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Abstract: Interleaved power factor correction (PFC) is widely used circuit topology due to good 

efficiency and power density for single-switch boost PFC. As the differential mode (DM) electro-

magnetic interference (EMI) noise magnitude depends upon the input current ripple, this research 

details a comprehensive study of DM EMI filter design for interleaved boost PFC with the aim of 

minimizing the component size. It is also demonstrated that the different numbers of interleaved 

stages and switching frequency influence the filter attenuation requirement and, thus, the EMI filter 

size. First, an analytical model is derived on the basis of the Norton equivalent circuit model for the 

differential mode noises of interleaved boost PFC within the frequency range of 9-500 kHz. The 

derived model can help identify the optimal phase shifting among the interleaved boost converters 

in order to minimize the considered differential mode noises at the filter design frequency. So, a 

novel phase-shift method is developed to get a minimized attenuation required by a filter in Band 

B. Further, a volume optimization of the required DM filter was introduced based on the calculated 

filter attenuation and volumetric component parameters. Based on the obtained results, unconven-

tional and conventional phase shifts have demonstrated a good performance in decreasing the EMI 

filter volume in Band B and Band A, respectively. A 2-kW interleaved PFC case study is presented 

to verify the theoretical analyses and the impact of phase-shifting on EMI filter size. 

Keywords: DM Noise Estimation; Interleaved PFC Converters; Phase-Shifting; EMI filter design. 

 

1. Introduction 

Complying with harmonic standards and power factor requirement of the input AC 

power has resulted in the development of boost PFC circuits to get an improved power 

factor close to unity. Additionally, using interleaving PFC, numerous benefits are ob-

tained, including an increased power density, reduced overall design volume, and de-

clined RMS current flowing through the boost capacitor.  And, using an interleaved con-

figuration, depicted in Figure 1, leads to a significant decrease in the switching frequency 

ripples as a result of the ripple cancelation effect [1]. Notably, this application is employed 

to ensure sinusoidally shaped input currents in connection with DM EMI input filters, 

limiting the high-frequency noise transmission from the converter to the power grid [2]. 

However, the increased integration of power electronics converter into the grid results in 

some challenging EMI issues because of inherent pulse energy conversion characteristics. 

Thus, the unwanted emissions should be suppressed to fulfill noise emission standards, 

such as CISPR-11 for frequencies beyond 150 kHz [3]. Because of the increasing demand 

for pulse-width modulation (PWM) converters, a number of standards are defined below 

the frequency of 150 kHz in some applications, CISPR-14 (induction hubs) [4], and CISPR-

15 (lighting equipment) [5]. Moreover, the CISPR 16-1-1 is split into two main frequencies 

as Band-A (9-150 kHz) and Band-B (150 kHz-30 MHz) [6]. 
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Figure 1. Block diagram of an Interleaved boost PFC converter including LISN, EMI receiver, and 

EMI filter. 

EMI filter is effectively employed for reducing the EMI noise emissions. The depend-

ency of the required EMI filter attenuation to the first peak of the EMI level has led to 

many modeling approaches to estimate the EMI peak level measurement in the Band A 

and B frequency ranges [7] - [11]. Additionally, it is highly acceptable that the reduced 

input ripple current results in the reduction of the DM EMI noise magnitude and filter 

attenuation requirements, which make the DM EMI filter size smaller and the corner fre-

quency higher [1]. So far, the EMI filter has been designed based on Band-B considering 

the presence of noise criteria within the frequency standards above 150 kHz [7]. Recently, 

Band-A has become important due to the advent of new standards. Notably, Band-A's 

design DM EMI filter provides enough damping in Band-B to shift the filter corner fre-

quency within the low frequencies. In the past decade, higher efforts have been carried 

out to estimate the DM EMI noise emission. Additionally, most of the modeling ap-

proaches that have been focusing on EMI analysis within a frequency range above 150 

kHz are based on simulations [8] – [9]. Notably, prior state-of-the-art simulation-based 

methods may be quite cumbersome if scaled up for system-level studies. Only a few ana-

lytical-based approaches are introduced for differential mode noise as in [10] to EMI filter 

designing based on the input current ripple equation of the interleaved boost PFC. It is 

only suitable for EMI filter designing for standard phase shift interleaved and frequency 

above 150 kHz. Analytical DM EMI estimation is proposed for non-interleaved PFC in 

[11] for Band-A. However, there are no fundamental studies despite reported EMI noise 

issues to estimate the EMI level for interleaved boost PFC based on the phase shift's de-

pendency, which can be investigated to minimize the DM EMI noise. Hence, this article 

suggests an analytical-based modeling approach for differential mode EMI noise estima-

tion. And, the impact of EMI receivers, line impedance stabilization networks (LISNs), 

and EMI filter is also considered.   

