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Abstract4 AC-link universal converters are relatively new 
topologies that can transfer power from different types of sources 
to various kinds of electrical loads. These converters provide 
higher reliability by employing small film capacitors instead of 
large electrolytic ones, which have higher failure rates than other 
power electronic components. Furthermore, when isolation is 
needed, universal converters can use compact high-frequency 
transformers rather than bulky line-frequency transformers. 
These converters extend the principles of the operation of DC-DC 
converters to DC-AC, AC-DC, and AC-AC power conversion 
systems. This paper proposes a soft-switching Zeta-based 
universal converter that can step up and step down the voltage in 
a wide range. Compared to �uk-based converters, the link 
capacitor in this topology has a lower peak voltage. This paper 
discusses the principles of the operation of this converter. The 
performance of the proposed structure is evaluated through 
simulations in this paper. 

Keywords4 universal converter, ac-ac converter, rectifier, soft-
switching, �uk converter, buck-boost converter, Zeta converter, 
high-frequency ac link, zero voltage turn-on, zero current turn-off. 

I. INTRODUCTION  
Considering the growth of electric energy consumption and 

different types of electrical loads, the demand for reliable and 
efficient universal converters that can transfer electric power 
from different types of sources to different kinds of loads has 
risen. However, employing conventional DC-link power 
converters with expensive DC electrolytic capacitors may cause 
problems in the power grid and other reliability-demanding 
applications due to their frequent failures and short lifetime at 
high temperatures [1]-[3]. The other problem with DC-link 
converters is that galvanic isolation is typically provided by 
heavy and large low-frequency transformers. 

AC-link universal converters have received increasing 
attention in recent years due to their unique characteristics. 
These converters extend the principles of operation of DC-DC 
converters to DC-AC, AC-DC, and AC-AC applications. Buck-
boost-based and �uk-based universal converters are the most 
well-known types of these AC-link converters [4]-[14].  

A Buck-Boost-based universal converter uses an inductor at 
the link to transfer power. The inductor is exposed to a high 
current ripple to help minimize the size of the inductor [4]. By 
adding a small capacitor in parallel with the link inductor, soft-

switching is realized and the efficiency is improved [5]. All the 
switches in this converter benefit from zero voltage turn-on and 
soft turn-off. The main problem with this topology is the high 
link peak current, which contributes to higher conduction 
losses. In [6], a soft-switching Buck-Boost-based universal 
converter with reduced link peak current is presented to 
enhance the efficiency of the system. However, this converter 
experiences a long resonating time during which no power is 
transferred, and this can negatively affect the performance of 
the system. To reduce the duration of the resonating modes, 
four-quadrant switches can be used instead of two-quadrant 
switches [7]; however, this will double the number of switches. 
In [8], a bidirectional PWM Buck-Boost-based AC-AC 
converter, which requires three bulky inductors for the energy-
transferring process, is proposed. A Buck-Boost inverter is 
proposed in [9, 10] to increase the voltage gain in the Buck-
Boost-based family of AC-link converters. However, they 
suffer from high current spikes and low efficiency. In [11], 
another single-stage three-phase Buck-Boost-derived inverter 
is introduced to increase the voltage gain. The main 
shortcoming of this inverter is that it needs a large inductor and 
suffers from low efficiency. 

In Buck-Boost-based AC-link converters, achieving high 
efficiency is typically challenging. In all the above-mentioned 
configurations, an inductor is the main energy-transferring 
element, which reduces the overall power density of the system. 
To solve this problem, another family of universal converters 
named �uk-based universal converters is introduced where a 
small film capacitor is employed as the energy-transferring 
element. In [12], a parallel capacitive-link universal converter 
is proposed to reduce the current stress of switches and enhance 
efficiency. A �uk-derived three-phase AC-AC converter that 
uses a small series film capacitor instead of an electrolytic one 
is presented in [13]. In [14], by adding a small inductor in series 
with the link capacitor, a soft-switching �uk-based PV inverter 
is developed. In this converter, all the switches benefit from 
zero current turn-off and soft turn-on. The problem with �uk-
based universal converters is that the link capacitor has a high 
peak voltage value. To solve this problem a soft-switching 
Zeta-based inverter and a SEPIC-based rectifier, in which the 
capacitor has a lower peak voltage are proposed in [15]. The 
AC side switches of these converters benefit from zero current 
turn-off and soft turn-on. Also, a Zeta-based rectifier and a 
Zeta-based AC-AC converter with a lower capacitive link peak 
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voltage are presented in [16]. However, the proposed topology 
and operating principles can be used only in hard-switching 
applications. 

