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Abstract— It is becoming a useful and favorable trend to 
remove unreliable E-caps from the single-phase AC-DC 
converters which are being widely used in renewable energy 
applications and energy storage systems, without letting the low 
frequency power penetrating into the DC-side. Active filter is an 
attractive solution for this. Since active filter processes a major 
part of power, its performance affects the performance of the 
converter. Therefore, it is important that it operates efficiently for 
a wide range of operation. A minimum conduction loss ZVS 
control is proposed for buck-type active filter, which can be used 
across the DC-link of two-stage converters or across the DC side 
of the single-stage AC-DC converters. The control minimize the 
conduction losses for the buck active filter as well as obtaining 
ZVS for all the switching instants. Loss comparison with hard-
switched control and other ZVS control methods are presented 
and show the effectiveness of the proposed method. Simulation 
and experimental results are presented.   

Keywords—ZVS; Variable frequency control; Decoupling 
circuit; E-Cap less; AC-DC Converter; Active filter; Minimum 
Conduction Loss Control; 

I. INTRODUCTION  

 In many renewable energy applications such as wind, solar 
or fuel cell, or in many energy storage systems, the power from 
the renewable or energy storage DC-side transfers to the single-
phase AC grid. One of the options is a two-stage topology with 
an intermediate DC-link. In this configuration, there is an AC-
DC front-end inverter or PFC between the grid and DC-link and 
another DC-DC converter which is placed between the DC-link 
and DC source [1]. The other option is using a single-stage AC-
DC topology [2, 3]. The low frequency power ripple with the 
frequency of two times of the grid frequency is a bi-product of 
single-phase AC-DC power conversion. In two-stage 
topologies, this power is partly or mostly absorbed by the DC-
link capacitor. In single-phase topology, this power is 
transferred to the DC side. In two-stage topologies, a large 
capacitor is needed to have the power mostly absorbed with a 
small ripple. Therefore, a large bulky Electrolytic Capacitor or 
in short E-cap should be used which decreases the reliably of the 
system. Passage of the low frequency power ripple to the DC-
source is not favorable as some of the renewable sources need 
to work with constant DC current and voltage [4, 5]. In the case 
of an energy storage system, low frequency ripple causes extra 

heat production, micro cycle to the battery and these reduce the 
lifespan of the battery [6].  

 

 

One solution to avoid low frequency power from going to 
battery and remove the unreliable E-cap at the same time is to 
use DC-link with large ripple [7]. With this solution, the variable 
DC-link voltage makes the inverter and DC-DC controller more 
complicated in addition to imposing extra voltage stress to the 
DC-link connected components. The better solution is using an 
active filter. This solution downsizes the capacitor as well as 
absorbs the power ripple completely without adding extra 
voltage stress. Therefore, reliable Film capacitors can be used 
instead [5]. 

The active filter can be added to the DC-link of two stage 
such as [8] or at the DC source terminal in single stage 
topologies [4, 9 and 10]. The active filter can be a bi-directional 
buck [11], boost or buck-boost converter [12, 13].  

The active filter circuit though is a simple DC-DC converter, 
since it operates with a time varying output voltage, under 
different input voltage and peak power without a load, its control 
and design can be challenging. The efficiency of active filter is 
important as it process the reactive power, which is as large as 

Fig. 1. Use of active filter in (a) single-stage AC-DC converter and (b) two-
stage AC-DC converter as decoupling circuit. 
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the power transferred to the load of the AC-DC converter. 
Different control techniques have been proposed to obtain a 
good performance in terms of efficiency and dynamic for active 
filter circuit. In [10] a ZVS control is proposed to eliminate 
switching loss while wide range of operation and a controller is 
designed to obtain proper dynamic operation. In [11] a DCM 
control with fixed switching frequency operation is presented to 
have ZCS for the turn off of the switches. The high peak current 
due to CCM operation can cause higher conduction loss in this 
method.    