From an EMI viewpoint, finding the appropriate phase shift angles is of great im-

portance to get an optimal filter volume [1], [12]. So,  the optimal DM EMI filters design 

for interleaved boost PFC applications is an important challenge, especially within the 

low-frequency EMI range in-between 2-150 kHz. This research's primary purposes are to 

propose an appropriate analytical DM EMI noise estimation and EMI filter volume inves-

tigation. Moreover, the analytical noise estimation approach covers the number of inter-

leaved units and the related different types of phase shifts. Thus, the unconventional 

phase shift is achieved based on the analytical EMI estimations for carrier harmonics on 

Band-B. Also, the effects of the different types of the phase shift on Band B and A DM EMI 

filter design have been investigated. The main contributions of this research can be high-

lighted as follows. First, the impact of switching frequency selection and the number of 

interleaved stages in a single-phase PFC on DM EMI filter sizing (filter corner frequency 

and required attenuation) are analytically investigated. Second, an analytical method is 
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proposed for interleaved PFC to predict maximum peak noise that is highly important in 

the DM EMI filter design. The dependency of the maximum peak noise on the phase shift 

between the interleaved units leads to the investigation of the phase shift impact on the 

DM EMI filter size via the EMI estimation approach. So, a novel formulation is presented 

for the unconventional phase shift method based on the EMI estimation analysis within 

Band B.  Furthermore, it is shown that the unconventional phase-shift angle can be ob-

tained depending on the switching frequency of the power converter and the number of 

interleaved stages. Third, a general flowchart is presented to find optimal filter volume 

based on the proper phase shift, EMI estimation approach, type of the band frequency, 

and volumetric component parameter. 

The rest of the research is organized as follows. Section 2 details the design process 

of a typical two-step DM EMI filter. In this section, the EMI measurement setup is de-

scribed according to the CISPR standard such as EMI receiver and line impedance stabi-

lizing network (LISN). Section 3 provides the process of getting the filter’s attenuation 

requirement and filters corner frequency in the interleaving units. In order to calculate the 

required filter attenuation, the simplified analytical modeling approach is presented in 

order to estimate DM EMI noise level in Section 4. Subsequently, in Section 5, the ad-

vantages of the unconventional phase shift in the interleaved units are developed in Band-

B, where the filter attenuation drop is presented. Moreover, filter volume optimization is 

given based on the type of phase shifts in Section 6. Section 7 provides the experimental 

results of two interleaved boost PFC converters to validate the DM EMI model noise for 

different phase shifts. Ultimately, conclusions are provided in Section 8. 

2. The Design Approached Two-Stage DM Filter  

The EMI filter is employed for protecting the utility against the high frequency con-

ducted emission noises. To this end, they should comply with EMI standard requirements. 

Therefore, a symmetrical two-stage filter structure design, as shown in Figure 2, is con-

sidered. Notably, the primary purpose of the EMI filter is to reduce the emission noise in 

order to fulfill relevant standards [3], [5]. The selection of the filter components depends 

upon the filter attenuation requirement Attreq, calculated by (1): 

max lim( )[ ] ( )[ ] ( )[ ] arg [ ]
reqtt D D it DA f dB U f dB V CISPR f dB V M in dB = − +

                         (1) 

where fD is filter design frequency, Umax is the first noise voltage peak. Attreq is the noise 

quantity, which should be damped by the filters.  CISPRlimit is considered emission limits 

following CISPR-15 [5] and CISPR-11 [3] based on QP (Quasi Peak) for band A and B, 

respectively.And, the filter design margin is regarded 6 dB because of component degra-

dation and EMI parameter tolerance. So, Attreq for a symmetrical two-step EMI filter, in-

cluding inductor and capacitor size is obtained by (2): 
2 2 2( ) (( 2 ) .(2 ). 1) (2 ) .(2 ).

reqtt DM DM DM DMA f j f L C f L C = + +
                         (2) 

As discussed earlier, the input ripple current reduction implies a lower DM EMI noise 

magnitude ( Umax ), and thus a smaller component size of the DM EMI filter. Additionally, 

the dependency of EMI filter corner frequency on the filter component results in a chal-

lenge in sizing the filter components. Accordingly, reducing the EMI filter component size 

makes the DM filter corner frequency higher. One of the primary goals of this research is 

to get an optimal corner frequency based upon the interleaved technique and the em-

ployed phase shift. The filter corner frequency is obtained by (3)  

                   

1
2. DM DM

fc
L C

=

                                (3) 
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 Figure 2. Symmetrical two-stage DM EMI filter configuration. 

