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Soft-Switching AC-Link Three-Phase AC-AC Buck-

Boost Converter  

 

 

Abstract— In this paper, the soft-switching ac-link ac-ac buck-

boost converter will be studied in more detail. This single-stage 

converter, which is in essence an extension of the dc-dc buck-boost 

converter, can be an excellent alternative to dc-link converters. 

Being a buck-boost converter, this converter is capable of both 

stepping-up and stepping-down the voltage. The link current and 

voltage are both alternating and their frequency can be as high as 

permitted by the switches and the sampling time of the 

microcontroller. This eliminates the need for dc inductors or dc 

electrolytic capacitors, and the main energy storage element is an 

ac inductor (L). Moreover, in this converter galvanic isolation can 

be provided by adding a single-phase high frequency transformer 

to the link. Therefore, the proposed converter is expected to be 

more compact compared to the conventional dc-link converter. 

The other advantage of this converter is the soft-switching of the 

switches, which is feasible by adding a small capacitor (C) to the 

link.  In this paper, design and analysis of this converter will be 

studied in detail. In order to accurately analyze this converter, the 

effect of the LC link resonance on the performance of the 

converter will be studied. This analysis helps evaluating the 

performance of the converter at low power levels when the 

resonating time of the LC link is not negligible. Using this analysis, 

the link peak current and the link frequency may be calculated at 

any point of operation. The accuracy of this method is verified 

through simulations and experiments. Detailed comparison of the 

proposed converter with the dc-link converter will be also 

presented in this paper. It will be shown that despite having more 

switches, the current rating of the switches is lower in this 

converter. Moreover, the efficiency of the two converters will be 

compared. Finally, the performance of the soft switching ac-link 

ac-ac buck-boost converter is experimentally evaluated in this 

paper. It will be shown that the converter has the possibility of 

both changing the frequency and the voltage. Both step-up and 

step-down operations will be verified through experiments. 

 
Index Terms—Soft-switching, ac-ac converter, buck-boost 

converter, ac link, high frequency ac link, zero voltage turn on, 

galvanic isolation, high frequency ac transformer  
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I. INTRODUCTION 

Three-phase ac-ac converters are needed in a variety of 

applications, including wind power generation and variable 

speed drives. Different types of ac-ac converters have been 

proposed over the years. These converters can be classified as 

direct or indirect depending on their power conversion type. 

Matrix converters and cycloconverters are examples of the 

direct ac-ac converters; whereas the dc-link and the ac-link 

converters are classified as indirect ac-ac converters [1-4]. 

Cycloconverters and matrix converters have several limitations 

that hinder their widespread use in industry. Among these 

limitations are the poor input displacement, low input power 

factor, and limited output frequency in the cycloconverters, and 

the low output to input voltage ratio in the matrix converters.   

The dc-link converters are the most common type of ac-ac 

converters. This type of converters is formed by a three-phase 

boost rectifier and a three-phase buck inverter. Regardless of 

the type of the rectifier or the inverter, dc electrolytic capacitors 

are integral part of these converters. Electrolytic capacitors are 

very sensitive to temperature, and can cause severe reliability 

problems at higher temperatures. Therefore, converters that 

contain dc electrolytic capacitors have higher failure rates and 

shorter lifetimes compared to the other converters [5-7]. This is 

not the only problem with dc-link converters. In these 

converters galvanic isolation can be provided by three-phase 

low frequency transformers. Therefore, another limitation of 

the dc-link converters is the large size and the heavy weight of 

the low frequency transformers employed. 

Resonant ac-ac converters, which are classified as ac-link 

converters, have been proposed as an alternative to dc-link 

converters [8]. In [9], the parallel ac voltage resonant converter 

was proposed. The link in this converter is formed by a parallel 

LC pair resonating continuously.  Therefore, the passive link 

components need to have high reactive ratings and there is high 

power dissipation in the link. Moreover, the load inductance 

and capacitance can affect the link resonance. Hence, this type 

of converter is not suitable for all types of loads.  

Despite the superficial resemblance between the parallel ac 

voltage link converter proposed in [8, 9] and the proposed 

configuration here, the principles of the operation of the two 

converters are totally different. In [8, 9] the link is resonating 

all the time; whereas in the proposed converter the link 

resonates just for a short portion of time in each cycle. 
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Therefore, in [8, 9] both the link capacitor and the link inductor 

are required to allow the converter to operate properly; while in 

the proposed configuration the link capacitor may be removed 

and the converter can still operate. Apparently, no soft 

switching is offered when the capacitor is removed. The link 

current and voltage in [8, 9] are both sinusoidal, because the 

link resonates continuously. However, in the proposed 

configuration the link current is triangular and the link voltage 

is close to a square wave. In the parallel ac voltage link 

converter proposed in [8, 9], the terminals need to appear as 

current sources; therefore, inductors are placed at the terminals. 

However, in the proposed converter, similar to a buck-boost 

converter, we need voltage sources across the terminals. 

Other than the above mentioned configurations, several other 

three-phase ac-ac topologies have been proposed. Two of them, 

which have led to the proposed configuration and are both 

classified as dc-link converters, are studied here. A hard-

switching ac-ac buck-boost converter was proposed in [10]. 

This converter was an extension of the dc-dc buck-boost 

converter and was formed by twelve unidirectional switches. 

The link inductor current in this converter was dc and the 

switches had hard switching.  

A partial resonant topology with twelve unidirectional 

switches was proposed in [11]. This converter was a soft-

switching dc-link ac-ac buck-boost converter. Despite the high 

frequency of the link and the soft switching, this converter 

suffers from reduced utilization of the inductor due to the dc 

component of the link current, and also long quiescent resonant 

swing back time during which no power is transferred. 

