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Abstract—AC-link universal converters have emerged as 
promising topologies for efficient power conversion between 
various sources and loads. These converters offer enhanced 
reliability by replacing bulky electrolytic capacitors, which have a 
shorter lifetime compared to other power electronic components, 
with small and durable film capacitors. By doing so, the overall 
lifetime of the converter would be significantly extended. 
Additionally, AC-link converters achieve high-power density by 
utilizing compact high-frequency transformers when isolation is 
required, eliminating the need for large and heavy low-frequency 
transformers.  

This paper introduces a new soft-switching Zeta-based 
universal converter capable of stepping up and down the voltage 
in a wide range. Building upon the operating principles of the Zeta 
DC-DC converter, the proposed converter extends its applications 
to inverters, rectifiers, and AC-AC converters. In this converter, 
an inductor and a capacitor are responsible for transferring the 
power from input to output. Another small inductor is employed 
in series with the link capacitor to allow all switches to have zero-
current switching, resulting in improved efficiency. In isolated 
configurations, the leakage inductance of the transformer can be 
used for this purpose. Compared to conventional Ćuk-based 
universal converters, this topology employs a capacitor with a 
lower voltage rating. The performance of the proposed structure 
is verified through simulation and experimental results in this 
paper. 

Keywords—ac-ac converter, high-frequency ac link, inverter, 
rectifier, soft-switching, universal converter, zero current switching 
(ZCS), Zeta converter, Ćuk converter. 

I. INTRODUCTION  

Due to the increasing energy consumption and the diversity 
of electrical loads and sources over the past few years, demand 
for efficient and reliable universal converters capable of 
transferring power from various sources to different kinds of 
loads is emerging. Employing conventional DC-link power 
converters may cause reliability concerns due to frequent 
failures and the short lifespan of electrolytic capacitors, 
especially at high temperatures [1]-[3]. Another drawback of 
traditional DC-link converters is the requirement for bulky low-
frequency transformers to provide galvanic isolation. In 
response to these challenges, AC-link universal converters like 
Buck-boost-based and Ćuk-based converters have been 
introduced in [4]- [8], as potential solutions. 

By extending the operation of DC-DC Buck-Boost 
converters, a family of AC-link universal converters can be 

derived, serving as three-phase inverters, rectifiers, and AC-AC 
converters. Unlike conventional DC-link converters, a Buck-
Boost-based universal converter uses an inductor, placed in 
parallel with input and output switch bridges, instead of an 
electrolytic capacitor at the link to transfer power from the input 
to the output. To reduce the size of the inductor, a high current 
ripple for the inductor can be allowed [4]. By integrating a small 
capacitor in parallel with the link inductor, soft-switching can 
be achieved, minimizing switching losses and enabling zero 
voltage turn-on and soft turn-off for all switches [5]. However, 
the main problem with this topology is the high link peak 
current, which leads to increased conduction losses and the 
current stress of the switches. To reduce address these 
problems, a soft-switching series Buck-Boost-based universal 
converter, which extends the operation of DC-DC non-
inverting buck-boost converter to inverters, rectifiers, and AC-
AC converters, is introduced in [6].  

Efficiency is a constant challenge in Buck-Boost-based 
converters. However, Ćuk-based universal converters can serve 
as an alternative solution by using a small series film capacitor 
as the energy-transferring element [7]. To achieve soft 
switching, a small series inductor is added to the link which 
enables zero current turn-off and a soft turn-on for all switches 
[8]. Despite this advantage, Ćuk-based universal converters are 
faced with the drawback of high link peak voltage. 

To address the aforementioned challenge, a soft-switching 
Zeta/SEPIC inverter/rectifier with a lower link peak voltage 
was proposed in [9]. In these converters, all switches benefit 
from zero current turn-off and soft turn-on, minimizing 
switching losses. Furthermore, in [10] and [11], hard-switching 
and soft-switching Zeta-based rectifiers and Zeta-based AC-
AC converters with a lower capacitor link peak voltage were 
proposed. The proposed soft-switching method in [11] allows 
the output side diodes to benefit from zero current turn-off and 
soft turn-on. Simultaneously, the input side switches benefit 
from zero voltage turn-on and soft turn-off. 

This paper introduces another soft-switching method for the 
Zeta-based universal converter, which can be configured as a 
rectifier, an AC-AC converter, and an inverter. In the proposed 
converter, a small series inductor is added in series with the link 
capacitor, accompanied by a proper control method, enabling 
all switches to benefit from zero current turn-off and soft turn-
on. By implementing this topology, the need for bulky 
electrolytic capacitors is eliminated, and the converter achieves 
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higher power density by utilizing lightweight high-frequency 
transformers instead of heavy line-frequency ones.  