This paper proposes a soft-switching Zeta-based universal 
converter that can be configured as a rectifier or an AC-AC 
converter. In this converter, the output side diodes benefit from 
zero current turn-off and soft turn-on. In addition, the input side 
switches benefit from zero voltage turn-on and soft turn-off. 
The proposed topology not only eliminates the bulky 
electrolytic capacitors but also increases power density by using 
lightweight high-frequency transformers instead of heavy line-
frequency transformers when galvanic isolation is required. 
Compared to �uk-based universal converters, the Zeta-based 
universal converter has a lower link capacitor peak voltage.  

This article is organized as follows: The topologies and 
operating principles are introduced in section II. After that, the 
simulation results are presented in section III. Finally, the paper 
is summarized in section IV. 

II. OPERATING PRINCIPLES 
The operation principles of the three-phase Zeta rectifier 

and the Zeta-based three-phase AC-AC converter are presented 
in parts (A) and (B) of this section, respectively. 

A. Three-phase Zeta Rectifier 
Fig. 1(a) shows the isolated soft-switching three-phase zeta 

rectifier. In this topology, the input inductor (Lin), and link 
capacitors, C1 and C2, transfer the power from the input to the 
output. A small resonating capacitor (Cresonance) is connected in 
parallel with the inductor. The transformer is optional, and in 
the isolated converter, the isolation is provided with a high-
frequency transformer (HFT). In non-isolated topologies, only 
one capacitor is needed instead of C1 and C2.  

The link voltage, link current, input inductor voltage, and 
the input inductor current waveforms during different modes 
are depicted in Fig. 1(b). In this figure, it is assumed that the 
reference current of phase A (IA

ref), is positive and has the 
maximum absolute value among three-phase input currents. 
The reference current of phases B (IB

ref) and C (IC
ref) are 

negative and the absolute value of IC
ref is smaller than IB

ref. It is 
obvious that based on absolute values of input currents, 
different switching patterns need to be selected.  

Each cycle has six main operating modes, including three 
power transfer modes and three resonating modes. In the first 
mode, power is transferred from the input inductor to the link 
capacitor through the DC-side diode (Fig. 2(a)). During this 
mode, input switches are off, and all unfiltered input currents 
are equal to zero. When the link capacitor is fully charged and 
the input inductor current becomes zero (Fig. 1(b)), the DC-side 
diode turns off under zero current switching (ZCS) condition 
and mode 2, which is a resonating mode, starts. During the first 
mode, the link capacitor voltage increases until its maximum 
value (Fig. 1(b)). 

During mode 2, all switches are off, and the input inductor 
resonates with its parallel capacitor (Fig. 2(b)). At the end of 
this mode, the voltage of the input inductor reaches VAB, and 
the voltages across switches Q1 and Q5 become zero to turn on 
these switches under zero voltage switching (ZVS) conditions.  

During modes 2 and 3 (Figs. 2(b) and 2(c)), the link 
capacitor discharges to the DC load, and the link capacitor 
voltage decreases. Simultaneously, during mode 3, the input 
inductor charges from the input AC source with the second-
highest line current. When the current of phase B (IB) meets its 
reference value (IB

ref), switch Q5 is turned off, and another 
resonating mode (mode 4) starts.  

During mode 4 (Fig. 2(b)), the voltage across the DC-side 
diode is reverse-biased, so it cannot conduct, and the input 
inductor resonates with its parallel capacitor until the voltage 
across them becomes equal to VAC. At this moment, switch Q6 
can turn on under ZVS, and mode 5 starts (Fig. 2(d)).  

In mode 5, the input inductor charges from the input AC 
phase that has the lowest line current, and the link capacitor 
simultaneously continues discharging to the load. When the 
current of phase A (IA) meets its reference value (IA

ref), the last 
power-transferring mode finishes, and the last resonating mode 
starts.  

In mode 6, all switches are turned off and the input inductor 
resonates with its parallel capacitor. When the voltage of the 
input inductor becomes equal to the absolute value of the link 
voltage, the DC-side diode turns on with ZVS and the next 
cycle starts. It should be noted that the resonating modes are 
much shorter than the power transferring modes, but they are 
shown longer in Fig. 1(b) for more clarification. 
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Fig. 1. (a) Isolated soft-switching Zeta-based three-phase rectifier (b) Link capacitor voltage, link capacitor current, input inductor current, and input inductor 
voltage waveforms in the Zeta-based rectifier.  
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Fig. 2. Behavior of the non-isolated soft-switching three-phase AC to DC Zeta rectifier during (a) mode 1, (b) mode 2, mode 4, mode 6, (c) mode 3, (d) mode 5.