In this paper, a soft-switching ac-link ac-ac buck-boost 

converter, is introduced, studied, analyzed and evaluated. In 

this converter, the link current and voltage are both alternating 

and their frequency can be very high. This eliminates the need 

for the dc electrolytic capacitors and the low frequency 

transformers. In case galvanic isolation is required, a single-

phase high-frequency transformer may be added to the link. The 

alternating link current and the short resonating modes of this 

converter solve the problems associated with the converter 

proposed in [11]. This topology was originally proposed in [12] 

and the present authors of this paper studied the principles of 

the operation and different applications of this converter in [13-

21]. In [18] and [19] the application of this converter in 

photovoltaic power generation was studied and the performance 

of the dc to ac and hybrid dc to ac configurations were 

experimentally evaluated. This paper, on the other hand, 

focuses on the design and analysis of the three-phase ac-ac 

configuration, especially the effect of the resonance on the 

performance of the converter at low power levels. Although the 

analysis of this converter was studied in [17], the proposed 

procedure was not experimentally verified. This paper 

evaluates the performance of the ac-ac converter through both 

simulations and experiments. The detailed experimental results 

corresponding to the ac-ac configuration are presented in this 

paper. As will be shown, an important feature of this ac-ac 

 

 

 
(a) dc-dc buck-boost converter  

 
(b) dc-dc ac-link buck-boost converter [20, 21] 

 
(c) bidirectional dc-dc ac-link buck-boost converter [20, 21] 

 
(d)  bidirectional ac-ac ac-link buck-boost converter [20, 21] 

 
(e) Soft-switching bidirectional ac-ac ac-link buck-boost converter 

[12] 

 
(f) Soft-switching bidirectional ac-ac ac-link buck-boost converter with 

galvanic isolation [12] 

Fig. 1 The evolution of the soft switching ac-ac ac-link buck-boost converter [20, 21] 
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converter is the capability of the converter to control the input 

power factor. This feature will be verified here. Moreover, the 

efficiency and the switch current rating of this converter and the 

dc-link converter are compared in this paper. These two 

converters have not been compared before. 

II. BRIEF OVERVIEW ON PRINCIPLES OF OPERATION 

Fig. 1 represents the evolution of the soft-switching ac-link 

ac-ac buck-boost converter. The steps taken to form this 

converter from the basic dc-dc converter are illustrated in this 

figure. Fig. 1 (a) represents the simple dc-dc buck-boost 

converter. It is clear that switches S2, S3, S4, and the bottom 

diode are not necessarily needed. Assuming this converter 

operates at the boundary of the continuous and discontinuous 

conduction modes, by adding four other switches (switches S5-

S8), as illustrated in Fig. 1 (b), the current of the link may 

become alternating. In this converter, during the first half cycle 

of the link, switches S1-S4 are involved and converter operates 

similar to the converter shown in Fig. 1 (a). During the second 

half cycle of the link, switches S5-S8 are involved and the link 

charges and discharges in a negative direction. Adding eight 

other switches makes it possible for the converter to have a 

bidirectional flow of power. This configuration is shown in Fig. 

1 (c). By adding more legs to the input and output switch-

bridges, the ac-link ac-ac buck-boost converter, represented in 

Fig. 1 (d), is formed. By adding a small capacitor to the link, 

the converter can provide soft-switching as well. The soft 

switching ac-link ac-ac buck-boost converter is shown in Fig. 1 

(e). As mentioned earlier, the converter can provide galvanic 

isolation by adding a single-phase high frequency transformer 

to the link [12]. This transformer may be designed such that its 

magnetizing inductance plays the role of the link inductor, as 

shown in Fig. 1 (f).  In practice, when the transformer is added, 

the link capacitor needs to be split into two capacitors placed at 

the primary and the secondary of the transformer. This is due to 

the leakage inductance of the transformer, the current of which 

cannot change instantaneously. Since the principles of the 

operation of the galvanically isolated and non-galvaically 

isolated converters are the same, in this paper, the main focus 

will be on the original configuration, which is shown in Fig. 1 

(e). 

Similar to the dc-dc buck-boost converter, this converter 

transfers power entirely through the link inductor. The link is 

charged through the input phase pairs and then discharged into 

the output phase pairs. Charging and discharging take place 

alternately. The frequency of charge/discharge is called the link 

frequency and is typically much higher than the input/output 

line frequencies. Between each charging and discharging, there 

is a resonating mode during which none of the switches conduct 

and the LC link resonates to facilitate the zero voltage turn-on 

and the soft turn-off of the switches. Due to the existence of the 

bidirectional switches, charging and discharging of the link in a 

reverse direction is feasible, leading to an alternating link 

current. The alternating link current results in better utilization 

of the inductor. 

In an ac-ac converter, there are three input phases and one 

link to be charged through these input phases. In order to have 

more control on the currents, close to unity or desired Power 

Factor (PF) at the input, and minimized harmonics, the link 

charging mode is split into two modes. Although there are three 

phase-pairs in a three-phase system, considering the polarity of 

the current in each phase, only two of these phase-pairs can 

provide a path for the current when connected to the link. 

Similarly, the link discharge can be split into two modes. Again 

between each charging or discharging mode there is a 

resonating mode, which facilitates the zero voltage turn-on of 

the switches. 