Moreover, to measure the Umax based on the CISPR-16 [6] standard requirement, a LISN 

and an EMI receiver are required. The LISN not only decouples the line and the device 

under test (DUT) but also provides an interface between the DUT and the test receiver. 

The LISN structure employed for EMI measurement within the frequency range of 9 kHz 

-  30 MHz is illustrated in Figure 3. Notably, LISN is able to measure the RMS time-domain 

voltage (umeas) in order to define the EMI noise based on (4). So, the EMI test receiver uti-

lizes a QP detection to get the EMI peak measurement. Finally, by considering (4), the EMI 

peak measurement [13], [14] is achived: 

               

2

max

2

[ ] 20log[1/ ( ) ( )]

BW
f MB

meas
BW

f MB

U dB V V u f RBW f 

= +

= −

= 
                 (4) 

where, MB is frequency sweep that is shifted over the frequency band of interest. RBW is 

4th order Butterworth bandpass filter. And, the bandwidth (BW) is 200 Hz for Band A (9 -

150 kHz), and 9 kHz for Band B (150 kHz -  30 MHz). 

3. Required EMI filter Attenuation in Interleaving Units Using Conventional Phase 

Shift 

The interleaved boost PFC and the related advantages have been reported in the past lit-

erature [1].  Here, Figure 1 illustrates the block-diagram of the test system, including two 

interleaved boost PFCs, EMI receiver, LISN and EMI filter. And, the boost-inductor design 

for continuous conduction mode (CCM) [15], [16] operation has already provided in the 

literature. So, for the simplicity, only the widely used equations are specified in this sub-

section. And, the inductor size for CCM operations is obtained by (5) assuming 22% input 

ripple current according to [17]:  

           
,max4. .CCM o L swL u i f=                                        (5)  

The value of parameters for a single-phase PFC are summarized in Table 1. The parame-

ters are used to define the filter’s attenuation requirements with respect to various switch-

ing frequencies in CCM. So, inductor size can be obtained via (5) for the different case 

studies. Thus, the maximum peak values of the spectrum (Umax) for various frequency 

switchings are achieved based on PLECS simulations and Eq. (4).   

 

 Figure 3. LISN per-phase circuit diagram recommendation by CISPR-16 for 9-500 kHz [10], [11]. 

Table 1. Case Study Specification of Single-Phase Boost PFC. 
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Symbol Parameter Value Unit 

ug Grid phase voltage 230 Vrms 

fg Grid frequency 50 Hz 

Cdc DC-link capacitor 500 µF 

u0 Output voltage 400 V 

Po Output power 1 kW 

ΔiL,max Inductor current ripple 22 % 

kL1 Inductor size factor 3 cm3/mH. A2 

kL2 Inductor size factor 8 cm3/mH 

kL3 Inductor size factor 1.1 cm3/A 

kC1 Capacitor stored energy factor 62 cm3/F. V2 

kC2 Capacitor voltage dependent factor 0.7 cm3 

Table 2. Inductor Sizes For Single-Phase Unit In CCM Modes based On (5) 

 

 

Providing numerous simulation case studies with different phase shifts and switching 

frequencies is a time-consuming and complicated task at the system-level analysis. In or-

der to alleviate the computational burden/time, a new analytical estimation is proposed 

in Section 5. In this section, the interleaving technique is evaluated to get the optimal de-

sign of DM EMI filter. So, up to four interleaved units have been working at different 

switching frequencies in Band A and Band B to get the connection between the attenuation 

requirement considering the interleaving and phase shifting. So, the conventional phase 

shift of 360°/N (N is the number of the interleaved converters) is employed among the 

interleaved units. Interestingly, the first noise peak value erects at the switching frequency 

of fsw in Band B. By interleaving task, the equivalent switching frequency is equal to N fsw, 

where N denotes the number of the interleaved units. More details about the impact of 

the interleaving task on ripple current has been reported in [1]. Figure 4(a) depicts the 

connection between the attenuation requirement and the switching frequency up to four 

units for CCM mode in Band A. As the equivalent switching frequency appears in N fsw, 

thus there is no need to employ a filter if the switching frequency is considered higher 

than 75 kHz in two units, 50 kHz in three units, and 37.5 kHz in four units. And, Figure 