Here, a variable frequency minimum conduction loss ZVS 
control (VF-MCL-ZVS control) for the buck-type active filter is 
presented. The control ensues ZVS for all the switching instants 
and minimum conduction loss for the wide-range of operation. 
ZVS together with the minimum conduction loss operations 
ensures the optimal performance of the active filter. Analysis 
and derivations are given. The design for wide range of DC-
voltage and peak power is given. The proposed control method 
is compared with the ones of hard switching CCM control and 
ZVS CCM method presented in [10, 9]. Simulation and 
experimental results are provided to confirm the theory.  

    

II. PROPOSED CONTROL AND ANALISYS 

Active filter used for absorbing the AC low frequency power 
ripple is referred as “decoupling circuit” as well. Fig.1 shows the 
application of buck-type decoupling circuit at two different AC-
DC topologies. In most of the applications such as EV battery 
charger in which DC voltage varies between 200-400 depending 
on the state of the charge of the battery, the AC-DC converter 
operates with variable output DC voltage, ௕ܸ. Also peak power, ௠ܲ , is variable. In two-stage topologies, the DC-link voltage, ௗܸ௖, can also vary when ௕ܸ varies to obtain better performance 
[14]. Therefore, in both single-stage and two-stage applications, 
the decoupling circuit should be controlled in such a way that 
for all the operating points ( ௠ܲ,	 ௗܸ௖) the proper performance is 
achieved. 

If grid voltage, ݒ௚, is shown in (1) and power transferred, ݌௧ , 
is shown in (2), the desired decoupling voltage, ݒௗ , can be 
calculated from (3) as was shown in [10].   ݒ௚ = ௠ܸ cos൫ ௚߱ݐ൯ (1) ݌௧ = ௠ܲ cos൫2 ௚߱ݐ + ௚൯ߠ + ௠ܲcos	(ߠ௚) (2) ݒௗ = ට ଴ܸଶ + ( ௠ܲ/ܥௗ߱௚)(sin൫2 ௚߱ݐ + ൯݃ߠ − sin൫݃ߠ൯) (3) 

 

Assuming that ݀ௗ, the duty cycle of the upper switch of the 
buck converter, is being controlled so that decoupling voltage, ݒௗ , follow desired reference shown in (3). Fig.2 shows the 
operation of the decoupling circuit at a specific operating point 
over one line cycle. Since the ݀ௗ  is known at each switching 
cycle, by controlling the f, ripple is controlled so that it is large 
enough just to obtain ZVS for valley and peak times during each 
switching cycle. These two times are the switching times as 
shown in Fig.2. 

This control makes sure that ZVS exist with the price of 
minimum possible ripple to obtain that. This minimum ripple 
current, Δ݅ௗ, is shown in (4). Δ݅ௗ = ൜2(݅ௗ,௔௩ − ݅ఌ) ݅ௗ,௔௩ > 02(݅ௗ,௔௩ + ݅ఌ) ݅ௗ,௔௩ < 0 (4) ݅ఌ is the minimum current needed to charge and discharge 
snubber capacitances across the MOSFETs and is a function of 
battery voltage. It is shown in (5). In this equation,  ݐ௤ெ௜௡ is the 
dead time and should be smaller than 10% of the minimum of (1 − ݀ௗܶ) and  ݀ௗܶ. Since the proposed VF-MCL-ZVS is a 
type of CCM with a variable frequency, CCM equations for 
CCM can be applied. Form the ripple current equation, the 
frequency as a function of Δ݅ௗ  can be calculated from (6). ݅ఌ = ௦ܥ2 ௕ܸݐ௤ெ௜௡  (5) 

݂ = ௗΔ݅ௗܮ1 ௗ௘௖௕ܸݒ ( ௕ܸ −  ௗ௘௖) (6)ݒ

  

Replacing Δ݅ௗ  form (4)  and neglecting ݅ఌ compared to ݅ௗ,௔௩  
yields the equation for ݂. 