During the first half cycle of the link, the inductor is charged 

and discharged in the positive direction, and during the second 

half cycle of the link, it is charged and discharged in a negative 

direction. Each link cycle is divided into 16 modes, with 8 

power transfer modes and 8 partial resonant modes taking place 

alternately. The link is energized from the input phase pairs 

during modes 1, 3, 9 and 11, and it is de-energized to the output 

phase pairs during modes 5, 7, 13 and 15. Before the start of 

mode 1 the incoming switches, the input switches which are 

supposed to conduct during modes 1 and 3, are turned on; 

however, they do not conduct immediately since they are 

reverse biased. Once the link voltage, which is resonating 

before mode 1, becomes equal to the maximum input line-to-

line voltage, proper switches are forward biased initiating mode 

1. The link charges until the current of one of the input-side 

phases averaged over a cycle time, meets its reference value. 

The conducting switch at that leg is then turned off. During 

mode 2 none of the switches conduct and the link resonates until 

its voltage becomes equal to that of the input phase pair having 

the second highest voltage. This is the phase pair the link 

charges next from. At this point, the proper switches are 

forward biased initiating mode 3, during which the link 

continues charging in the positive direction. The link charges 

until current of another input phase averaged over the cycle 

time, meets its reference value.  All the input switches are then 

turned off initiating another resonating mode. During mode 4, 

the behavior of the circuit is similar to that of mode 2 and the 

link voltage decreases until it reaches zero. At this point the 

output switches that are supposed to conduct during modes 5 

and 7 are turned on; however being reverse biased they do not 

conduct. Once the link voltage, which is negative at this point, 

becomes equal to the output phase-pair which is supposed to be 

charged from the link, the proper switches will be forward 

biased and they start to conduct initiating mode 5. During mode 

5 the link is discharged and once the current of one of the output 

phases averaged over the cycle meets its reference, the 

conducting switch on that leg is turned off. During mode 6 the 

link is allowed to swing to the voltage of the other output phase 

pair chosen during Mode 4. During mode 7, the link discharges 

to the selected output phase pair until there is just sufficient 

energy left in the link to swing to a predetermined voltage 

(Vmax) which is slightly higher than the maximum input and 

output line to line voltages. At the end of mode 7 all the 

switches are turned off allowing the link to resonate during 

mode 8. Modes 9 through 16 are similar to modes 1 through 8, 

except that the link charges and discharges in the reverse 

direction. Fig. 2 depicts the link voltage, the link current and the 

unfiltered currents. Detailed study of different modes of 

operation can be found in [20]. 

In this converter, the switches which are supposed to be 

turned on during modes 4 and 8 are determined according to the 

current references. During mode 4, three switches at the output-
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side are turned on. The polarity of the output current references 

and also the link current determine the switches that need to be 

turned on. These switches should provide the desired polarity 

of the current at the output and also provide the proper polarity 

of the link current. At each cycle there are only three switches 

that satisfy the desired conditions. Assuming the positive 

direction in the output phases is from left to right and the 

positive link current is from top to bottom, for positive currents 

at the output phase “a” and link inductor and negative currents 

at output phases “b” and “c”, switches S13, S14, and S15 need 

to be turned on. A similar method is used during mode 8 to turn 

on the proper switches at the input-side. The input-side current 

references indicate the power factor as well. Turning on the 

switches according to the current references, guaranties that the 

desired power factor would be provided. 

 
Fig. 2 Link voltage, link current and unfiltered currents during modes 1-16 

 

The output current references are usually given or can be 

derived from the required load power. The input current 

references may be determined using the required load power 

and estimating the power losses.  

In this converter, the average current control method is used. 

The switches corresponding to each input phase are turned off 

when the average of the unfiltered current in that phase meets 

the average of its reference, and once this happens the average 

of the current in that phase and also the average of the reference 

current corresponding to that phase will be both reset. Similarly, 

the output-side switches are turned off when the average of the 

unfiltered phase currents meet their references (mode 5) or 

when there is just enough energy left in the link to allow the 

link voltage to swing to Vmax (mode 7). Fig. 3 shows the input 

side unfiltered currents, their references and the average of the 

phase currents and their references in one link cycle.  

Fig. 4, Summarizes the control algorithm. 

As mentioned earlier by using the estimated input power, the 

input current references are calculated and the link will be 

charged just as much as needed to meet the output current 

references. The other method (modified control method) is to 

charge the link more than it is needed by using a minimum 

efficiency value like 80% to estimate the input power. Similar 

to the original method, in this method the link will be charged 

from the input side during modes 1 and 3, and it will be 

discharged into the output phase pairs during modes 5 and 7. As 

mentioned earlier, in the original control method mode 5 is over 

when the current of one of the output phases meets its reference; 

whereas mode 7 is over when the link is almost discharged and 

there is just enough energy left in the link to swing to a 

predetermined voltage. In the modified control method, mode 7 

will be also over when the current of another output phase meets 

its reference. This way, there will be some energy left in the link 

because the link has been charged more than what was needed. 

Therefore, after mode 7 the remaining energy needs to be 

discharged back into the input side during some additional 

modes (modes 9-12).  The input phase pairs that were involved 

in charging the link will be involved in discharging it as well. 

Once the link is fully discharged, the second half cycle of the 

link starts by charging the link.  By using this control method 

there is no need to estimate the input side currents, and the 

control is closed-loop.  