4(b) depicts the filter corner frequency (fc) via different switching frequencies for a two-

stage DM EMI filter in Band A subjected to (1)-(2). Notably, as depicted in Figure 4(c) and 

Figure 4(d), the filter corner frequency increases while the filter attenuation requirement 

decreases at a specific switching frequency range (30 - 37.5 kHz, 50 - 75 kHz, and > 150 

kHz) in two units interleaved. For example, in order to select switching frequencies of 35 

kHz and 30 kHz in Band B, filter design frequencies appear at 175 kHz and 150 kHz, re-

spectively (5th carrier harmonics occur above 150 kHz). Hence, a case study with 175 kHz 

compared with 150 kHz obtains a smaller component size and higher filter corner fre-

quency in the same filter attenuation requirement. Thus, switching at the aforementioned 

critical frequencies and utilizing a switching frequency lower than them is not highly ef-

ficient. Because, this increases the filter corner frequency without affecting the boost in-

ductor size. Besides, using the interleaving technique leads to decreased input ripple cur-

rents. Hence, Figure 5 shows the relationship between the input ripple current with the 

number of the interleaved converter using PLECS simulations. The current ripple de-

creases by adding the number of interleaved units. From the ripple current perspective, it 

is not beneficial to increase the number of units above 5. 

fsw (kHz) 20  25 30 35 37.5 45 50 70 75 140 150 250 500 

CCM (mH) 8.06 6.45 5.38 4.61 4.3 3.58 3.23 2.3 2.15 1.15 1.08 0.65 0.32 
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(a) (b) 

  
(c) (d) 

Figure 4. Relationship between attenuation requirement and the switching frequency (up to four units interleaved) in a) 

Band A. c) Band-B. The relationship between a two-stage filter corner frequency and switching frequency (up to four units 

interleaved) in b) Band A d) Band B for CCM based on the attenuation requirement (1)-(2). The typical phase shift is 

considered 360°/ N.   

 

 Figure 5. Input ripple current on the basis of the number of the interleaved converters with fsw 

=37.5 kHz, P0= 1 kW, and LCCM=1 mH based on PLECS simulations. 

4. Proposed DM EMI Estimation Method For Interleaved Units 

In this part, time-frequency analytical modeling methods are used for DM EMI noise pre-

diction that is important in the DM EMI filter design in order to fulfill the standard re-

quirements. Additionally, the proposed method is on the basis of the closed-loop input 

impedance and the double Fourier analysis of the noise source spectrum. The suggested 
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technique characterizes the production emissions of the power converter within the fre-

quency range of 9-500 kHz considering the double Fourier analysis and closed-loop im-

pedance. Extra details about the modeling of DM noise, closed-loop input impedance, and 

the frequency behavior have been reported in [11] for single-phase non-interleaved boost 

PFC. The DM noise spectrum of each switch is presented by (6), where it contains a DC 

offset value, baseband harmonics, carrier group harmonics, as well as sideband harmon-

ics: 

   

   

00

0 0 0 0 0

1 1

1
0

( ) [ cos( ) sin( )] [ cos( ) sin( )]
2

cos( ) sin( )

s n n mo c m c

n m

mn c c mn c c

m n
n

A
u t A nw t B nw t A mw t B mw t

A mw nw t B mw nw t

 

= =

 

= =−


= + + + +

+ + + +

 

 
    (6) 

where m and n denote the carrier group and baseband group indexes, respectively. The 

fundamental and carrier angular frequencies are denoted by closed-loop and w0. A0n, B0n, 

Am0, Bm0, Amn, and Bmn denote the harmonic coefficients [11], [18]. Moreover, it has to be 

noted that the carrier harmonics can be updated by the phase shift effects given as (7): 

           
2

1

8 ( )1 jmdc k

mo mo

k
k odd

u J m M
A jB e

m k

 





=
=

+ =                                (7) 

Finally, sideband harmonics are obtained by the phase shift effects in interleaved units 

given as (8): 

        