 ݂ = |ௗ|݅ௗ,௔௩ܮ12 ௗ௘௖௕ܸݒ ( ௕ܸ −  ௗ௘௖) (7)ݒ

As it is shown in Fig.2 when ݅ௗ,௔௩  approaches zero, ݂ goes 
to infinity to limit the ripple. However in reality there is an upper 

 

 

Fig. 2. Basic waveforms of proposed control method. 
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limitation set for frequency, ெ݂௔௫ . When frequency reaches 
there, it stays at this frequency for the duration ߪ shown in Fig.2 
within this period, the ripple can go higher than (4) which is the 
optimum ripple needed while ZVS is still maintained. It is also 
possible that ripple remains not enough for ZVS and therefore 
hard switching happens within this small window. The 
decoupling circuit should be designed so that this window 
remains small and usually below 10% of the whole line cycle. 
Since the proposed VF-MCL-ZVS is a type of CCM with a 
variable frequency, CCM equations of the buck converter in 
CCM mode can be applied. Form the ripple current equation, the 
frequency as a function of ݅߂ௗ  can be calculated from (8). 

 ݂ = ௗ݅߂ௗܮ1 ௗ௘௖௕ܸݒ ( ௕ܸ −  ௗ௘௖) (8)ݒ

Replacing ݅߂ௗ  form (4)(7) and neglecting ݅ఌ  compared to ݅ௗ,௔௩  yields the equation for ݂. ݂ = |ௗ|݅ௗ,௔௩ܮ12 ௗ௘௖௕ܸݒ ( ௕ܸ −  ௗ௘௖) (9)ݒ

The minimum of the frequency over one line cycle, ெ݂௜௡ , 
depends on ܮௗ. Therefore,	 ெ݂௜௡ should be calculated before the 
design. As shown in Fig.2(b), ெ݂௜௡ happens somewhere close to 
either valley or peak of ݅ௗ,௔௩. It can be proven mathematically 
that when 	݅ௗ,௔௩  reaches its extremums, ݅ௗ௔௩ா௫௧  (its valley and 
peak), ݂ reaches 	 ெ݂௜௡ . Therefore ெ݂௜௡  can be calculated from 
(10).  

ெ݂௜௡ = |ௗ|݅ௗ௔௩ா௫௧ܮ12 ௗ௘௖଴௕ܸݒ ( ௕ܸ −  ௗ௘௖଴) (10)ݒ

In this equation, ݒௗ௘௖଴  is the value of ݒௗ௘௖  when ݅ௗ௔௩ா௫௧  
happens.  The extremums 	݅ௗ,௔௩ happen when (11) happens. The 
value of extremum of 	݅ௗ,௔௩ is calculated and is shown in (12)  
again. The value of ݒௗ௘௖  at this time can be calculated form (13). sin(2 ௚߱ݐ଴ + (௚ߠ = (ට ଴ܸଶ − 1 − ଴ܸ) (11) 

݅ௗ௔௩ா௫௧ = ௗܥ ݔ√ᇱ2ݔ
= ௗܥ∓ ௚߱ඩ ௠ܲܥௗ	߱௚ 2 ቀ1 − ଴ܸଶ + ଴ܸඥ ଴ܸଶ − 1ቁඥ ଴ܸଶ − 1  

(12) 

ௗ௘௖଴ݒ = ඨ ௠ܲܥௗ	߱௚ ට ଴ܸଶ − 1 (13) 

 

Replacing from (11) and (13) in (10) yields the minimum 
frequency and is shown in (14). 

ெ݂௜௡ = ඥ ଴ܸଶ − ௗܥௗܮ12 ௚߱ට2 ቀ1 − ଴ܸଶ + ଴ܸඥ ଴ܸଶ − 1ቁቌ1
− 1ܸ௕ ඨ ௠ܲܥௗ	߱௚ ට ଴ܸଶ − 1ቍ 

(14) 

 