 
Fig. 3 Average current control in soft-switching ac-link ac-ac buck-boost 

converter: references of the unfiltered input currents, unfiltered input currents, 

and the average of the unfiltered currents and their references 

III. DESIGN AND ANALYSIS 

To simplify the design procedure, the resonating time, which 

is much shorter than the power transfer time at full power, will 

be neglected. Moreover, charging and discharging are each 

assumed to take place in one equivalent mode, instead of two 

modes during each power cycle (each link cycle contains two 

power cycles). For this, the link is assumed to be charged 

through a virtual source with the input equivalent current and 

voltage. In a similar manner, the link is assumed to be 

discharged into a virtual load with the output equivalent current 

and voltage. Because the phase carrying the maximum input 

current is involved in the energizing of the link during both 

modes 1 and 3 and similarly, the phase carrying the maximum 

output current is involved in the de-energizing of the link during 

both modes 5 and 7, the input and output equivalent currents in 

this converter can be calculated as follows: 

𝐼𝑖−𝑒𝑞 =
3𝐼𝑖,𝑝𝑒𝑎𝑘

𝜋
      (1) 

𝐼𝑜−𝑒𝑞 =
3𝐼𝑜,𝑝𝑒𝑎𝑘

𝜋
      (2) 
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Where Ii,peak and Io,peak are the input and output peak phase 

currents. It can be shown that input and output equivalent 

voltages are equal to: 

𝑉𝑖−𝑒𝑞 =
𝜋𝑉𝑖,𝑝𝑒𝑎𝑘

2
cos 𝜃𝑖     (3) 

𝑉𝑜−𝑒𝑞 =
𝜋𝑉𝑜,𝑝𝑒𝑎𝑘

2
cos 𝜃𝑜     (4) 

Where Vi,peak, Vo,peak, cos(θi), and cos(θo) are the input peak 

phase voltage, the output peak phase voltage, the input power 

factor, and the output power factor, respectively. 

Fig. 5 represents one cycle of the link current as considered 

for the design. The following equations describe the behavior 

of the circuit during the charging and discharging of the link: 

𝐼𝐿𝑖𝑛𝑘,𝑝𝑒𝑎𝑘 =
𝑉𝑖−𝑒𝑞𝑡𝑐ℎ𝑎𝑟𝑔𝑒

𝐿
    (5) 

𝐼𝐿𝑖𝑛𝑘,𝑝𝑒𝑎𝑘 =
𝑉𝑜−𝑒𝑞𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐿
   (6) 

In (5) and (6) ILink,peak , tcharge, and tdischarge represent the link peak 

current, the total charge time during modes 1 and 3, and the total 

discharge time during modes 5 and 7, respectively. Equations 

(5) and (6) determine the relationship between the charge time 

and discharge time as follows: 

𝑡𝑐ℎ𝑎𝑟𝑔𝑒 =
𝑉𝑜−𝑒𝑞𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑉𝑖−𝑒𝑞
      (7) 

It can be shown that the peak of filtered input and output 

currents determine the link peak current as follows [17]: 

𝐼𝐿𝑖𝑛𝑘,𝑝𝑒𝑎𝑘 = 2𝐼𝑖−𝑒𝑞 (1 +
𝑉𝑖−𝑒𝑞

𝑉𝑜−𝑒𝑞
) = 2(𝐼𝑖−𝑒𝑞 + 𝐼𝑜−𝑒𝑞)    (8) 

The frequency of the link, f, can be chosen based on the 

power rating of the system and the characteristics of the 

available switches. The link frequency is also limited by the 

sampling time of the microcontroller. There should be enough 

number of samples in each power transfer mode; otherwise the 

controller cannot properly regulate the currents. In order to 

properly regulate the currents, at least two samples in each 

charging or discharging mode should be read. Once the link 

frequency is chosen, the following equation determines the 

inductance of the link: 

𝐿 =
𝑃

𝑓(𝐼𝐿𝑖𝑛𝑘,𝑝𝑒𝑎𝑘
2 )

   (9) 

where P is the rated power.  

Link capacitance is chosen such that the resonating periods 

are retained within a small percentage of the link cycle. Since 

no power is transferred during the resonating time, the 

resonating modes must be kept as short as possible: 
1

2𝜋√𝐿𝐶
≫ 𝑓      (10) 

As mentioned earlier, the resonating time is normally 

negligible at full power. At lower power levels, the power 

transfer time (energizing and de-energizing time) is usually 

shorter than the power transfer time at full power, whereas the 

resonating time is almost constant. Therefore, the resonating 

time cannot be neglected at low power levels. Fig. 6 shows the 

link voltage and current over one cycle, assuming the 

resonating time is not negligible. 

If the resonating time is negligible, (8) and (9) may be used 

to calculate the link peak current and the link frequency at 

different power levels. However, when the resonating time 

cannot be neglected the analysis will be more complicated. 

Considering the principles of operation, the link current at the 

end of the de-energizing mode (I4 in Fig. 6) can be calculated 

by: 

𝐼4 = √
𝐶

𝐿
(𝑉𝑚𝑎𝑥

2 − 𝑉𝑜,𝑒𝑞
2 )      (11) 

Vmax, as explained in the principles of operation, is an 

optional value slightly higher than the maximum input and 

output line-to-line voltages, whichever is higher. This value 

should not be much higher than the peak of the input and output 

line-to-line voltages, because the higher Vmax is, the longer the 

resonating time during mode 8 will be. Since no power is 

transferred during this mode, it needs to be kept as short as 

possible. A reasonable value for Vmax may be 15% more than 

the maximum peak of the input or output line-to-line voltage 

(whichever is higher). 

