and (b) ST state.
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The average equations can be attained from (4) and (5) as follows:
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According to average equation in each period and equaling the current average value
of the capacitors and the voltage average value of the inductors to zero, we can get:

L 0 0 O 0 O ii(t) 0
0O L, 0 0 0 O ir,, (t) 0
0 0 Ly 0 0 0]d]ig(t) | _|0 @
0 0 0 C 0 O0fd|og(t) | |O
0 0 0 0 G 0 ‘Ucz(t) 0
0 0 0 0 0 Cf | 0o(t) 0
Hence, by solving (7), we have:
i = n—1-nD+4+D vy
i~ w—1-2nD+D R
s
o =1Lf =%
iLm _ n—l;}l’l)D-i-D (11 _ ZLf) (8)
Vg — N=k=nD+kD .,
C1 = kD—2nD+n—k “i
— nD .
UC2 = rp—2nD1nk Ui
v, — n=k=nD+kD_
0 kD—2nD+n—k
By supposing k = 1, the equation can be rewritten as:
vc2 = 5= i=T-2uD D 2nD4D—D ©)
_ n=1-nD+D
Yo = w=1—2nD+D Yi
Hence, the output voltage gain can be calculated as:
—1-nD+D
Gy = vo 1 nD + (10)

v n—1-2nD+D

From (10), we can get that the output voltage can be tuned by adjusting the trans-
former’s turns ratio (in the designing process) along with the duty cycle controlling.
Additionally, if D < 2 1, the presented converter operates in the boost in-phase mode,
and if D > 271‘1711 , it operates in the buck/boost out-of-phase mode. Figure 8 demonstrates
the output voltage gain versus the duty cycle of the presented converter with different
transformer turn ratios. Obviously, in boost in-phase state, the introduced converter offers
a higher voltage gain (in the same duty cycle) by reducing the turns ratio, which leads to
size and cost reduction.

15

<~ n=3
10 < n=1.75
7 n=1 5

Voltage Gain
o
ﬁ I

-10

'150 0.2 0.4 0.6 0.8 1

Duty Cycle

Figure 8. Output voltage gain versus duty cycle with different turns ratio.
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3. Parameter Design of the Proposed Converter

Firstly, magnetic components of the given topology are designed. Hence, the inductors
parameters of the presented topology are designated based on their maximum current
ripple in shoot-through state interval. Then, we have:

L = “/l maxt+Ve2 max‘dT
nVeq inax

n—1 dT (11)
Lm = AL

If Al; and Alj, are considered as Al; < x%i; and Al < x%i},,, we can get:

+Ve2 max| DT _ v2VA[D—nD+n—1]DT
x%ij — x%Po [D—2nD+n—1]
V A
n ({;l,imﬂ DT . ﬁVizT[nzD] [Tl—l—i’lD-i-D-‘rZDz(n—l)}
X%iL,, x%Po[nD+2D2(n—1)|[n—1][D—2nD+n—1]

L > H/l max

(12)

Lm >

It must be noted that if,, and i; represent current RMS values of Lm and L, respectively.
Additionally, the capacitors’ parameters of the presented topology are selected based on
their maximum voltage ripple in shoot-through state interval. Hence, we have:

— |r:TnILM‘DT
Cl= 1Avc1 13
|-Li|DT (13)
C2= Aocy

If Avcy and Avey are considered as Avey; < y%Ver and Avey < Y%V, respectively,

we have:
=1, |DT _ V2P5 [nD+2D?(n—1)][D—2nD+n—1]T

c1> |

y%Ver Y% Vi2 [(n—1)7] (14)
Co > LZHDT V2Py [D—2nD+n—1] T
— yo/oVCz - yo/o ViZ n

where, V1 and V-, present the RMS voltage of C; and Cp, respectively. Additionally,
considering the RMS value of the input voltage (V;), the maximum voltage stresses on
bidirectional switches are derived by (15).

2
Vs1,max = D72\£)J;:n71 Vi (15)
V. _ V2 (n-1) V.
S2,max — D—2nD+n—1 Vi

4. Application of the Proposed Converter

The proposed converter can be exploited as a dynamic voltage restorer. In this regard,
the proposed converter operates as a line voltage conditioner by voltage sag and swell
compensating. To explain more in details, the circuit of a dynamic voltage restorer based on
the proposed converter has been shown in Figure 9. The input of the proposed converter
is connected to the line voltage Vline in parallel. Furthermore, the output voltage of the
converter Vcon is linked in series to the load voltage Vioad and line voltage by an isolated
transformer with 1:1 turn ratio. The presented system works in three operation modes
according to the line voltage condition:
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Oload = Uline

Oload = Vline — Ucon = Uline — (

Figure 9. Dynamic voltage restorer based on the proposed converter.