This paper is organized as follows: The topologies and 
operating principles are introduced in Section II. In Section III, 
simulation and experimental results are presented to verify the 
performance of the proposed system. And finally, in section IV, 
a summary and a conclusion are provided.  

II. OPERATING PRINCIPLES 

This section discusses the operating principles and control 
strategies of the proposed soft-switching Zeta-based rectifier 
and AC-AC converter, respectively in parts (A) and (B). The 
soft-switching technique employed in both cases ensures a zero 
current turn-off and a soft turn-on for all switch transitions. 

A. Three-phase Zeta Rectifier 

Fig. 1 shows the isolated soft-switching Zeta rectifier. The 
power transfer from the input to the output is facilitated by the 
input inductor ( ��� ) and the link capacitors ( ��  and �� ). 
Additionally, a small resonating inductor ( ���	
����� ) is 
connected in series with each link capacitor to provide the 
resonating modes. It is worth noting that the isolation is 
provided with a high-frequency transformer (HFT) when it is 
required, and the transformer is optional. In non-isolated 
topologies, only one capacitor is necessary instead of �� and 
�� . To clarify the system behavior, Fig. 2 shows the link 
voltage, link current, and input inductor voltage waveforms 
during different modes.  

During each cycle, two main power transfer cases occur in 
the proposed Zeta-based rectifier. In the first case, power is 
transferred from the input inductor (Lin) to the link capacitor 
(Clink), resulting in the charging of the link capacitor and the 
discharging of the input inductor. In the second case, the input 
inductor is charged from the input source while the link 
capacitor discharges to the output load. The detailed behavior 
of the proposed non-isolated topology during different 
operating modes is illustrated in Fig. 3. In this figure it is 
assumed 
�

���, the reference current of phase A, is positive and 
has the maximum absolute value among the three-phase 

currents. The reference currents of phases B (
�
���) and C (
�

���), 

are negative and the absolute value of 
�
��� is smaller than 
�

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

Throughout each cycle, there are four distinct operating 
modes for the output side and three operating modes for the 
input side. The initial mode, characterized by the absence of 
switch activation, allows the input inductor current (Iin) to 
charge the link capacitor via the DC-side antiparallel diode 
(Fig. 3(a)). As the link capacitor voltage reaches its peak, the 
appropriate switches are triggered, marking the start of the 
second mode. Mode 2 contains a resonating behavior for the 
link capacitor alongside a charging mode for the input inductor. 
It should be noted that during mode 1, the unfiltered input 
currents and the unfiltered output voltage remain at zero. 

Mode 2 of the converter activates switches Q1 and Q5 to 
charge the input inductor with the highest line-to-line voltage 
(���). Simultaneously, the link capacitor and its series inductor 
enter a resonating state through the short circuit provided by the 
DC side diode until the link current reaches −|

| to turn it off 
under ZCS condition (Fig. 3(b)). Once the diode turns off, the 
link capacitor discharging mode starts. 

The first input inductor charging mode is ended when 

�

�������  meets 
�
���, and switch Q5 is turned off. It is important 

to note that the unfiltered output voltage during this mode is 
equal to VAB+Vlink. Subsequently, switch Q6 can be activated to 
charge the input inductor with VAC in the second charging mode 
(Fig. 3(d)). The unfiltered output voltage would be equal to 
VAC+Vlink. As the link voltage reaches -VAC, switch Qdc turns 
on to start the last resonating mode (output mode 4).  

In output mode 4, the link current initially flows in the 
negative direction through Qdc. Once the link current reaches 
zero, Qdc stops conduction under ZCS conditions, allowing its 
antiparallel diode to conduct the positive link current. This 
mode continues until the link current aligns with the input 
inductor current to turn off Q1 and Q6 under ZCS. It is 
noteworthy that the duration of the resonating modes is 
considerably shorter than the power-transferring modes. 
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Fig. 1. Isolated soft-switching Zeta-based three-phase rectifier.  
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Fig. 2. Voltage and current waveforms of the link capacitor and input inductor 
in the Zeta-based rectifier. 

B. Zeta-based Three-phase AC-AC Converter 

The isolated soft-switching three-phase Zeta-based AC-AC 
converter is illustrated in Fig. 4. To gain a better understanding 
of the system behavior, the link voltage and current are depicted 
in Fig. 5. Furthermore, the behavior of the proposed soft-
switching converter for each operating mode is shown in Fig. 
6.  