 
Fig. 4 Block diagram of the control Scheme 
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Fig. 5 One cycle of the link current as simplified for the design procedure 

Solving the resonant LC circuit during the time period t1 

(resonating mode that occurs after the de-energizing and before 

the energizing modes), I1 (link current at the beginning of the 

energizing mode) and t1 can be calculated as follows: 

𝐼1 = √(𝐼4
2 + (

𝑉𝑜,𝑒𝑞

𝐿𝜔𝑟
)

2
− (

𝑉𝑖,𝑒𝑞

𝐿𝜔𝑟
)

2
)    (12) 

𝑡1 =
1

𝜔𝑟
(𝜋 + TAN−1 (

𝐼1𝐿𝜔𝑟

𝑉𝑖,𝑒𝑞
) − 𝜋 + TAN−1 (

𝐼4𝐿𝜔𝑟

𝑉𝑜,𝑒𝑞
)) =

1

𝜔𝑟
(TAN−1 (

𝐼1𝐿𝜔𝑟

𝑉𝑖,𝑒𝑞
) + TAN−1 (

𝐼4𝐿𝜔𝑟

𝑉𝑜,𝑒𝑞
))  (13) 

In the above equations, ωr is the resonance angular frequency 

that can be calculated by: 

𝜔𝑟 =
1

√𝐿𝐶
      (14) 

 
Fig. 6 The link voltage and current over one cycle when the resonating time is 

not negligible 

 

In order to find the link peak current and the link frequency, 

first the current at the end of the energizing mode (I2), the 

current at the beginning of the de-energizing mode (I3), the 

resonating time after the energizing mode and before the de-

energizing mode (t2), and the total energizing and de-energizing 

time should be determined. Five other equations should be 

solved to determine I2, I3, t2, tcharge, and tdischarge. These equations 

are as follows: 

𝑉𝑖,𝑒𝑞 = 𝐿
𝐼2−𝐼1

𝑡𝑐ℎ𝑎𝑟𝑔𝑒
      (15) 

𝑉𝑜,𝑒𝑞 = 𝐿
𝐼3−𝐼4

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
     (16) 

𝐼𝑖,𝑒𝑞 =
𝑡𝑐ℎ𝑎𝑟𝑔𝑒

2(𝑡𝑐ℎ𝑎𝑟𝑔𝑒+𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒+𝑡1+𝑡2)
(𝐼2+𝐼1)    (17) 

𝐼𝑜,𝑒𝑞 =
𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

2(𝑡𝑐ℎ𝑎𝑟𝑔𝑒+𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒+𝑡1+𝑡2)
(𝐼3+𝐼4)        (18) 

𝑡2 =
1

𝜔𝑟
(𝜋 − TAN−1 (

𝐼3𝐿𝜔𝑟

𝑉𝑜,𝑒𝑞
) − TAN−1 (

𝐼2𝐿𝜔𝑟

𝑉𝑖,𝑒𝑞
))  (19) 

Once these equations are solved, ILink,peak and f can be 

calculated as follows: 

𝐼𝐿𝑖𝑛𝑘,𝑝𝑒𝑎𝑘 = √(𝐼2
2 + (

𝑉𝑖,𝑒𝑞

𝐿𝜔𝑟
)

2
)    (20) 

𝑓 =
1

2(𝑡𝑐ℎ𝑎𝑟𝑔𝑒+𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒+𝑡1+𝑡2)
    (21) 

It can be shown that by decreasing the power level, the link 

peak current decreases, whereas the link frequency increases. 

The maximum link frequency, which occurs at zero power, is 

equal to the resonant frequency, which is equal to 
1

2𝜋√𝐿𝐶
. Fig. 7 

represents the link peak current and the link frequency 

variations vs. power. 

 
Fig. 7 Link peak current and link frequency variations vs. power in the 

designed 1.5 kW ac-link converter 

IV. COMPARISON OF THE SOFT-SWITCHING AC-LINK AC-AC 

BUCK-BOOST AND THE CONVENTIONAL DC-LINK CONVERTERS 

As mentioned earlier, the proposed converter is an excellent 

alternative to conventional dc-link converters. In this section 

the two converters are quantitatively compared. First, the 

current rating of the switches in these converters are determined 

and compared. The peak current of each switch in the proposed 

converter is equal to the link peak current and the average 

current of the input and output switches are as follows: 

𝐼𝑆𝑊−𝐼𝑛𝑝𝑢𝑡 =
1

2𝜋
𝐼𝑖,𝑝𝑒𝑎𝑘         (22) 

𝐼𝑆𝑊−𝑂𝑢𝑡𝑝𝑢𝑡 =
1

2𝜋
𝐼𝑜,𝑝𝑒𝑎𝑘     (23) 

Therefore, the average current of the switches in this converter 

are half the average current of the switches in the dc-link 

converter.  

Another important criterion based on which these converters 

may be compared, is the efficiency. The main sources of power 

dissipation in the soft-switching ac-link ac-ac buck-boost 

converter are the conduction loss of the switches, the link 

inductor copper loss, and the link inductor core loss. Switches 

S0–S5 at the input side and S12–S17 at the output side may 

conduct only during the half cycles that that the link current is 

positive. Switches S6–S11 and S18–S23 may conduct during 

the half cycles that the link current is negative. Therefore, the 

conduction loss of each switch at the input side and at the output 

side may be estimated as follows: 

(0≤m≤11)    𝑃𝑆𝑚 =
1

𝑇
∫ (𝑉𝐶𝐸(𝑠𝑎𝑡)𝑖𝑆(𝑡)𝑑𝑡)

𝑇

0
= 𝑉𝑇𝑂,𝑆𝐼𝑆𝑖,𝑎𝑣𝑔 +

𝑟𝑇,𝑆𝐼𝑆𝑖,𝑟𝑚𝑠
2 =

1

2𝜋
𝐼𝑖,𝑝𝑒𝑎𝑘𝑉𝑇𝑂,𝑆 +

1

4
𝑟𝑇,𝑆𝐼𝑖𝑛,𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑,𝑟𝑚𝑠

2      (24) 