A. Bypass state

When the line voltage has a normal value, the proposed converter operates in bypass
mode. In this mode, the proposed converter operates with D = 1 and the output voltage of
zero. Additionally, the bidirectional switch S1 is fully turned OFF, and the bidirectional
switch 52 is turned ON entirely.
B. Boost in-phase state

When the voltage sag occurs, the line voltage decreases to the lower value of demanded
voltage. In this state, the proposed converter compensates the voltage sag amount. In this
case, the proposed converter operates in boost in-phase mode. From the output voltage
equation and by applying KVL to Figure 9, we have:

n—1-2nD+ D n—1-2nD+D (16)
C. Buck out-of-phase state

When the voltage swell happens, the line voltage increases to the higher value of
normal voltage. In this mode, the proposed converter compensates the voltage swell
amount. In this case, the proposed converter operates in buck out-of-phase state. From
output voltage equation and by applying KVL to Figure 9, we can get:

n—1—nD+ D 2n—2—-3nD + 2D
+ Ucon = Uline + Oline = Oline

-n+1+4+nD—-D 2n —2 —3nD 42D
Oline = Oline

n—1—-2nD + D n—1—2nD+ D (17)

Hence, we have the following relation between the switching duty cycle and trans-
former turn ratio for voltage sag and voltage swell conditions:

18
%Z:; <D <1, forvoltage swell condition (18)

{0 <D< 2”n111, for voltage sag condition

5. Comparative Analysis of the Proposed Converter

Contrary to the single-phase I'-source AC-AC converter in [18], the presented converter
offers a low continuous input current with low harmonics. Hence, it does not require any
filter on the input side. Furthermore, contrary to the topology in [13,14], and [18], it shares
the same ground between the input and output voltages. Unlike the single-phase AC-AC
Trans Z-source and the modified single-phase ac-ac Trans Z-source topologies in [17,25],
the introduced topology provides a high voltage boost factor by reducing the turns ratio
instead of increasing it. From Figure 10, it can be obviously found that, compared with the
I'SC and ac Trans ZSC, the suggested converter presents a higher voltage boost factor with
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the same transformer’s turns ratio (n = 1.5) in a similar switching duty cycle. In addition,
because of the unique feature of the exploited coupled transformer, using two coupled
transformers is not needed like the topology in [19]. Finally, compared with the similar
transformer-less single-phase AC impedance source converters, it supplies a higher voltage
boost factor with shorter conducting pulses. According to the voltage gain equations in
the selected topologies and by assuming Vo/Vi = 1.5 and n = 1.2 (for transformer types
of the selected topologies), duty cycle for converters in [13-18,25], are 0.25, 0.21, 0.28, and
0.15, respectively.

The proposed converter provides the same output voltage gain with the duty cycle of
0.05. Hence, by utilizing the presented safe commutation strategy, the high output voltage
can be attained by a low duty cycle and short time duration of switch conduction. It can
play a significant role in the efficiency saving. Table 1 presents a brief comparison of the
proposed converter and the selected topologies.

10 Proposed —i
Converter [18]=—>

17—

c 5 /

3 J/

o 0

(@)}

8

5

> 5

_100 0.2 04 0.6 0.8 1

Duty Cycle

Figure 10. Output voltage gain verse the duty cycle for the introduced topology, topology [17], and
topology [18], with the same turns ratio (n = 1.5).

Table 1. Comparison of the proposed converter and the similar topologies.