Within each cycle, there are six operating modes dedicated 
to the output power transfer and resonances, in addition to three 
modes for the input power transfer. The first input and output 
mode as well as input modes 2 and 3 are similar to those of the 
Zeta rectifier discussed in the preceding section (Figs. 6(a), (b), 
and (c)). 

In Figs. 5 and 6, for the link capacitor discharging modes, it 
is assumed that ����

���, the voltage reference of phase pair AB for 
the three-phase load, is positive and has the highest absolute 
value among the three-phase output line-to-line voltages. 
Conversely, the other line-to-line reference voltages, ����

��� and 

����
��� , are negative, with the absolute value of ����

���  being 

smaller than ����
���. The polarities and magnitudes of the output 

line-to-line voltages dictate the appropriate switching 
operations for each cycle at the output side. Regarding the input 

inductor charging modes, similar to the discussion for the 
rectifier case, the assumption is made that 
�

��� is positive and 
has the maximum absolute value. On the other hand, 
�

��� and 

�

��� are negative, with the absolute value of 
�
��� being smaller 

than 
�
���.  

In mode 1, all switches are in the off state, allowing the 
power to be transferred from the input inductor (Lin) to the link 
capacitor (Clink) through the output side antiparallel diodes. 
Once the link capacitor is fully charged, the appropriate 
switches are activated to finish this operating mode. After mode 
1, the first resonating mode (output mode 2) and the first input 
inductor charging mode (input mode 2) start simultaneously. 

During the first resonating mode, switches Q7 and Q11 are 
kept on establishing a resonating path for the link capacitor and 
its corresponding series inductor. As a result, the link current 
decreases gradually leading to turn of the antiparallel diode of 
Q12 off under ZCS (Fig. 6(d)). This mode continues until the 
link current reaches a value equal to -|IBo| (the second highest 
load current). 

In the first capacitor discharging mode, the energy stored in 
the link capacitor is transferred to the three-phase load through 
the switches Q7, Q11, and the antiparallel diode of Q9. When 
VBCo

average meets its reference value, this mode ends, and 
another resonating mode starts.  

During output mode 4, which is a resonating mode, both Q12 
and the antiparallel diode of Q9 are conducting, creating a 
resonance between Lresonance and Clink to help turn the diode off 
under ZCS (Fig. 6(f)). As a result, the link current gradually 
becomes more negative until it reaches -|IAo| (the highest load 
current).  

The last discharging mode is responsible for transferring the 
remaining energy stored in the link capacitor to the load with 
the load current |IAo|, which flows through switches Q7, Q11, and 
Q12 (Fig. 6(g)). The link voltage can become negative during 
the discharging modes with no issue. As long as Vin+Vlink is 
positive, the antiparallel diodes of the output switches will not 
become undesirably forward biased. Once the link voltage 
reaches -VAC, switch Q9 turns on to start the last resonating 
mode. 
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Fig. 3. Behavior of the non-isolated soft-switching three-phase Zeta rectifier during: (a) mode 1, (b) output mode 2 and input mode 2 (first charging mode), (c) 
output mode 3, (d) output mode 3 and input mode 3 (second charging mode), (e) output mode 4. 
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Fig. 5. Voltage and current waveforms of the link capacitor in the Zeta-based 
AC-AC converter. 

In the last resonating mode Lresonance and Clink resonate until 
the link current becomes equal to the input inductor current (Iin) 
to help turn off Q1 and Q6 under ZCS (Fig. 6(h)).  

It should be noted that the input inductor charging modes 
are similar to what was discussed in Part (A) for the Zeta-based 
rectifier and are controlled independently with the link 
discharging modes and resonating modes. 

III. SIMULATION AND EXPERIMENTAL RESULTS 

This section presents simulation and experimental results 
corresponding to the Zeta rectifier, Zeta-based AC-AC 
converter, and the Zeta inverter to validate the performance of 
the proposed universal converter. The parameters of the 
converter specific to each case are summarized in Table I. 

A. Zeta Rectifier 

Figures 7-10 represent the simulation results obtained for the 
proposed soft-switching Zeta rectifier. In Fig. 7, the voltage and 

current waveforms for the link capacitor are depicted, 
highlighting the capability of the converter to allow for a 
negative link voltage during a small portion of time. This feature 
enables the utilization of a small capacitor with a lower voltage 
rating compared to Ćuk-based universal converters. Fig. 8 
illustrates the input inductor voltage and current. The unfiltered 
input currents and the voltage and current waveforms of one of 
the switches, which verifies zero current turn off and soft turn-
on, are shown in Fig. 9. Fig. 10 demonstrates the DC voltage and 
the filtered three-phase input currents with a THD of 2.5%. 

