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Abstract – In this paper, an EMI reduction method is 
applied to a new high step-down converter which has a 
coupled inductor, a synchronous rectifier and method 
with an auxiliary soft-switching cell. The freewheeling 
diode is replaced with a synchronous rectifier (SR) and 
zero-voltage-transition (ZVT) condition is provided for 
the main and SR switches. The auxiliary switch acts 
under zero-current switching. To reduce conducted 
electromagnetic emissions, a passive method is utilized 
by adding another winding on the core of converter 
coupled inductor to compensate the common-mode noise 
current generated by the parasitic capacitor of the main 
switch. The operating modes and theoretical waveforms 
are presented and simulation results of a 100W -100 kHz 
converter are shown to verify the theoretical analysis. 
The conducted EMI predictions confirm the benefit of 
the passive compensation method. 

Keywords- Electromagnetic interference (EMI); High 
step-down converter; Heat-sink capacitor; Passive 
compensation; Soft switching 

NOMENCLATURE 
Vin: Input voltage 
S: Main switch  
Ds: Body diode of the main switch  
Cs: Snubber capacitor 
Sr: Synchronous switch 
Dr: Body diode of synchronous switch 
Sa: Auxiliary switch 
La: Auxiliary inductor 
C: Output capacitor 
R: Load resistance 
D: Duty cycle 
IO: Output current 
ZCS: Zero-current switching 
ZVS: Zero-voltage switching 
LISN: Line Impedance Stabilization Network 

I.  INTRODUCTION  

Nowadays, there are many applications that require 
step-down or step-up voltage conversion ratio in 
renewable energy conversion [1-2]. Buck converters 
are used in applications that need low voltage and high 
current [3-4] like batteries [3-5]. Due to the limitation 
of the regular buck converter with small duty ratio, the 
conventional buck converter is not suitable for high 
step-down voltage conversion. To reduce the 

conduction losses, a synchronous rectifier can be used 
instead of the freewheeling diode in the buck topology 
[6].  

In [7], a quadratic buck converter is introduced to 
extend the duty cycle for high step-down conversion 
but the voltage stress of switch is high. One way for 
extending the duty cycle to achieve high step-down 
conversion is the tapped-inductor topology [8].  

Since the operation under hard switching condition 
causes some bad effects on the efficiency of the 
converter and electromagnetic compatibility (EMC), 
which is due to high di/dt and dv/dt, soft switching 
techniques are employed to decrease switching losses 
and electromagnetic interference (EMI).Both zero-
voltage-switching (ZVS) and zero-current-switching 
(ZCS) are soft switching methods that can be used in 
the buck topology [9]. In [10-11], soft switching step-
down converters with coupled inductor are presented. 
In [10], a buck converter with a coupled inductor is 
proposed in which the main switch turns on under 
ZCS condition. Nevertheless, the voltage conversion 
ratio is equal to the traditional buck converter. Also 
because of the additional diode’s conduction losses, 
the efficiency is reduced. In [11], an auxiliary switch, 
a diode and a coupled inductor are added to the 
conventional buck converter to provide zero-voltage 
switching in the turn-on instant, but the problem was 
that the voltage conversion ratio is equal to 
conventional buck converter and output current ripple 
is larger than a traditional buck converter.  

The EMI reduction by some soft switching 
topologies may not satisfy EMC standard leading to 
implementing other EMI reduction methods. This 
paper focuses on compensating the common-mode 
(CM) noise current generated by the main switch heat-
sink capacitor. For this purpose, an auxiliary winding 
and a capacitor are added to the converter circuit to 
reduce conducted EMI. 

In this paper, a high step-down buck converter 
using an auxiliary soft switching cell and a 
synchronous rectifier [12] without clamp circuit is 
briefly studied. In addition to the high step-down 
conversion of the converter, ZV condition is provided 
for the main and synchronous rectifier switches and 



 

the auxiliary switch operates under zero-current 
switching condition. After the theoretical analysis and 
the study operation modes have done in section II, 
design procedure and simulation results are presented 
in section III including important current and voltage 
waveforms and the EMI prediction of the converter 
before and after applying a passive compensation 
method. Finally, section V summarizes the 
conclusions of this paper. 

II. CIRCUIT DESCRIPTION AND OPERATION 

The high step down converter is shown in Fig.  1. 
The converter is composed of the main switch S, a 
synchronous rectifier Sr, and a tapped-inductor L1, L2. 
The auxiliary circuit is composed of unidirectional 
switch Sa and La. In order to simplify the converter 
analysis, it is assumed that semiconductor devices are 
ideal and L2 current is constant (Io) in a switching 
cycle. 
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Figure 1.  soft-switching high step down converter  

Ideal waveforms of the soft-switching high step 
down converter are shown in Fig. 2. It is assumed that 
before the first mode, Sr is conducting and other 
semiconductor devices are off. The equivalent circuit 
for each operating mode is also presented in Fig.  3. 