Proposed
Parameter [13] [15] [16] [17] [18] [25] Converter
Yo 1-D 1-D 1-D 1-D _ 1D 1 (1-D)(n-1)
Vi 12D T-2D 12D T—(n+2)D Sy T—(m+2)D n—T—2nD+D
i Po Po Po Po dPo Po Po
Vivi-D Vi Vi Vi Vi(1-D) Vi Vi
Va1 1-D 1-D 1-D (n+1)D _ 1D (n+1)D (1-D)(n-1)
Vi 12D 2D 12D T-(n+2)D 1-(14 7 1)D T—(n+2)D n—T—2nD+D
V2 1-D 1-D 1-D 1-D _ 1-D nD
Vi 1-2D 1-2D 1-2D 1-(n+2)D 1-(n+2)D n—1-2nD+D
P P 2 P P P
Iy Vi vi Vi vi - vi vi
P P 1-D)P
I Lo Do % - - - -
Num. of capacitors 3 3 2 3 2 3 3
Num. of inductors + 3+0 340 2+0 241 1+1 1+1 2+1
coupled transformer
Num. of switches 2 4 4 4 4 6 4
Total num. of components 8 10 8 10 8 11 10

6. Simulation Results

To verify the design and operation of the proposed single-phase AC-AC converter,
it is simulated in MATLAB/SIMULINK environment. The properties of the suggested
topology in terms of circuit components and its operation modes are assumed as follows:
the circuit components including capacitors (C; = Cp = 6.8 uF, C; = 47 pF) and inductors
(L =1.2mH, Ly = 0.8 mH, and L = 1 mH) are selected based on the mentioned design
considerations. Notably, the coupling sufficient has been supposed k = 1. The structure of
bidirectional power switches is simulated by using two back-to-back integrated MOSFETs.
Notably, the input voltage and switching frequency of this study are 20 kHz and 60 Hz,
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respectively. Accordingly, the response of the proposed topology for both boost-in-phase
and buck-out-of-phase operating modes with different conditions are investigated and the
results are presented in the following.

The simulation results of the proposed converter in boost in-phase state with n = 1.5,
D =0.1, and R = 30 () are illustrated in Figure 11. As can be seen in Figure 11a, the input
current is sinusoidal and continuous. From the theoretical results, the peak value of the
input current, output current, voltage across C;, voltage across Cy, output voltage, and
voltage across S1 and S2 are approximately 7.5 A, 5 A, 150 V, 50 V, 150 V, 500 V, and 165 V,
respectively, which can be verified by Figure 11a—f.
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Figure 11. Simulation results of the boost in-phase mode with n = 1.5, R =30 ), and D = 0.1.
(a) output filter and input current; (b) Voltage across Cy; (c) voltage across Cp; (d) output and input
voltages; (e) voltage across Sy; (f) voltage across S,.

As mentioned in previous sections, the proposed topology is a trans- inverse magnetic
coupling converter. So, by decreasing the transformer’s turns ratio the voltage boost factor
must be increased. The operation of the proposed converter when the coupling ratio (n)
was changed to 1.4 is studied and the simulation results of the boost in-phase state are
shown in Figure 12. According to the mathematical equations, the peak value of the input
current, output current, voltage across Cy, voltage across Cp, output voltage, and voltage
across S1 and S are approximately 8.85 A, 5.4 A, 163V, 63V, 163 V, 630 V, and 180 V,
respectively, which can be identified by Figure 12a—f. Moreover, the proposed converter’s
output voltage can be controlled by adjusting the switching duty cycle, too. To verify this
case, the proposed converter is simulated with n = 1.5, D = 0.12, and R = 30 Q) and the
results are depicted in Figure 13. It can be understood that the output voltage can be raised
by increasing the switching duty ratio. In this case, the peak value of the input current,
output current, voltage across Cy, voltage across Cy, output voltage, and voltage across Sy
and S; are approximately 9.63 A, 5.7 A,170V,70V,170 V, 570 V, and 190 V, respectively,
which can be validated by Figure 13a—f. On the other hand, the proposed converter has high
voltage buck ability at the same time. In order to assess the buck out-of-phase operating
mode performance of the proposed AC-AC topology, it is simulated withn =2, D = 0.8,
and R =2 ). The simulation results of this study are demonstrated in Figure 14. From the
mathematical equations, the peak value of the input current, output current, voltage across