2

1

2. 1

(sin( ) ) (sin( ) )
2 2( )( )( )

jmdc

mn mn

k k

k

k

u
A jB e

jm

k n k n

J m M j j
k n k n





 



−

=

+ =

− +

− +
− +



                        (8) 

where θ is an interleaved unit phase shift, which can be selected by the phase selecting 

methods. For instance, in two interleaved units, the first unit phase shift is zero, and the 

second unit phase shift is θ. The structure of a simplified case study with a Thevenin 

equivalent circuit is illustrated in Figure 6. The current for N units can be calculated from 

(9):  

                                 
 

1

( 1)
( )

( )

N
s

L

n in

u n
i s

z n



=

 −
=


                       (9) 

where (n'-1) θ is the phase shift for unit number n'. The PFC converter’s input imped-

ance based on a large signal model is obtained by (10):  

( ) ( )0 0

1
( ) 1s

in ci ci

mo mo

R
z s sL u G g u G

u u
= + +

                                       (10)   

 where u0 denotes the output dc voltage, umo denotes the peak-to-peak value of the PWM 

signal, and g denotes a constant value. More details on the closed-loop impedance mod-

eling of the boost PFC converter are reported in [19]. Since the switching function of the 

diode rectifier is a square-waved signal, its Fourier transform is obtained by (11):     
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 Figure 6. Norton equivalent circuit of the interleaved boost PFC converter. 
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2 .
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2
d

h
h odd

h
i t w ht

h







=
=

=                (11) 

Where h is harmonics order number. Thereby, the LISN input current is obtained by 

(12):   

                              ( ) ( ) ( )cnv d Li s i s i s=                         (12) 

The relationship between the LISN input current and EMI receiver voltage should be 

added in the proposed analytical method to complete it. Hence, the relationship between 

the input current LISN and EMI receiver branch by considering the EMI filter is given as 

(13):  

                               ( ) ( )rec cnv

C
i s i s

D
=                           (13) 

C and D are defined in (14) and (15), as: 

          4 3 2

1 2 1 2 2 1 2 2 1 1 2 1( ) ( )C L L C C s R C C L L s C L L s= + + + +                       (14)
4 3 2

1 2 2 1 2 1 1 2 2 1 2 1 1 2 2 2 1 1 2 2 1 1 1 2 2( ) ( ) ( ) ( ) 1D C C R L L L s C C L R L s LC L C L C R R C C s R C R C s= + + + + + + + + + +     (15) 

Besides, the EMI receiver voltage noise is  

                               
1( ) ( )meas recU s R i s=                            (16) 

5. Unconventional Phase Shift Approach 

As seen in Figure 4(c), the attenuation requirement and filter corner frequency are slightly 

different for one unit non-interleaved and two units and three units with a conventional 

phase shift. Hence, the interleaving technique does not have any benefits at some switch-

ing frequency ranges such as 75-150 kHz for two units interleaved in comparison to one 

unit in Band B. Hence, observing the carrier frequency harmonics behavior based on the 

phase to get the optimal phase shift is essential in that frequency range. Notably, analytical 

EMI estimation can be predicted on EMI noise level in any order of carrier frequency har-

monics based on the selective phase angle. Therefore, an optimal phase shift can be se-

lected by looking at the first appeared carrier harmonics behavior in the different phases 

in Band B. Hence, Table 3 provides an optimal phase shift from an analytical estimation 

approach to get a low filter attenuation requirement based on the switching frequency 

and the number of interleaved units. Figure 7 depicts the first carrier harmonics behavior 

in Band B for several interleaved case studies in different phases and switching 
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frequencies. The first carrier harmonics can be removed by proper phase shift selection. 

On the other hand, by eliminating the first noise peak, which is important in EMI filter 

design in Band B, the filter design frequency shifts to a high frequency. So, (17) and (18) 

representing unconventional phase shift formulation are obtained from Table 3 by as-

sessing the relation between N, k, and θ. 

                   
360o

if k is not a multipleof N
N

 =                       (17) 

                   
 

360

min ( ).

o

if k is a multipleof N
factor N k

 =                (18) 

where k denotes the harmonic order of the switching frequency, that is the first noise 

peak in Band B. 