Another equation needed for the design of  ܮௗ is the relationship 
between ெ݂௔௫ and  ߪ. This window is small. As it is shown in 
Fig.2, the moment ݂ reaches ெ݂௔௫, is either ݐ଴ or ݐଵ. The value 
of decoupling current at these times are ݅ௗ,௔௩,଴  and ݅ௗ,௔௩,ଵrespectively. It can be assumed that ݒௗ௘௖  is almost equal 
to ݒௗ௘௖,ெ௔௫ at ݐ଴ and is equal to ݒௗ௘௖,ெ௜௡  at ݐଵ. The duration of 
the window starting with ݐ଴ during which ݂ is kept constant and 
equal to ெ݂௔௫   is ߪ଴ and similarly the duration of the window 
starting with ݐଵ  during which ݂  is kept constant and equal to ெ݂௔௫  is ߪଵ . These window durations are small and they happen 
around the peak and valley of ݒௗ௘௖. For the ߪ଴ window, with the 
assumption that ݒௗ௘௖  remains constant and equal to ݒௗ௘௖,ெ௔௫ ,  ݅ௗ,௔௩,଴ can be calculated form (15). ݅ௗ,௔௩,଴ = ௗܮ12 ெ݂௔௫ ௗ௘௖,ெ௔௫௕ܸݒ ( ௕ܸ −  ௗ௘௖,ெ௔௫) (15)ݒ

To approximate the ߪ଴ , the linear approximation of ݅ௗ,௔௩ 
around the ݒௗ௘௖,ெ௔௫   and ݅ௗ,௔௩ = 0 is used. Equation (16) use 
this approximation to relate ߪ଴ to other parameters. ߪ଴ = 2 ݅ௗ,௔௩,଴݀݅ௗ,௔௩݀ݐ ݐ| = ெ௔௫ݐ = 2 ݅ௗ,௔௩,଴ܥௗ ݀ଶݒௗ݀ݐଶ ݐ| =  ெ௔௫ (16)ݐ

Replacing ݅ௗ,௔௩,଴ from (15) and ݒௗ from (3) into (16) yields: ߪ଴ = (1 + ଴ܸ)2 ௕ܸܮௗ ெ݂௔௫ܥௗ ( ௕ܸ − ඥA(1 + ଴ܸ))௚߱ଶ  (17) 

 

 

In which A is a parameter shown in (18). For the σଵ similar 
calculation, can be done. iୢ,ୟ୴,ଵ  which is the current at the time tଵ can be calculated from (18) and  σଵ can be calculated form 
ܣ .(20) = ௠ܲܥௗ߱௚ (18) 

݅ௗ,௔௩,ଵ = ௗܮ12 ெ݂௔௫ ௗ௘௖,ெ௜௡௕ܸݒ ( ௕ܸ −  ௗ௘௖,ெ௜௡) (19)ݒ

ଵߪ = (1 − ଴ܸ)2 ௕ܸܮௗ ெ݂௔௫ܥௗ ( ௕ܸ − ඥ1)ܣ − ଴ܸ))௚߱ଶ  (20) 
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 ,and ଴ܸ are the parameters related to the maximum power ܣ
battery voltage and decoupling  

 

capacitor. As it is seen in (17) and (20), increasing the ெ݂௔௫ or ܮௗ   at an operating point, the window width ߪ decreases and 
vice versa. To have limited windows for  ߪ଴  and ߪଵ  which is 
desired, ܮௗ and ெ݂௔௫ should be chosen properly. 

III. INDUCTOR DESIGN FOR CONTROL (VF-MCL-ZVS) 

  The design of the decoupling inductor while operating with 
proposed VF-MCL-ZVS control is finding ܮௗ so that frequency 
is above desired ெ݂௜௡∗ and ߪ௜ is small portion of line cycle for 
all the operating points. larger ߪ cause the MCL-ZVS control 
operate with higher loss and its performance goes away from the 
optimal performance. For the battery voltage or DC-link ranging 
from 200ݒ − and peak power varying from 0.1 ݒ400 −  ,ܣܸܭ1
it is desired to limit the frequency between 50 −  ௗ isܥ ௜ should be less than 15% of grid period. The value ofߪ  and ݖܪܭ400
equal to 350ܨݑ.  After placing ெ݂௔௫ =  ௜ߪ ெ݂௜௡ and  ,ݖܪܭ400
is plotted in Fig.3 for 4 marginal different operating points, (400ݒ, (ݓ1000 ,ݒ400) , (ݓ100 ,ݒ200)  (ݓ1000  and (200ݒ,  .ௗܮ from (14), (17) and (20), as a function of (ݓ100