Energies 2022, 15, 4319

14 of 25

C;, voltage across Cp, output voltage, and voltage across S; and S; are about1 A, 7 A, 14V,
114V, 14V, 141 V, and 70 V, respectively, which can be identified by Figure 14a—f.
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Figure 12. Simulation results of the boost in-phase mode withn = 1.4, R =30 (3, and D = 0.1. (a) output
filter and input current; (b) Voltage across Cy; (c) voltage across Cp; (d) output and input voltages;
(e) voltage across Sy; (f) voltage across Sp.
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Figure 13. Simulation results of the proposed converter in boost in-phase mode withn=1.5,R =30 (),
and D = 0.12. (a) output filter and input current; (b) Voltage across Cy; (c) voltage across Cy; (d) output
and input voltages; (e) voltage across Sy; (f) voltage across Sp.
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Figure 14. Simulation results of the buck out-of-phase mode withn =2, R=2 Q and D =0.8. (a) output
filter and input current; (b) Voltage across C;; (c) voltage across Cp; (d) output and input voltages;
(e) voltage across Sy; (f) voltage across S;.

Figures 15 and 16 show the simulation results of the presented dynamic voltage
restorer based on the proposed converter withn =1.5. A proportional integral (PI) controller
has been utilized to adjust the load voltage. Figure 15a depicts the line voltage with an
RMS value of 220 V when 60% voltage sag occurs at 0.25 s to 0.35 s. It is seen that the peak
value of the line voltage decreases from 311 V to 125 V. Figure 15b demonstrates that when
the line voltage is normal, the proposed converter operates in a bypass state, and when
voltage sag happens, it operates in boost-in-phase mode. Figure 15¢ shows the line voltage
without the fault effects. Figure 16a shows the line voltage under 25% voltage swell. It can
be seen that the peak value of the line voltage rises from 311 V to 388 V. Figure 16b shows
the output voltage of the proposed converter. It can be clearly seen that in the normal
value of the line voltage, the proposed converter operates in bypass mode, while in the
voltage swell period; it operates in buck out-of-phase mode to reduce the line voltage to its
demanded value. So, the load voltage is maintained at the normal level, as can be seen in
Figure 16c.

500 '
Sag Fault
=
@ 0
8
K
>
-500 i . i
0.2 0.25 0.3 0.35 0.4
Time (S)
(a)

Figure 15. Cont.
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Figure 15. Simulation results of the proposed DVR at 60% voltage sag compensation: (a) line voltage,

(b) output voltage of the converter, (c) load voltage.
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Figure 16. Simulation results of the proposed DVR at 25% voltage swell compensation: (a) line
voltage, (b) output voltage of the converter, (c) load voltage.
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7. Experimental Results

The circuit design’s feasibility and simulation results verification are examined by im-
plementing a single-phase laboratory prototype. The picture of the test system is presented
in Figure 17, and its properties are brought in Table 2. In order to perform the described
safe-commutation strategy, a digital signal processor (DSP) was used. Additionally, the
structure of each bidirectional switch was formed by using two back-to-back Power MOS-
FETs. A high-frequency coupled inductor with a coupling coefficient of almost one (k = 1)
was designed.

ﬁ Auto transformer
DC Power supply Laptop i

Driver and
auxiliary circuits
N Voltage

Proposed
Converter

Figure 17. The overview of the implemented test setup.

Table 2. Test system properties.

Parameters Values
Maximum input voltage (V;) 100 V
input voltage frequency (fi,) 50 Hz

switching frequency (fsw) 20 kHz
DSP TMS320F28335
Load (R) 30Qand 2 Q)
Power switch (MOSFET) IRFP460
G 10 uF
Cy 10 uF
L 1 mH
L¢ 1.2mH
Ct 47 uF
Lm 820 uH

To confirm the simulation results, both boosting and buck mode operations of the
suggested topology are examined and the results are presented in Figures 18 and 19,
respectively. In this regard, to study the operation of the proposed single-phase AC-AC
converter in boost in-phase state with D = 0.1, are illustrated in Figure 18. The turns’
numbers of the primary and secondary sides are 30 and 20, respectively, which results in
a turn ratio of 1.5. Additionally, the resistive load is R = 30 (). The sinusoidal input and
output voltage waveforms can be seen in Figure 18a. Additionally, it is clear that the output
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voltage can maintain the phase angle with the input voltage well. From (8), the peak value
of the output voltage is attained 150 V, which can be identified in Figure 18a and (19).

o _nm—k-nD+kD _15-1-015+01
Pk T kD _—2nD+n—k "PFT 01-03+15-1

x 100 =150V (19)