6. Filter Volume Optimization 

In this section, the primary purpose is to optimize the EMI filter size considering the se-

lected proper phase shift. To investigate the efficiency of the proposed method, EMI filter 

volume can be calculated based on [14]. As mentioned above, the symmetrical two-stage 

EMI filter [17], shown in Figure 2, has been considered for this paper's analysis.  Hence 

the EMI filter capacitor size can be obtained from (19): 

                                    2

1 2C C DM g CV k C u k= +                    (19) 

where the factor kC1 denotes the capacitor volume proportionality to the stored energy 

and kC2 denotes a voltage-dependent factor. Furthermore, the inductor size is obtained 

by (20): 

                                   2

1 2 3L L DM g L DM L gV k L I k L k I= + +             (20) 

kL1 is a constant factor describing the proportionality between the stored energy 

EL=1/2·LDM·Ig2 and the inductor volume. These factors can be derived analogously to kL1, 

kL2, and kL3 from the manufacturer’s data using Magnetics toroid cores [10], which is pre-

sent in Table 1. So, the total volume of the two-stage symmetrical EMI filter is calculated 

from (21): 

  

 Figure 7. First carrier harmonics behavior with various switching frequencies in Band-B for three 

interleaved units with different phases. 

Table 3. The Optimal Phase Shift Angles at The Switching Frequency Range (20 - 150 kHz) up to 

Four Units Interleaved 
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 Frequency (kHz) 

 

Harm. order (k): 

Nunber of interleaved (N) 

2 3 4 

20 8th 22.5o 120 o 22.5 o 

25 6th  30o 20 o 90 o 

30 5th  180o 120 o 90 o 

35 5th 180o 120 o 90 o 

37.5 4th 45 o 120 o 45 o 

45 4th 45 o 120 o 45 o 

50 3th 180 o 40 o 90 o 

70 3th 180 o 40 o 90 o 

75 2th 90 o 120 o 90 o 

140 2th 90 o 120 o  90 o  

150 1th 180 o 120 o 90 o 

                                                      
2( 1) mintot f L f CV n V n V= + + →

                (21) 

where nf is the number of filter stages [10], [14], [17]. Solving (19)– (21) and (2) results in 

optimum filter component parameters for a certain number of filter stages nf. To simplify 

the calculation analysis, (2) is simplified for two-step EMI filter as 

                                
2

( ) ( 2 ) .(2 ) .f f f

req

n n n

tt DM DMA f j f L C=
            (22) Finally, 

EMI filter components are calculated by: 

                           
2

1 2 ,

2 2

1

( 1)( . ).

2 . . .(2 )

fn

f L g L req DM

DM

f C g D

n k I k Att
C

n k u f

+ +
=               (23)  

                        
2

2
1 ,

2 2

1 2

. . .

2( 1).( . ).(2 )

f C g req DM

DM

f L g L D

n k u Att
L

n k I k f
=

+ +
                  (24)                                                                                             

Finally, Figure 8 shows a flowchart demonstrating the steps to design the optimal filter 

volume based on the analytical EMI noise estimation approach. Further, as it is clear from 

Figure 7, the relation (17)-(18) does cover some optimal phase angles that filter required 

attenuation minimized from the analytical method. On the other hand, there are other 

points for minimization filter required attenuation. The green dash line in Figure 8 shows 

the general method for optimal phase shift selection based on the analytical estimation. 

Moreover, (17)-(18) can use instead of the general optimal phase-shifting method to im-

prove computation time. This flowchart is mainly applied to calculate the EMI filter com-

ponent with only a few equations considering proper phase shifts. Hence, Figure 9 shows 

optimal DM EMI filter boxed-volume approximation, including conventional and uncon-

ventional phase shifts in Band-B based on Table 3 and Figure 8. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 February 2021                   doi:10.20944/preprints202102.0358.v1

https://doi.org/10.20944/preprints202102.0358.v1


 

 Figure 8. Flow chart of DM EMI filter boxed-volume optimization. 

 

Figure 9. Optimal DM EMI filter boxed-volume approximation including conventional and uncon-

ventional phase shift in Band b based on Table 3 and flowchart in Figure 8. 
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(a) Design EMI filter for band B(θ=45o) (b) Design EMI filter for band A(θ=180o) 

Figure 10. EMI simulation approach for two-unit interleaved CCM at fsw = 37.5 kHz based on Table 4. 