B. Zeta-Based Three-phase AC-AC Converter 
Fig. 3 shows the isolated soft-switching three-phase AC-AC 

converter with a small film capacitor and an optional high-
frequency transformer (HFT). The behavior of the proposed 
non-isolated soft-switching converter during different modes is 
shown in Fig. 4. 

The first link capacitor charging mode and the two modes 
for charging the input inductor are like those of the zeta-based 
rectifier (Figs. 4(a), (e), and (f)). During the first mode, all the 
switches are off, and the power is transferred from the input 
inductor (Lin) to the link capacitor (Clink) via the output side anti-
parallel diodes. When the link capacitor is fully charged from 
the input inductor during the first mode, Iin becomes zero and 
diodes stop conducting under ZCS, and the resonating mode 
starts.  

During the second mode, the input inductor resonates with 
its parallel capacitor (Fig. 4(b)) and the link capacitor starts to 
discharge to the load (Fig. 4(c)). This resonating mode lasts 
until when the input inductor voltage becomes equal to VAB and 
provides zero voltage turn-on (ZVS) for the input-side switches 
to reduce power losses. 

For link capacitor discharging modes, it is assumed that the 
voltage reference across the output phases AB (VAB

ref), is 
positive and has the maximum absolute value among three-
phase output line-to-line voltages. The other line-to-line 
reference voltages are negative and the absolute value of the 
reference voltage across phases CA (VCA

ref) is smaller than the 
reference voltage across phases BC (VBC

ref). The polarities and 
values of the output line-to-line voltages determine which 
switches at the output side need to be turned on or off during 
each cycle.  

It is also assumed that the reference current of phase A (IA
ref) 

is positive and has the maximum absolute value among three-
phase currents. The reference currents of phases B (IB

ref) and C 
(IC

ref) are negative and the absolute value of (IC
ref) is smaller than 

that (IB
ref). Absolute values and current polarities determine 

zones and the input side switching pattern.  

As depicted in Fig. 4(c), in the first discharging mode, the 
link capacitor is discharged to the three-phase load with the 
second-highest load current. During this mode, Q7, Q11, and the 
anti-parallel diode of Q9 conduct. When the corresponding 
output average line-to-line voltage (VBCo) meets its reference 
value (VBCo

ref), this mode ends, and the last discharging mode is 
initiated.  

The last discharging mode discharges the link capacitor with 
the highest load current (|IAo| in Fig. 4(d)). During this mode, Q7, 
Q11, and Q12 are ON to supply the three-phase load. This mode 
lasts until the remaining energy of the link capacitor discharges 
to the load.  

The first charging mode (Fig. 4(e)) starts after the first 
resonating mode. At the beginning of this mode, Q1 and Q5 start 
conducting under ZVS and the highest line-to-line voltage 
(VAB) appears across the input inductor. As soon as the average 
value of the second-highest current (IB) meets its reference 
value (IB

ref), Q5 turns off to initiate the second resonating mode. 

In the second resonating mode, the input inductor and its 
parallel capacitor resonate and the voltage across the input 
inductor changes from VAB to (VAC) gradually. At the end of 
this mode, Q6 turns on under ZVS to start the second inductor 
charging mode. And finally, during the second charging mode 
(Fig. 4(f)) line-to-line voltage (VAC) appears across the input 
inductor to charge it. This mode continues until the average of 
IC meets its reference value (IC

ref). At this point, the input 
switches turn off to initiate the last resonating mode. At the end 
of the last resonating mode, the input inductor voltage becomes 
equal to the absolute value of the link capacitor voltage to turn 
on the output-side anti-parallel diodes under ZVS for the next 
cycle. 

It should be noted that the input inductor charging modes and 
the link capacitor discharging modes are controlled 
independently and they have different durations.
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Fig. 3. Isolated soft-switching Zeta-based three-phase AC-AC converter. 
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Fig. 4. Behavior of the non-isolated soft-switching three-phase AC-AC Zeta converter during: (a) first mode, (b) resonating modes, (c) discharging mode 1, (d) 
discharging mode 2, (e) charging mode 1, and (f) charging mode 2.