Besides, the voltages of the circuit capacitors are illustrated in Figure 18b. From (8),
the peak value of the voltage stress across the capacitors C1 and C2 are 150 V and 50 V,
respectively, which can be verified by Figure 18b. This case can be utilized for 50% voltage
sag compensation. The voltage stress over the power switches accompanied by the input
voltage is presented in Figure 18c. The peak values of the voltage stress across the S; and S,
are about 500 V and 166 V, respectively, which can be clarified by Figure 18c. Additionally,
by exploiting the presented safe commutation strategy, voltage spikes across the power
switches are removed. Then, the converter’s input and output current waveforms are
presented in Figure 18d. From the obtained current equations, the peak values of the input
and output currents are 7.5 A and 5 A, which can be seen in Figure 18d. Form the figure, the
input current is both sinusoidal and continuous approving the theoretical results. Hence,
it can be clearly found that the proposed converter solves the discontinuous input current
problem of the proposed topology in [18].
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Figure 18. The experimental results of the proposed single-phased topology for Boost-in-phase
operating mode: (a) input and output voltage waveforms, (b) capacitors’ voltages, (c) voltages of the
power switches, and (d) input and output current waveforms.
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Figure 19. The experimental results of the proposed topology for Buck out-of-phase operating mode:
(a) input and output voltage waveforms, (b) input and output current waveforms, (c) voltage stresses
over power switches, and (d) capacitors” voltages.

Turning to the confirmation of the buck mode operation of the proposed single-
phase AC-AC converter, the performance of the suggested topology is also examined.
The experimental results of buck out-of-phase state study with D = 0.8 and R =2 Q is
presented in Figure 19.

To show the wide controllability of the proposed converter, the turn ratio of the
coupled transformer is changed to 40/20 = 2. Accordingly, Figure 19a demonstrates the
generated voltage in the output terminal of the proposed converter and the input one.
From (8), the peak value of the output voltage is attained 150 V, which can be identified in
Figure 19a and (20).

o _m-k-nD+4kD ~ _ 2-1-16+08
Pk T ¥D_2nD+n—k Pk 08-32+15-1

x 100 = 14V (20)

Similarly, the current waveforms of the input and output terminal are presented in
Figure 19b. It is worth noting that despite higher duty cycle for buck out-of-phase state, the
generated voltage and current waveforms are in a sufficient sinusoidal form. This feature
ensures the widespread operation of the converter from a low ratio of the output voltage
for reducing the voltage amplitude to the higher one in an application. Furthermore,
considering the importance of voltage stresses over switches in power converters, the
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voltage stress over the S; and S, 141 V and 70 V, respectively, which are presented in
Figure 19¢. Finally, the voltages of the circuit capacitors are illustrated in Figure 19d,
which have the same values with the simulation results. From the figure, all the voltage
and current waveforms show both sinusoidal and continuous behavior that approves the
theoretical as well as simulation results.

8. THD Analysis

Figure 20 shows the simulation waveforms of the input current in the conventional AC
I'-source converter [18] and the proposed converter. For a fair comparison, both converters
have been simulated with the same output power and input voltage. Figure 20a,b depict the
input current of the proposed converter for the boost in-phase and buck out-of-phase modes,
respectively. It is clear that the proposed converter provides a sinusoidal and continuous
input current without using an input filter, while from Figure 20c,d, it can be clearly seen
that the proposed converter in [18] suffers from a non-sinusoidal and discontinuous input
current in both boost in-phase and buck out-of-phase modes. Consequently, applying an
input filter is necessary for this topology, especially in dynamic voltage restorer applications.
Table 3 presents the input current THD of the proposed converter and the selected single-
phase ac I'-source converter [18] in both buck and boost operating modes. According
to the theoretical calculations and results, the proposed converter provides a sinusoidal
continuous input current with lower THD compared with the proposed AC I'-source
converter. Furthermore, Table 4 shows the simulation results of the output voltage THD
in both buck and boost modes proving that the proposed converter offers a high output
voltage with a low THD under the same conditions. Figure 21 shows the simulation input
current spectrums of the topology in [18]. It can be seen that the input current THD in boost
in-phase mode (D = 0.1) and buck out-of-phase mode (D = 0.78) are 50.77% and 136.72%,
respectively. Figures 22 and 23 present the simulation spectrums of the proposed converter.
From Figure 22, for boost in-phase mode the peak input voltage, switching duty cycle,
and transformer turn ratio are assumed 100 V, 0.1, and 1.5, respectively. In this case, the
THD of the output voltage and input current are attained 2.35% and 5.85%, respectively.
According to Figure 23, for buck out-of-phase state, the peak input voltage, switching duty
cycle, and transformer turn ratio are assumed 100 V, 0.78, and 1.5, respectively. In this case,
the THD of the output voltage and input current are attained 3.83% and 8.94%, respectively.
Consequently, it can be found that the proposed converter provides a continuous and
sinusoidal input current with high quality output voltage waveform in both boost and
buck modes.
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20 : 1
g0 go
5 5
© .10} ©
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-30 - ! : : -5 : : ! y
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Figure 20. Cont.