As it is seen, the operating point (400ݒ,  enforce us (ݓ100
to choose a larger inductor value to have a reduced ெ݂௜௡ and ߪ. 
This operating pint line is ignored for the design to be able to 
pick smaller inductor value of ܮௗ =  .which is acceptable ܨߤ250
However, the penalty is that the converter is not operating at VF-

MCL-ZVS while approaching the corner of (400ݒ, (ݓ100 . 
While approaching this corner, frequency is kept at ெ݂௔௫  and ZVS is obtained with the price of higher ripple ݖܪܭ400=
than necessary, but frequency is not going over the maximum 
value and an acceptable inductor is chosen. Fig.4 shows the area 
of operation with VF-MCL-ZVS control. In the small corner, 
operation is with ZVS but not with minimum conduction loss. 

 

IV. COMPARISON OF THE CONTROLLERS 

Here, a comparison between the constant frequency 
Continues Conduction Mode ZVS control (CCM-ZVS), 
proposed VF-MCL ZVS control and hard switch control for 
decoupling circuit is done. ܥௗ  design is shown in [9,10]. The 
design of the inductor for the proposed VF-MCL-ZVS control 
was described in the previous part of this paper. For the CCM-
hard switched controlled converter, the ܮௗ and ݂ are kept high 
enough to have small ripple. A loss model considering the 
switching losses and conduction loss for the switches and core 
and copper loss for the inductor is developed and using that the 
loss for the decoupling circuit under three different control 
methods is calculated. Table I shows the design of ܮௗ for three 
controls together with the loss breakdown at nominal operating 
point (400ݒ, (ݓܭ1  for three control methods. It is seen that 
although the proposed method does not offer the smallest 
inductance value, its inductor is the smallest in terms of the size 
due to reduced peak current obtained by the controller. ܴ௢௡ of 
the decoupling leg switches is considered to be 200݉Ω. Fig.5 
shows the loss break down from three controls for the whole 
operating area. From the results, it can be seen that the proposed 
control, VF-MCL-ZVS control, has relatively lower losses 
compared to other controls.   

  

V. SIMULATION AND EXPERIMENTAL RESULTS 

Simulation results with PSIM software together with 
experimental results are provided to verify that the theory is 
correct. Simulation results for the system designed in previous 
part for the proposed controller and CCM-ZVS control, is shown 
in Fig.6 . The DC voltage is  350ݒ and constant during thewhole 
simulation time. From the start until ݐ =  As is seen, for the proposed controller .ܣthe peak power, ௠ܲ is equal to 1000ܸ ,ݏ0.05
(VF-MCL-ZVS) the frequency peaks when average inductor 
current reaches zero to limit the current ripple. Therefore, the 

TABLE I.  DESIGN OF ܮௗ FOR THREE CONTROLS. 

 

 VF-MCL-ZVS CCM-ZVS CCM-hard 
switched 200 150 400-50 (ࢠࡴࡷ)ࢌ 450 40 100 (ࡴࣆ)ࢊࡸ 

Total loss (w) 12.6266 148.3907 63.5762 

Inductor 

weight (gr) 
32.40 88.75 50.30 

190μF / 0.1 ࢈ࢂ/࢓ࡼ/ࢊ࡯ − 1Kw / 100 − 400v 

 

Fig. 3.  Inductor design for VF-MCL-ZVS: ,  ெ݂௜௡  and ߪ௜  plotted for 4 
marginal different operating points.   