(12≤m≤23)    𝑃𝑆𝑚 =
1

𝑇
∫ (𝑉𝐶𝐸(𝑠𝑎𝑡)𝑖𝑆(𝑡)𝑑𝑡)

𝑇

0
= 𝑉𝑇𝑂,𝑆𝐼𝑆𝑜,𝑎𝑣𝑔 +

𝑟𝑇,𝑆𝐼𝑆𝑜,𝑟𝑚𝑠
2 =

1

2𝜋
𝐼𝑜,𝑝𝑒𝑎𝑘𝑉𝑇𝑂,𝑆 +

1

4
𝑟𝑇,𝑆𝐼𝑜𝑢𝑡,𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑,𝑟𝑚𝑠

2  (25) 

In the above equations, iS(t), VCE(sat), VTO,S, rT,S , ISi,rms, ISo,rms, 

ISi,avg, ISo,avg, , Iin,unfiltered,rms , Iout,unfiltered,rms, are the IGBT 

instantaneous current, IGBT collector emitter saturation 

voltage, IGBT threshold voltage, IGBT series resistance, the 
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input-side switch rms current, output-side switch rms current, 

the input-side switch average current, the output-side switch 

average current, the rms of the input-side unfiltered current, and 

the rms of the output-side unfiltered current, respectively. 

Given that the current passing each IGBT is equal to the current 

passing the anti-parallel diode of the IGBT placed in series with 

that IGBT, the total conduction loss in this converter is equal 

to: 

𝑃𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
6

𝜋
(𝐼𝑖,𝑝𝑒𝑎𝑘 + 𝐼𝑜,𝑝𝑒𝑎𝑘)(𝑉𝑇𝑂,𝑆 + 𝑉𝑇𝑂,𝐷) +

3(𝐼𝑖𝑛,𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑,𝑟𝑚𝑠
2 + 𝐼𝑜𝑢𝑡,𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑,𝑟𝑚𝑠

2 )(𝑟𝑇,𝑆 + 𝑟𝑇,𝐷)  (26) 

Where, VTO,D and rT,D are the diode threshold voltage and 

series resistance, respectively.  

When using reverse blocking IGBTs, the conduction losses 

may become almost half, as the bidirectional switches may be 

formed by placing two IGBTs in parallel instead of series. In 

this case the conduction losses may be estimated by the 

following equation: 

𝑃𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛_𝑅𝐵 =
6

𝜋
(𝐼𝑖,𝑝𝑒𝑎𝑘 + 𝐼𝑜,𝑝𝑒𝑎𝑘)(𝑉𝑇𝑂,𝑆) + 3(𝐼𝑖𝑛,𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑,𝑟𝑚𝑠

2 +

𝐼𝑜𝑢𝑡,𝑢𝑛𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑,𝑟𝑚𝑠
2 )(𝑟𝑇,𝑆)  (27) 

A 1.5 kW soft-switching ac-link ac-ac buck-boost converter 

was designed, and its parameters are listed in Table 1. The link 

capacitance can be much smaller, e.g. 100 nF; however, due to 

the limitations that we had for experimental evaluation of the 

converter, a 400 nF link capacitor was chosen. In the prototype 

a microcontroller is used for implementing the control 

algorithm, considering the noticeable calculation time, and to 

satisfy the soft switching of the switches and also to avoid 

damaging the link capacitor, a bigger link capacitance was 

chosen. 

In the low-power prototype that was fabricated Magnetics 

Molypermalloy Powder (MPP) cores were used for the link 

inductor. For the selected cores, the copper loss and the core 

loss are calculated as follows [22]: 

𝑃𝐶𝑜𝑝𝑝𝑒𝑟 = 0.0376 ∗ 𝐼𝐿𝑖𝑛𝑘,𝑃𝑒𝑎𝑘
2     (28) 

𝑃𝐶𝑜𝑟𝑒 = 8.57 ∗ 10−6 ∗ 𝑓 
1.65    (29) 

The copper loss increases by increasing the power level; 

whereas the core loss decreases by increasing the power level. 

Fig. 8 shows the efficiency of the designed converter over a 

range of power. In this figure, the efficiency of a 1.5 kW dc-

link converter with the same input and output specifications as 

the ac-link converter is shown as well. The link voltage in the 

dc-link converter is 470 V. Depending on the switching 

frequency and the characteristics of the switches in the dc-link 

converter, the efficiency of this converter may be higher or 

lower than the proposed converter. In Fig. 8 the efficiency of 

the dc-link converter with 4 kHz and 8 kHz switching 

frequencies are shown.  The efficiency of the dc-link converter 

with 4 kHz switching frequency is higher than that of the 

proposed converter. However, by increasing the switching 

frequency to 8 kHz, the efficiency of the dc-link converter will 

become lower.  

V. SIMULATION AND EXPERIMENTAL RESULTS 

In this part the performance of the soft-switching ac-link ac-

ac buck-boost converter will be evaluated through simulations 

and experiments. A low power converter with the parameters 

listed in Table 1 is designed.  

This converter was simulated in PSim and Figs. 9-13 

represent the results. Fig. 9 shows the input current and voltage 

when the converter operates at 450 W. As seen in this figure the 

input current and voltage are about 25 degrees apart. As 

mentioned earlier one of the advantages of this converter and 

the proposed control algorithm is the possibility of controlling 

the input power factor. In this simulation we have controlled the 

unfiltered current such that it is in phase with the phase voltage. 

However, the input filter capacitor, which is 40 µF, causes the 

filtered current to be phase shifted from the unfiltered current. 

To show that the input power factor can be controlled, in Fig. 

10 the simulation is repeated but this time the input current is 

regulated such that the filtered current is in phase with the 

voltage. 