As previously mentioned, the unconventional phase shift efficiency in a decreased EMI 

filter size is obtained from Figure 9. Here, two cases are presented with different phase 

shifts, including conventional as 180o and unconventional as 45o selected from Table 3 

based on the fsw = 37.5 kHz for two units interleaved. Table 4 provides the outcome of the 

two case studies, including the attenuation requirement and corner frequency. The phase 

shift of 45o compared to 180o is required for a lower filter attenuation in Band B, while a 
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phase shift of 180o needs a higher filter attenuation. As it is clear from Table 4, the uncon-

ventional and conventional phase shifts provide many beneficiaries such as EMI filter size 

reduction in Band B and Band A, respectively. Notably, Figure 10 is shown the proposed 

flowchart optimization approach for EMI filter designing and its benefit to fulfill the EMI 

level under the standard limitation in designing band frequency. 

Table 4. Band-B EMI Filter Design Based on PLECS Simulations for Standard (180º) and Unconventional Phase Shift (45º) regarding 

(17) And (18). The Switching Frequency is 37.5 kHz For Two Interleaved Units 

Band  Phase LCCM [mH] ΔiL[%] fD [kHz] Attreq [dB] LDM [µH] CDM[nF] Vtot[cm3] 

B 180o  

4.3 

 

22 

150 41.5 40 150 41.5 

45o 187.5 30.4 23 90 34.86 

A 180o 75 39.77 75 293 54.4 

45o 37.5 21.6 90 350 59.7 

Table 5. Case Study Specification 

Symbol Parameter Value Unit 

ug Grid phase voltage 230 Vrms 

fg Grid frequency 50 Hz 

L DC link inductor 2 mH 

fsw Switching frequency 20 kHz 

Cdc DC link capacitor 500 µF 

u0 Output voltage 400 V 

Po Output power 2 kW 

ΔVdc,max Capacitor voltage ripple 20 V 

ΔiL,max Inductor current ripple 20 % 

θ Phase shift 0,90,180 )odegree ( 

7. Experimental Results  

  In order to validate the theoretical analyses, a two-unit interleaved boost PFC rectifier, 

depicted in Figure 1, operating in CCM is taken into account. The required data are sum-

marized in Table 5. A laboratory setup, including EMI receiver, LISN, and the two-unit 

interleaved converter is considered to validate theory and design. A simplified prototype 

of the single-phase interleaved boost PFC converter, illustrated in Figure 11, is utilized to 

verify the proposed method. In addition, the simulation model is carried out in PLECS. 

The sampling frequency for simulations and experiments is 100 kHz. And, Figure 12 de-

picts the experimental waveforms of two units - interleaved through the parameters (fsw = 

20 kHz) and phase shift 90o given in Table 5. The first test case is a two-unit interleaved 

PFC with a zero-phase shift.  Figure 13(a) compares the simulation and experimental re-

sults for two-unit interleaved with θ = 0°. The purpose of employing the phase-shifting 

technique is to suppress the harmonics. As there is no cancelation impact for the θ = 0°, it 

can be simply used as an acceptable case scenario for filter’s attenuation requirement. In 

the second test, a 180° phase difference between two interleaved PFC is applied which is 

called interleaving using a conventional phase shift. It is obvious from Figure 13(b) that 

the experimental results are verified via simulations by the conventional phase shift be-

tween the units. Notably, the first order of harmonics appears in 2fsw compared to θ = 180° 

at higher frequencies. It has many benefits on Band A, including the elimination of the 

odd order noises, and it is shifting the EMI filter design frequency to a higher frequency. 

Therefore, the filter size decreases as it occurs at a high frequency. The second part of the 

experiments is related to the selective unconventional phase shift. As mentioned before, 
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the 2nd order harmonics disappear when 90° is considered as a phase shift. This scenario 

illustrates the effect of 90° as a phase shift if the switching frequency is selected to be 75-

150 kHz. Hence, the second-order harmonics appear to be above 150 kHz, and by using 

the 90° as a phase shift, it can remove the second harmonics, which is the first harmonic 

in Band B. Since the switching frequency limitation of the test setup, the effect of this phase 

shift is investigated at 20 kHz. On the other hand, Figure 13(c) is shown the effects of the 

90° phase shift on the second harmonics cancelation. Hence, Figure 13(c) shows the un-

conventional phase shift impacts considering 90° as a phase shift between the units for 

two-unit interleaved. As the noise-emission level is quite above the standard require-

ments, as depicted in Figure 13, designing an appropriate EMI filter is necessary. Further, 

Figure 13 depicts the simplified estimated DM EMI approach for different phase shifts as 

the method estimates the DM EMI noise with an error lower than 1 dB in Band A and 

Band B. As the concentration of harmonics energy on the top of the harmonics is im-

portant, the results are just shown on the top of the harmonics' multiple order. Hence, 

Table 6 summarizes the comparative DM noise results for one case study having different 

phase shifts for comparisons. Obviously, the proposed analytical model accurately 

matches the experimental results, and the maximum errors in Band A and Band B are 

below 1 dB for all considered phase shifts. This analytical modeling approach is valid for 

the different phase shifts, and also it can be applied by the many interleaved parts. 