 Mode 1 [t0 − t1], Fig. 3(a): Sa starts to conduct 
and it turns on under zero current switching due to the 
existence of La inductor. During this mode, La current 
increases linearly to Io because Vo is placed across La. 
Also, Sr current decreases from Io to zero. The current 
through La during this mode is as below: 
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Mode 2 [t1 − t2], Fig. 3(b): In this mode, Sr is on; 
hence, La current increases linearly from Io to its 
maximum value I1. It is noted that this additional 
energy in La is used to discharge Cs in the next mode. 
Also, at the end of this mode, the current of 
synchronous rectifier reaches I1-Io and ILa is achieved 
as: 
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Mode 3 [t2 − t3], Fig. 3(c): At t2, Sr turns off under 
ZVS condition due to the snubber capacitor Cs  and a 
resonance happens between La and Cs. Thereby, at the 
end of this mode, Cs is completely discharged and also 
La current reaches I2 which is slightly higher than Io. 
The resonant frequency in this mode is defined by: 

0
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Mode 4 [t3 − t4], Fig.3(d): La current decreases 
linearly to Io and Ds starts to conduct; consequently, 
main switch S can be turned on under ZVS condition. 
In this mode, La current is written as below. 
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Figure 2.  Typical waveforms of the high step down converter  
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Mode 5 [t4 − t5], Fig. 3(e): In this mode, S is on 
and La  current continues its reduction linearly. At the 
end of this mode, ILa reaches zero and the current 
through the main switch S reaches I0. 
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where n: n2/n1 is the turn ratio. 
Mode 6 [t5 − t6], Fig. 3(f): In this mode, the main 

switch remains on and it transfers the input energy to 
the output port.  

Mode 7 [t6 − t7], Fig. 3(g): This mode starts by 
turning off the main switch, S and thus Cs starts to 
charge. Due to the snubber capacitor Cs, main switch 
turn-off is under ZVS. 

Mode 8 [t7 – t8], Fig. 3(h): At the beginning of this 
mode Cs has a constant voltage and Dr starts to 
conduct. Hence, Sr can be turned on under ZVS 
condition at any time during the 8th mode. In this 
mode, the current through Sr increases linearly and by 
the end of this mode, ISr reaches Io.  

Mode 9 [t8 – t9], Fig. 3(i): In this mode, the output 
current flows through Sr and L2. This mode continues 
until the gate pulse of Sa is applied and the next cycle 
of switching starts. 
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Figure 3.  Equivalent operating modes [12] 
(a) Mode 1 [t0-t1] (b) Mode 2 [t1-t2] (c) Mode 3 [t2-t3] (d) Mode 4 [t3-t4] (e) Mode 5 [t4-t5] (f) Mode 6 [t5-t6] (g) Mode 7 [t6-t7]  (h) Mode 8 [t7-

t8] (i) Mode 9 [t8-t9] 

 

III. PASSIVE COMPENSATION FOR CONDUCTED 

EMI REDUCTION 

In this section, the prediction of conducted 
electromagnetic emissions of the converter is 
presented. The parasitic CM capacitors in the 
converter are illustrated in Fig. 4. Other parasitics are 
ignored to avoid the complexity. A passive method is 
considered in this paper to reduce the common-mode 
EMI generated by the parasitic capacitor of the main 
switch. This parasitic capacitor exists between the 
drain node and earth including heat-sink capacitance. 

The EMI reduction method considered in this paper is 
based on the generating negative capacitance to cancel 
the drain-earth parasitic capacitance. Passive 
techniques for generation of the negative capacitor are 
investigated in [14]. One technique is shown in Fig. 5 
using a capacitor connected to earth and a coupled 
inductor with turn-ratio, nc [14]. According to this 
figure, using the circuit decoupling and Y-Δ 
conversion, a negative capacitor can cancel the 
parasitic capacitor at node 2 to reduce the common-
mode noise current. The coupling coefficient, k in Fig. 
5 is considered 1 to extract the decoupling circuit. 



 

 

 

Figure 4.  The converter model with heat-sink parasitic capacitors 
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Figure 5.  Passive compensation method to generate the negative 

capacitance. 
 