 

 
Fig. 8 Efficiency of the dc-link and soft-switching ac-link converters 

It should be noted that the filtered currents are referred to the 

sinusoidal currents passing the filter inductors, whereas the 

unfiltered currents are the discontinuous currents at the 

terminals of the converter as shown in Fig.2. Fig. 11 represents 

the output voltage and current. Since the load is resistive the 

output power factor is unity, too. Fig. 12 depicts the link current 

 
Fig. 9 The input-side current and scaled voltage when the 

current is regulated such that the unfiltered current is in-
phase with the input voltage (filtered current and voltage 

have phase shift) 

 

 
Fig. 10 The input-side current and scaled voltage 

when the current is regulated such that the 
filtered current is in-phase with the input voltage 

 

 
Fig. 11 The output-side current and scaled 

voltage 
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and voltage. The link peak current varies between 14 A and 14.7 

A. Therefore, the average of the link peak current is about 14.3 

A. This value is much higher than the value calculated by (8). 

This is due to the high link capacitance. A lower link 

capacitance is always more desirable in this converter. Since no 

power is transferred during the resonance, the resonating time 

should be kept as short as possible. However, in practice we 

have to make sure that the proper switches are turned on before 

they are forward biased; otherwise the switches will have hard 

switching. Therefore, the sampling time of the microcontroller 

should be shorter than the length of mode 4, which is 

approximately equal to t2, and may be calculated from (19). By 

optimizing the control code and using a faster microcontroller, 

the sampling time of the microcontroller may be decreased and 

a lower link capacitance can be chosen. Fig. 13 shows the link 

current and voltage when the link capacitance is decreased to 

20 µF.  The link current in this case has dropped to 11.55 A. 

This value is very close to the value calculated by (8), which is 

11.74 A. 

 
Fig. 12 the link current and scaled link voltage 

 
Fig. 13 the link current and scaled link voltage when using 20 µF link 

capacitance 

 

A low power prototype with the same specifications as listed 

in table 1 has been fabricated. Fig. 14 represents the input 

current and voltage when the converter is operating at 450 W. 

As seen in this figure the input current and voltage are not in 

phase. Again the converter is controlled such that the unfiltered 

current is in phase with the voltage. Considering that the 

frequency of the unfiltered phase currents is twice the frequency 

of the link, the cut-off frequency of the filters can be very high 

and the filter inductance and capacitance can be small in this 

converter. The first limitation of the filter inductance (Lf) and 

filter capacitance (Cf) is as follows: 
1

2𝜋√𝐿𝑓𝐶𝑓
< 2𝑓          (30) 

The filter capacitance may be chosen such that the rms of the 

current passing through the filter capacitor is just a small 

percentage of the rms of the phase current. Once the filter 

capacitance is determined, the filter inductance may be chosen 

using (30). The filter components are expected to be small in 

this converter, because the link frequency is high.  

However, the three-phase ac voltage source used in this test 

was highly distorted by low frequency harmonics, including the 

5th harmonic. In order to attenuate the low frequency harmonics 

of the current, which are generated by the same order harmonics 

of the voltage, a high inductance filter was chosen at the input 

(15 mH). The input current with 1 mH input filter inductance is 

shown in Fig. 15. As seen in this figure, the current contains the 

low frequency harmonics.   

Fig. 16 represents the load current and voltage. Similar to the 

simulations, a three-phase resistive load is used. In this test both 

the input and output frequencies are 60 Hz. To show the 

capability of the converter in changing the frequency, the test 

was repeated and the output frequency was set at 30 Hz while 

the frequency of the input voltage/current was still 60 Hz. Fig. 

17 shows the output current/voltage corresponding to this case.  

The link current and voltage are depicted in Fig. 18. The link 

peak current and the link frequency are 14.2 A and 3.1 kHz, 

respectively. These values are very close to the values achieved 

through the simulation. Using the method introduced in section 

III for calculating the accurate values of the link peak current 

and the link frequency, these parameters are determined as 14.3 

A and 3.1 kHz, respectively. This verifies the accuracy of the 

method proposed in section III. In this test the sampling 

frequency is 200 kHz. 

 

 
Fig. 14 input current (2 A/div) and voltage (100 V/div) in step-down operation 

and with 15 mH input filter inductance (experiment), time scale: 5 ms/div 

 

 
Fig. 15 Input current (2 A/div) and voltage (100 V/div) in step-down 

operation and with 1 mH input filter inductance (experiment), time scale: 4 
ms/div 

 

 
Fig. 16 The load current (2 A/div) and voltage (50 V/div) in step-down 

operation (experiment, time scale: 5 ms/div 
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To verify the experimental results, the simulation was 

repeated by including the low-frequency harmonics in the input 

voltage source model. Fig. 19 shows the input-side current 

when 1 mH inductors are used at the input. The link 

current/voltage and the load current are not affected, because in 

this converter only the unfiltered currents are measured and 

used by the controller. The input current in the same system 

with a 15 mH input filter inductance is depicted in Fig. 20.   

 

 
Fig. 17 Load current (2 A/div) and voltage (50 V/div) when the frequency is 

set at 30 Hz (experimental results), time scale: 5 ms/div 

 
Fig. 18 Link current (10 A/div) and voltage (100 V/div) in step-down 

operation, time scale: 50 µs/div 

 

 
Fig. 19 The input-side current when the input voltage is polluted by low-

frequency harmonics and 1 mH filter inductance is used (Simulation) 

 
Fig. 20 The input-side current when the input voltage is polluted by low-

frequency harmonics and 15 mH filter inductance is used (Simulation) 

 

In Figs. 14-20 the peak of the input voltage is higher than the 

peak of the output voltage. Therefore, the converter is stepping 

down the voltage. Figs. 21-23 illustrate the experimental results 

corresponding to the step-up operation of the converter with 70 

V input and 120 V output voltages.  The input current/ 

voltage, the output current/voltage, and the link current/voltage 

corresponding to this case are shown in these figures.  