 

Figure 11. Experimental prototype of two single phase interleaved boost PFC converter 

 

Figure 12. Measured waveforms of two units interleaved using parameters (fsw = 20 kHz) and a 

phase shift of 180o given in Table 5. 

  

(a) θ=0 (b) θ=180 (conventional phase shift) 

DSP

Drivers

Converter modules

Output Terminals

Output Capacitors

Sensors

Inductors

Input Terminals

il

uo

ig

ug

A

L
e

v
e
l 
in

 [
d
B

 µ
V

]
L
e

v
e
l 
in

[d
B

 µ
V

]

f

Frequency [Hz]
150 k

60

EMI Measurement 9 kHz –     kHz

104
10

5
10

CISPR 15[QP Limit]

140

120

40

CISPR 11(class A)[QP Limit]

Band BBand A

500 k

100

80

Experimental
Simulation

Estimation

A

L
e

v
e
l 
in

 [
d
B

 µ
V

]
L
e

v
e
l 
in

[d
B

 µ
V

]

f

Frequency [Hz]
150 k

60

EMI Measurement 9 kHz –     kHz

104
10

5
10

CISPR 15[QP Limit]

140

120

40

CISPR 11(class A)[QP Limit]

Band BBand A

500 k

100

80

Experimental
Simulation

Estimation

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 February 2021                   doi:10.20944/preprints202102.0358.v1

https://doi.org/10.20944/preprints202102.0358.v1


 
θ=90 (phase shift) 

Figure 13. EMI results measurement for 2-unit interleaved boost PFC converter, including estimation-based proposed 

model, simulations, and experiments. Test system specification is on the basis of results given in Table 5.   

Table 6. Comparative DM Noise Results for the Case Studies 

fsw = 20 kHz (CCM Operation) 

Phase θ=0 θ=180 θ=90 

Band A B A B A B 

 Method[dBµV]/ frequency[kHz] 20 

KHZ 

160 

KHZ 

40 

KHZ 

160 

KHZ 

20 

KHZ 

160  

KHZ 

Estimated 137.1 115.8 129 116 133.5 115 

Simulated 136.3 115.1 128 115.3 133.3 115.2 

Experimental 137.3 115.4 129.3 115.75 134.2 115.8 

1[dB]e-esE 0.2 0.4 0.3 0.25 0.7 0.8 

2[dB]e-sE 1 0.3 1.3 0.55 1.1 0.6 

1: Error between estimated and experiment 

2: Error between simulation and experiment 

 

8. Conclusion  

This research studied the impact of unconventional proposed phase-shift selection on EMI 

filter optimization for both Band A (9-150 kHz) and Band B (>150 kHz).  The results ob-

tained in Band A revealed that the interleaved topology provided has more advantages 

which gives the possibility of using no filter if the switching frequency is higher than 75 

kHz for two units, 50 kHz for three units, and 37.5 kHz four units. Additionally, in Band-

B, the application of conventional phase-shift between the units was not effective for all 

switching frequency ranges. Thus, various phase-shifts (unconventional) were employed 

to get a higher corner frequency and smaller filter size in Band B based on the EMI esti-

mation technique. Notably, in order to design a DM EMI filter, the proposed technique 

was used to model the noise level with higher accuracy at different phase shifts. In addi-

tion, this research highlighted the benefits of using the conventional phase shifts in Band-

A to suppress the odd-order harmonics in order to optimize the attenuation requirement 

for EMI filter design. At the end, filter volume optimization was utilized to get a mini-

mized component size by using an analytical estimation method and selective proper 

phase shifts. Therefore, a general method based on the analytical equation considering 

phase shift was employed to make EMI filter volume optimization. Experimental results 

verified the EMI estimation method with different phase shifts in Band A and Band B, and 

their maximum errors are below 1 dB. 
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