The EMI reduction method shown in Fig. 5 is 
applied to the high step-down converter (Fig. 4) for 
EMI reduction. Fig. 6 shows the proposed converter 
considering the heat-sink parasitic capacitors. The 
focus of this paper is to cancel the CM noise current 
caused by the capacitor of the main switch including 
its heat-sink capacitor. This capacitor has more effect 
on CM-EMI in comparison to synchronous and 
auxiliary switch capacitors due to high dv/dt and 
voltage spike of the main switch caused by the leakage 
inductance. 
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Figure 6.  a) the proposed converter by applying the negative 
capacitance generation b) equivalent circuit of the proposed 

converter  
 

IV. DESIGN PROCEDURE AND SIMULATION 

RESULTS 

The 100 W soft-switching high step down 
converter is designed and simulated for 150 V input 
voltage and 24 V output voltage and the operating 
frequency of the converter is 100 kHz. The relation 
between L2 and L1 is determined by the turn-ratio, n 
using: 

2 22 2

1 1
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n
L n

= = .                                (6) 

According to the basic design equations of the tapped-
inductor buck converter, the value of L1 and L2 are 
defined as 300 µH for n=1. The L1 /L3 in the proposed 
converter (Fig.6(a)) is also obtained by the turn-ratio, 
nc and L3 is calculated equal to 3 µH for n=10:  
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The conversion gain of the converter is obtained 
using a volt-second balance by the following: 
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For 150 V input voltage and 24 V output voltage, 
the duty cycle of the converter is calculated around 
0.27 using (8). The value of Cs is obtained like other 
turn-off snubber capacitor [12, 13] as below:  
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.
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S
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where ISW is the switch current before turn-off, VSW is 
the voltage after turn-off and tf is the switch current 
fall time. To ensure soft switching situation, Cs is 
selected higher than CS min and is chosen 2.2 nF. The 
value of La is determined like regular turn-on snubber 
inductor [12, 13] as 3 µH.  
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The drain-earth synchronous rectifier and auxiliary 
switch capacitor are estimated 50 and 30 pF and drain-
earth capacitor of the main switch, CDE is considered 
100 pF due to larger heat-sink.  To cancel CDE, the 
compensation capacitor, Cc is 900 pF by (10). 



 

For the simulation, IRF740 is chosen for S and 
IRF640 is used for Sr. IRF640 with a series diode is 
used in the simulation model for Sa. The coupling 
coefficient is assumed around 0.99. the higher 
coupling coefficient results in a better EMI reduction. 
The simulation of voltage and current waveforms of 
the switches are shown in Fig. 7. 

 
(a) 

 
(b) 

 
(c) 

Figure 7.  Simulated voltage and current waveforms of the 
proposed converter 

(a) main switch (b) synchronous switch (c) auxiliary switch 
 
Fig.7(a) shows the ZV operation of the main 

switch. The auxiliary circuit at turn-on instant provides 
the condition for soft switching and the body diode of 
the switch conducts before switch turn-on instant so 
the main switch turns on under ZV. In addition, the 
snubber capacitor provides the ZVS condition for 
turning off.  However, the leakage inductance of the 
tapped inductor causes voltage spikes at turn-off 
instant. The waveforms of the synchronous rectifier 
are shown in Fig.7(b). It is turned on under ZVS 
because of its body diode and an auxiliary circuit. 
Snubber capacitor of the main switch provides ZVS 
condition at turn-off instant. The leakage inductance 
causes some differences between theoretical analyses 
and the simulation result of synchronous rectifier 
voltage. Fig.7(c) shows ZCS operation of the auxiliary 

switch. It turns on and off under ZCS because of the 
inductor that is placed in series with the auxiliary 
switch.  

To predict the conducted EMI of converters in Fig. 
4 and Fig.6(a), line impedance stabilization networks 
(LISNs) model according to CISPR22 are used in 
OrCAD software where are connected between the 
input line and the input of the converters. The 
simulation results of the conducted emissions (positive 
input line) of the soft switching high step converter 
(Fig.4) and the proposed converter with passive 
compensation (Fig.6(a)) are illustrated in Fig.8(a) and 
Fig.8(b), respectively. According to this figure, the 
EMI main peak is significantly reduced from 1.05 V to 
around 400 mV by applying the passive compensation 
method. 

 

(a) 

 

(b) 

Figure 8.  Predicted conducted EMI of  a)  high step converter  
(Fig.4) vertical scale:0-1.2v  

b) proposed converter with passive compensation (Fig.6(a)) 
vertical scale:0-400mv, horizontal scale: 0-10 MHz 

V. CONCLUSION 

In this paper, a high step down converter with an 
auxiliary circuit is studied. Duty cycle is extended by 
using a coupled inductor. Turning on the main switch 
and the synchronous rectifier is done under ZVS 
because the auxiliary circuit provides a condition to 
achieve soft switching. Due to the existence of the 
snubber capacitor, their turning off is done under ZVS. 
Furthermore, the turn-on and turn-off of the auxiliary 
switch are under ZCS. The conducted EMI discussion 
by considering drain-earth switch capacitance between 
is presented and a passive compensation method for 
conducted EMI reduction is applied to reduce the 



 

conducted electromagnetic emissions. The simulation 
results of a 100W-100 kHz confirmed the theoretical 
analysis. The conducted EMI prediction verified the 
proper reduction of the electromagnetic emissions in 
the proposed converter.  
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