 

Fig. 4. Operating area of the VF-MCL-ZVS  control for the designed 
decoupling circuit. 
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current ripple is almost always two times of the average current 
which is minimum possible ripple to obtain ZVS. For the CCM-
ZVS control, frequency remains constant during this time 
window. As is seen, the proposed controller offers lower ripple 
compared to the CCM-ZVS controller which result is lower 
switch conduction and magnetic losses. At ݐ =  the peak ݏ0.05
power switch to 700ܸܣ. As it is seen the proposed controller 
reduces the peak ripple current to minimize the conduction  

 

losses. The minimum frequency is higher in this time window 
compared to previous one. In addition, the CCM-ZVS controller 
increases the switching frequency and keep it constant at ݂  to decrease the ripple. This helps with reduction of the ݖܪܭ170=
losses. However, during this window (0.05s-0.1s), still the 
proposed controller offer lower ripple. At ݐ =  As is seen, proposed controller in this mode requires .ܣ௠ܲ steps to 200ܸ ݏ0.1
higher frequency then ௠݂௔௫ to shape the inductor current to have  

 

Fig. 5. Loss comparison and breakdown for three controllers over the entire operating area. 

 

Fig. 6. VF-MCL-ZVS control for ݒ஽஼ = black: ௠ܲ  ݒ350 = red: ௠ܲ ,ܣܸܭ1 = and blue: ௠ܲ ܣ700ܸ =  .ܣ200ܸ

0K

100K

200K

300K

400K

f (Proposed Control) f (CCM-ZVS)

137.5
150

162.5
175

187.5
200

212.5
Vdec

0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (s)

0

-5

-10

5

10

Idec (CCM-ZVS) Idec (Proposed Control) Iav

Proposed 

Proposed Proposed 

Proposed 

CCM-ZVS 
CCM-ZVS 

CCM-ZVS 

CCM-ZVS 

Hard switch 

Hard switch 

Hard switch 

Hard switch 

 

1326



 minimum current. Therefore, frequency stays close to ௠݂௔௫ ݖܪܭ400 =  or in other words, the widows ߪ௜(݅ = 0,1) becomes 
very larger. While the power is transferred successfully to the 
decoupling capacitor and the switches operate with ZVS, extra 
loss due to higher ripple lower the performance in this operating 
point.  This mode of operation is identical to the corner of the ௕ܸ − ௠ܲ plane shown in Fig.4. The CCM-ZVS controller, in this 
time window, (0.1 −  increases the switching frequency ,(ݏ0.15
and keep it constant 400ݖܪܭ to limit the losses. The operation 
of proposed controller and CCM-ZVS controller becomes close 
and similar in this time window. However as it is seen, the peak 
current in proposed controller is a little bit smaller. 

  Experimental results, with the same circuit parameters, for ௠ܲ = and ௗܸ௖ ݓ200 =   are carried out. Digital control is ݒ60

 implemented using a TMS320F28335 form TI. Fig.6 shows the ௗܸ௖ ௗݒ ,  and ݅ௗ  for the VF-MCL-ZVS control which is the  

proposed control. The envelope of ݅ௗ is shaped for the two times 
of the average current. 

Fig.7 shows the same waveform from a closer zoom. The 
current reaches zero and then the switch turns off. Fig.8 and 
Fig.9 show the same waveforms for the CCM-ZVS control. 
Comparison between Fig.6 and Fig.8 shows that when ݅ௗ௔௩  
reaches zero, at the peak and valley of ݒௗ , the proposed 
controller lowers the loss by increasing the frequency and 
decreasing the ripple and that is why the envelope of ݅ௗ  is  
smaller in Fig.6  than that of Fig.8 . Fig.9 shows the same 
waveform of previous Figure but from a closer zoom. As is seen, 
the current goes far above zero before turning on which is 
producing extra loss.  

  

 

 

 

VI. CONCLUSION 

A new control method with variable switching frequency is 
proposed for the buck active filter operating as decoupling 
circuit to absorb the low frequency power produced in single-
stage power conversion. the control method minimize the 
conduction losses through the decoupling circuit and obtains 
ZVS for all he switching instants. The controller is able to 
operate with wide range of DC voltage and power. Design and 

analysis are provided. A loss comparison with other available 
control methods are done and the results shows that the proposed 
control has the best performance. Simulation and experimental 
results are provided.  
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