B. Zeta-based AC-AC Converter 

Simulation results corresponding to the designed soft-
switching Zeta-based AC-AC converter are illustrated in Figs. 
11-15. The voltage and current of the link capacitor and input 
inductor are given in Figs. 11 and 12, respectively. Similar to 
the Zeta rectifier, the minimum value of the link voltage can be 
negative to reduce the link peak voltage compared to Ćuk-based 
AC-AC converters. Fig. 13 illustrates the unfiltered three-phase 
output voltages and input currents. The voltage and current 
waveforms of one of the input and output switches are shown 
in Fig. 14 to verify the zero current turn off and soft turn-on of 
the switches in this converter. Fig. 15 shows the output three-
phase filtered voltages with a THD of 2%, and the three-phase 
filtered input currents with a THD of 2.5%. 

C. Zeta Inverter 

A prototype of the proposed universal converter was 
fabricated and used to evaluate its performance, as shown in Fig. 
16. Experimental results for the three-phase Zeta inverter are 
presented in Fig. 17-20. Figs. 17 and 18 display the voltage and 
current waveforms for the link capacitor and the input inductor, 
respectively. The unfiltered output voltages with two different 
discharging modes are represented in Fig. 19. Finally, Fig. 20 
shows the filtered input DC current and the filtered output three-
phase voltages with a unity power factor.

TABLE I.  ZETA-BASED UNIVERSAL CONVERTER PARAMETERS 

 Link 
frequency 

Link 
capacitance 

Input 
inductance 

Power 
level 

Input line-to-line three-phase 
or DC Voltage amplitude  

Output line-to-line three-phase or 
DC Voltage amplitude 

Rectifier 30 kHz 200 nF 200 uH 2 kW 200 V 275 V 
AC-AC converter 30 kHz 200 nF 500 uH 1 kW 200 V 190 V 

Inverter 5 kHz 2 uF 500 uH 1 kW 90 V 110 V 
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Fig. 6. Behavior of the non-isolated soft-switching three-phase AC-AC Zeta converter during: (a) mode 1, (b) first inductor charging mode (input mode 2), (c) 
second inductor charging mode (input mode3), (d) first resonating mode (output mode 2), (e) first capacitor discharging mode (output mode 3), (f) second resonating 
mode (output mode 4), (g) second capacitor discharging mode (output mode 5), (h) third resonating mode (output mode 6). 

 
Fig. 7. Link capacitor voltage and current waveforms in the Zeta rectifier 
(simulation). 

 

Fig. 8. Input inductor voltage and current waveforms in the Zeta rectifier 
(simulation). 
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Fig. 9. Three-phase unfiltered input currents, and the scaled voltage and 
current waveforms of one of the switches in the Zeta rectifier (simulation). 

 

Fig. 10. Three-phase filtered input currents and output DC voltage in Zeta 
rectifier (simulation). 

 

Fig. 11.  Link capacitor voltage and current waveforms in Zeta-based AC/AC 
converter (simulation). 

 

Fig. 12. Input inductor voltage and current waveforms in Zeta-based AC/AC 
converter (simulation). 

 

Fig. 13. Three-phase unfiltered input currents and three-phase unfiltered output 
voltages in Zeta-based AC/AC converter (simulation). 

 

Fig. 14. The scaled voltage and current waveforms of the input and output 
switches in Zeta-based AC/AC converter (simulation) 

 

Fig. 15. Three-phase filtered input currents and three-phase filtered output 
voltages in Zeta-based AC/AC converter (simulation). 

 

Fig. 16. Experimental Setup. 
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Fig. 17. Link current and voltage for the Zeta inverter (Experimental). 

 

Fig. 18. Input inductor current and voltage for the Zeta inverter (Experimental). 

 

Fig. 19. Unfiltered three-phase voltages for the Zeta inverter (Experimental). 

 

Fig. 20. Filtered DC input current and filtered three-phase voltages for the Zeta 
inverter (Experimental). 

IV. CONCLUSION 

This paper presented a soft-switching Zeta-based universal 
converter that can be used as a rectifier, an AC-AC converter, 
or a three-phase inverter. Due to the elimination of the bulky 
electrolytic capacitors and the low-frequency transformers, the 
size and weight of the proposed converter are expected to be 
lower than traditional DC-link universal converters. 
Furthermore, compared to Ćuk-based universal converters, this 
topology has a lower link peak voltage. In this topology, the 
switches benefit from zero current turn-off and soft turn-on.  
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