III. RESULTS 
In this section, two simulation scenarios are carried out to 

verify the performance of the proposed rectifier and AC-AC 
converter. The parameters of these converters are summarized 
in Table I. 

A. Soft-switching Zeta Rectifier 
Simulation results corresponding to the proposed Zeta 

rectifier are shown in Figs. 5- 9. Fig. 5 shows the voltage and 
current of the link capacitor. As it is evident, the link voltage is 
negative for a small portion of the cycle to allow using a small 
film capacitor with a lower voltage rating in comparison to �uk-
based converters. The measured link peak voltage is equal to 415 
V, which is 100 V less than the �uk-based converter link peak 
voltage with the same parameters. Fig. 6 shows the input 

inductor voltage and current waveforms. The input inductor9s 
resonating modes, which facilitate soft-switching, can be seen in 
this figure.  

The unfiltered input currents are depicted in Fig. 7. In Fig. 8, 
the currents and voltages of an input switch and the output diode 
are illustrated to verify the soft switching. It can be seen that the 
input switch has a zero-voltage turn-on and a soft turn-off. The 
DC-side diode benefits from a zero current turn-off and a zero-
voltage turn-on. Fig. 9 shows the DC output voltage and three-
phase filtered input current with a THD of 1.1%. 

B. Soft-switching Three-phase AC-AC Zeta Converter 
Simulation results corresponding to the designed three-phase 

AC-AC converter are illustrated in Figs. 10- 14. The voltage and 
current waveforms of the link capacitor are shown in Fig. 10. In 
this case, the link peak voltage is about 375 V which is less than 
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the �uk-based link peak voltage (475 V) simulated in the same 
condition. The input inductor current and voltage waveforms are 
illustrated in Fig. 11. 

The unfiltered input currents and output voltages are 
depicted in Fig. 12. As mentioned in section II, the input 
inductor charging modes and the link capacitor discharging 
modes are controlled independently and they have different 

durations. Fig. 13 shows the voltage and current of an input 
switch, which benefits from ZVS. For an output side antiparallel 
diode, the voltage and current waveforms show that these diodes 
benefit from ZCS and a ZVS at the end and beginning of mode 
1, respectively (Fig. 13).  

Fig. 14 shows the output filtered voltages with a THD of 
3.6%, and the filtered input currents with a THD of 4.2%. 

TABLE I.  ZETA-BASED UNIVERSAL CONVERTER PARAMETERS 

 Link 
frequency 

Link 
capacitance 

Input 
inductance 

Resonance 
capacitance 

Power 
level 

Three-phase line-to-line 
input voltage amplitude 

output voltage 
amplitude 

Rectifier 25 kHz 300 nF 200 µH 10 nF 1 kW 175 V  200 V (DC) 
AC-AC converter 5 kHz 1.8 µF 1 mH 200 nF 1 kW 200 V 180 V (line-to-line) 

 

Fig. 5. Current and voltage of the link capacitor in the Zeta rectifier. 

 

Fig. 6. Current and voltage of the input inductor in the Zeta rectifier. 

 

Fig. 7. Unfiltered input currents in the Zeta rectifier.  

 

Fig. 8. Voltages and currents of the input and output switches in the Zeta 
rectifier. 

 

Fig. 9. Filtered input currents and output DC voltage in the Zeta rectifier. 

 

Fig. 10. Current and voltage of the link capacitor in the AC-AC Zeta converter. 
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Fig. 11. Current and voltage of the input inductor in the AC-AC Zeta converter. 

 

Fig. 12. Unfiltered input currents and unfiltered output voltages in the AC-AC 
Zeta converter. 

 

Fig. 13. Voltages and currents of the input switches and output anti-parallel 
diodes in the AC-AC Zeta converter. 

 

Fig. 14. Filtered output voltages and filtered input currents in the AC-AC Zeta 
converter. 

IV. CONCLUSION 
This paper presented a novel soft-switching zeta-based 

universal converter that can be configured as a three-phase 

rectifier or a three-phase AC-AC converter. In this topology, 
bulky unreliable electrolytic capacitors that are typically used in 
conventional DC-link converters, are replaced with small film 
capacitors. Furthermore, compared to �uk-based universal 
converters, the link capacitor peak voltage is decreased. In this 
converter, the output side diodes benefit from zero current turn-
off and soft turn-on. And the input side switches benefit from 
zero voltage turn-on and soft turn-off. The proposed converter 
has the capability of using a high-frequency transformer instead 
of a bulky line-frequency transformer, which can reduce the 
total size and weight of the system.  
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