To validate the method proposed in section III, the measured 

link peak current and frequency at two different power levels 

are compared with the values achieved through the simulation 

and analysis. These values are compared in Table 2. As seen in 

this table, the proposed method is accurate and its error is less 

than 3%.  

Fig. 24 verifies the zero voltage turn-on of the switches. This 

figure depicts the current passing an output-side bidirectional 

switch (S12+S18) and the voltage across this bidirectional 

switch. The switch voltage here shows –VCE of the conducting 

switch; therefore, when this voltage is positive the conducting 

switch is reverse biased. As seen in this figure, this switch does 

not conduct before its voltage reaches zero. 

The measured efficiency and the calculated efficiency of the 

converter with the parameters listed in Table 1, is depicted in 

Fig. 25.  

 

 
Fig. 21 The input current (2 A/div) and voltage (100 V/div) in boost operation 

(Experiment), time scale: 5 ms/div 

 

 
Fig. 22 The load current (1 A/div) and voltage (50 V/div) in boost operation 

(Experiment), time scale: 5 ms/div 

 

 
Fig. 23 The link current (10 A/div) and voltage (100 V/div) in boost operation 

(Experiment), time scale: 50 µs/div 

 

 
Fig. 24 Current passing switches S12 and S18 (10 A/div), voltage across 

S12+S18 (100 V/div), and the link current (10 A/div), time scale: 20 µs/div 
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TABLE 1 PARAMETERS OF THE CONVERTERS 

Parameter Value/ Part number 

Input Voltage 140 V 

Output Voltage 92 V 

Input side filter inductance 1 mH and 15 mH 

Input side filter capacitance 40 µF 

Output side filter inductance 556 µH 

Output side filter capacitance 20 µF 

IGBT 
IRG7PH42UDPBF-ND: 

VCES=1200 V, IC=45 A 

AC-Link Converter 

Link inductance 880 µH 

Link Capacitance 700 nF 

DC-Link Converter 

Link Capacitance 200 µF 

 
 

This new class of power converters does not have any 

limitations on the load type. A 30 kW soft-switching ac-link dc-

ac buck-boost inverter with the specifications listed in [19], was 

used to drive a 20 hp induction motor operating at no load 

condition. Fig. 26 shows the stator current and line to line 

voltage when the speed of the machine is low. The load 

frequency is 8 Hz in this case.  

The experimental results of the same inverter connected to 

the grid were published in [19]. Fig. 27 shows the load current 

and line-to-neutral voltage when the inverter is running at 25 

kW. As discussed in [19], the load current contains some low 

frequency harmonics the source of which is the low frequency 

components of the grid voltage. Due to the existence of 

nonlinear loads the grid voltage is polluted by low frequency 

harmonics. 

 

 
Fig. 25 Efficiency of the proposed converter 

 

 

 
Fig. 26 Stator current and line-to-line voltage when the soft-switching ac-link 
dc-ac buck-boost inverter drives an induction motor (voltage: 200V/div scale, 

current: 10A/div, time: 5 ms/div) 

 
 

 

 

TABLE 2 SUMMARY OF ANALYSIS, SIMULATION AND EXPERIMENTAL 

RESULTS 

Case Parameter Analysis Simulation Experiment 

Pin=450W, 
Vin=140, Vo=92 

ILink 14.3 A 14.3 A 14.2 A 

FLink 3.1 kHz 3.1 kHz 3.1 kHz 

Pin=250 W, Vin= 
140, Vo=92 

ILink 10.3 A 10.2 A 10.7 A 

FLink 4.4 kHz 4.5 kHz 4.4 kHz 

 
 

 
Fig. 27 Load current (20 A/ division) and line-to-neutral voltage (200 

V/division) of the grid-tied soft-switching ac-link dc-ac buck-boost inverter 

running at 25 kW, time scale: 5 ms/div 

VI. CONCLUSION 

This paper presented detailed design and analysis of the soft-

switching ac-link ac-ac buck-boost converter. The performance 

of the converter at low power levels, when the resonance of the 

link is not negligible, was studied and a method was proposed 

for calculating the link peak current and the link frequency at 

these power levels. It was shown that the link peak current 

decreases by decreasing the power level; whereas the link 

frequency increases by decreasing the power level. This 

converter is expected to be an excellent alternative to the 

conventional dc-link converters. In this paper the current rating 

of the switches and the efficiency of the two converters were 

compared.  The proposed converter requires more switches, but 

the average current of each switch in this converter is half the 

average current of the switches in the dc-link converter. 

Depending on the switching characteristics and the switching 

frequency in the dc-link converter, the efficiency of this 

converter may be higher or lower than that of the proposed 

converter. Clearly, if reverse blocking IGBTs are used the 

efficiency of the proposed converter increases significantly. 

To control this converter, the input-side current references 

need to be estimated. However, by using a modified control 

scheme the need to know the input-side current references is 

eliminated and the converter may be controlled by knowing the 

output-side current references. The main limitation of this 

converter is its complicated control scheme that increases the 

calculation time of the microcontroller and limits the link 

frequency. By using an FPGA or simplifying the control 

scheme higher link frequencies may be achieved. 

In this paper, the performance of the soft-switching ac-link 

ac-ac buck-boost converter was evaluated through both 

simulation and experimental results. 
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