Energies 2022, 15, 4319 21 of 25

[EY
i

100 ;

=
o

Ul
o

Current (A)
o
Current (A)
o

-5 r
501
-10 |
-100 ' ' ‘ ‘ -15 ' ' ‘ ‘
0 002 004 006 008 0.1 0 002 004 006 008 0.1
Time (S) Time (S)
(c) (d)

Figure 20. Simulation waveforms of the input current for: (a) boost in-phase operating mode in
the proposed converter, (b) buck out-of-phase operating mode in the proposed converter, (c) boost
in-phase operating mode in the conventional AC I'-source converter [18], (d) buck out-of-phase
operating mode in the conventional AC I'-source converter [18].

Table 3. THD i; in the proposed converter and I'SC in [18].

THD i; I'SCin [18] Proposed Converter
Boost in-phase mode (D = 0.1) 50.77% 5.86%
Buck out-of-phase mode (D = 0.78) 136.72% 8.94%

Table 4. THD v, in the proposed converter.

THD v, Proposed Converter
Boost in-phase mode (D = 0.1) 2.35%
Buck out-of-phase mode (D = 0.78) 3.83%
THD= 50.77% 1 THD= 136.72%
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Figure 21. Simulation input current spectrums of the proposed topology in [18] for: (a) boost in-phase
operating mode when D = 0.1, (b) buck out-of-phase operating mode when D = 0.78.
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Figure 22. Simulation spectrums of the proposed topology for the boost in-phase operating mode
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Figure 23. Simulation spectrums of the proposed topology for the buck out-of-phase operating mode
when D = 0.78: (a) output voltage, (b) input current.

9. Efficiency Analysis

The major power losses of the proposed converter come from the magnetic losses,
semiconductors losses, and ESR of the capacitors. The magnetic losses include copper and
core losses. Semiconductor loss itself comprises switching and conduction loss, which can
increase the power losses. For the efficiency calculation, some assumptions are supposed as
follows; the equivalent series resistance (ESR) of capacitors is 2 (). The parasitic resistance of
the coupled inductors and the input inductor are 1 (). Additionally, the leakage inductance
of the coupled transformer is 4 uH, and the ON resistances of the switches are 0.27 Q).

Figure 24 compares the efficiency of the suggested converter with the topologies
in [17,25]. It can be seen that in D = 0.1, the proposed converter operates with higher
efficiency for the output power range of 100-400 W. Figure 25 shows the power loss
distribution of the suggested topology at Po = 375 W. Obviously, due to the exploited
commutation strategy and using a smaller switching duty cycle, lower power loss comes
from the bidirectional switches [29,30]. While in the existing topologies, semiconductors
have a higher power loss rate.
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Figure 24. Measured efficiency of the proposed converter and converters in [17,25] with D = 0.1.
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Figure 25. Power loss distribution in the suggested converter at Pg = 375 W.

10. Conclusions

In this study, a single-phase direct AC-AC converter has been introduced. The pro-
posed converter can operate in buck-boost mode with a high voltage buck and boost ability.
A trans-inverse coupled transformer has been exploited to attain high output voltage with
a low switching duty cycle in boost in-phase mode. Unlike conventional single-phase AC
-source converter, the proposed topology has a sinusoidal continuous input current with
a low THD. Furthermore, the proposed converter shares the same ground between the
output and input voltage, increasing the phase angle maintenance ability. To validate the
performance of the proposed converter, it is simulated, and the impact of variations in
each component in different operating points was investigated. Finally, a prototype of the
proposed single-phase converter was implemented, and experimental tests were conducted
to verify the operation of the circuit. The sufficiency of experimental results approved the
theoretical design and simulations for both boost and buck states.
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