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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 proper 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, unconventional
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 power factor correction (PFC) circuits
to get an improved power factor close to unity. Additionally, using interleaving PFC,
numerous benefits are obtained, including an increased power density, reduced overall
design volume, and declined RMS current flowing through the boost capacitor, and using
an interleaved configuration 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 differential mode (DM)
electromagnetic interference (EMI) input filters, limiting the high-frequency noise trans-
mission 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 be-
yond 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]. More-
over, 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]. An EMI estimation approach and EMI filter designing analysis are
proposed for the 9-500 kHz based on the following assumptions:
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e DM noise estimation is only considered. A type of noise current is flowing in the same
direction as the power supply current, known as “DM,” because the outgoing and
return currents are reversely directed.

Rise time and fall time of switching waveform effects are ignored in the model.
DM EMI filter is analyzed from the volume optimization point of view. Analysis is
not covering the common mode EMI filter volume optimization.

e  Parasitic component effects are negligible.

EMI filter is effectively employed for reducing the EMI noise emissions, which is
designed based on the required noise attenuation requirements. The EMI filter’s depen-
dency on the EMI noise’s peak value has led to many modeling approaches to estimate the
EMI noise peak in the Bands A and B frequency ranges [6—10]. Additionally, it is highly
acceptable that the reduced grid 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 frequency 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 [11]. 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 frequency 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 model-
ing approaches that have been focusing on EMI analysis within a frequency range above
150 kHz are based on simulations [7,8]. Notably, prior state-of-the-art simulation-based
methods may be quite cumbersome if scaled up for system-level studies.

Only a few analytical-based approaches are introduced for differential mode noise
as in [9] to EMI filter designing based on the input current ripple equation of the inter-
leaved boost PFC. It is only suitable for EMI filter designing for conventional phase shift
interleaved and frequency above 150 kHz. Analytical DM EMI estimation is proposed
for non-interleaved PFC in [10] 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 dependency, which can be investigated to minimize the DM EMI
noise. Hence, this article suggests an analytical-based modeling approach for differential
mode EMI noise estimation. The analytical model is proposed for an interleaved boost PFC
converter, depicted in Figure 1 with including the impedance stabilizing network (LISN),
EMI receiver, and EMI filter. To create the possibility of compliance with measuring all
EMI measuring equipment’s impact, including the EMI receivers, LISN is also considered
on the analytical model.
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Figure 1. Block diagram of an interleaved boost power factor correction (PFC) converter including
impedance stabilizing network (LISN), electromagnetic interference (EMI) receiver, and EMI filter.
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From an EMI viewpoint, finding the appropriate phase shift angles is of great im-
portance to get an optimal filter volume [1,11]. 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 and 150 kHz. This research’s primary purposes
are to propose an appropriate analytical DM EMI noise estimation and EMI filter volume
investigation. Moreover, the analytical noise estimation approach covers the number of
interleaved 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. Further, 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 highlighted 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 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 obtained 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-stage DM EMI filter. In this section, the EMI measurement setup is
described according to the CISPR standard such as EMI receiver and line impedance
stabilizing 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
advantages 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 consid-
ered. 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 A~y calculated by (1) [6]:

Attreq(f)[4B) = Unax(fo)[dBuV] — CISPRigm( f) [dBV] + Margin[dB] (1)

where fp is filter design frequency, U,y is the first noise voltage peak. Ay~ is the
noise quantity, which should be damped by the filters. CISPR;;;,;; is considered emission
limits following CISPR-15 [5] and CISPR-11 [3] based on QP (Quasi Peak) for band A and
B, respectively. Moreover, “Margin” is the filter design margin. It is considered as 6 dB
because of uncertainty and EMI filter parameter tolerances [11-13]. Uncertainty is explicitly
considered by establishing proper control procedures and characteristics of the production
materials. In [14], the performance of novel control techniques for imperfect systems was
studied. The procedure is based on the utilization of the unavoidable imperfections related
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to physical realizations. In addition, A¢t-re; for a symmetrical two-stage EMI filter, including
inductor and capacitor size is obtained by (2):

Att—req(fp) = ((j27tfp)*.(2Lpa)-Com + 1)2 +(27fp)*.(2Lpm)-Com 2)

Seond Stage Damping Stage First Stage

. lpv i Lbm i Lpm |
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Figure 2. Symmetrical two-stage differential mode (DM) EMI filter configuration.

As discussed earlier, the input ripple current reduction implies a lower DM EMI noise
magnitude (Uyax), 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 challenge
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 employed phase
shift. The filter corner frequency is obtained by (3)

1
N 2-7T\/LDMCDM

Moreover, to measure the U,y based on the CISPR-16 [11] 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 (ies5) in order to define the EMI noise based on Equation (4). So,
the EMI test receiver utilizes a QP detection to get the EMI peak measurement. Finally, by
considering (4), the EMI peak measurement [13,15] is achieved:

fc 3)

f=MB+BY
Umax[dBuV] = 201og[1/uV Y thmeas(f) - RBW(f)] 4)
f=MB-E}Y

where MB is frequency sweep that is shifted over the frequency band of interest. RBW is
fourth 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).
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Figure 3. LISN per-phase circuit diagram recommendation by CISPR-16 for 9-500 kHz [9,10].

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
literature [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) [16,17] operation has already provided in
the literature. So, for the simplicity, only the widely used equations are specified in this
subsection, and the boost inductor size for CCM operations is obtained by (5) assuming
22% input ripple current according to [18]:

Lhoost = udc /4-AiL,max-fsw (5)

The value of parameters for a single-phase PFC are summarized in Table 1. The
parameters are used to define the filter’s attenuation requirements with respect to various
switching frequencies in CCM. So, inductor size, as presented in Table 2, can be obtained
via (5) for the different case studies. Thus, the maximum peak values of the spectrum
(Upnax) for various frequency switchings are achieved based on PLECS simulations and
Equation (4). Figure 4 illustrates the phase shift implementation between the two units
with phase shift 180° in order to decrease input ripple currents on the boost stages. Notably,
as shown in Figure 4, selecting the proper phase shift may affect the ripple of input current.
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
order 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
design 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 f,
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 5a depicts the connection between the attenuation requirement and the switch-
ing frequency up to four units for CCM mode in Band A. As the equivalent switching
frequency appears in N fs, thus there is no need to employ a filter if the switching fre-
quency is considered higher than 75 kHz in two units, 50 kHz in three units, and 37.5 kHz in
four units. Further, Figure 5b depicts the filter corner frequency (f;) via different switching
frequencies for a two-stage DM EMI filter in Band A subjected to (1)—(2). Notably, as
depicted in Figure 5c,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,
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and >150 kHz) in two units interleaved. For example, in order to select switching fre-
quencies of 35 kHz and 30 kHz in Band B, filter design frequencies appear at 175 kHz
and 150 kHz, respectively (fifth 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 frequency in the same filter attenuation requirement. Thus, switching at the
aforementioned critical frequencies and utilizing a switching frequency lower than them is
not highly efficient. Because this increases the filter corner frequency without affecting the
boost inductor size. In addition, using the interleaving technique leads to decreased input
ripple currents. Hence, Figure 6 shows the relationship between the input ripple current
with the number of the interleaved converter using PLECS simulations. The current ripple
decreases by adding the number of interleaved units. From the ripple current perspective,
it is not beneficial to increase the number of units above 5.

Table 1. Case Study Specification of Single-Phase Boost PFC.

Symbol Parameter Value Unit
Uy Grid phase voltage 230 Vrms
fs Grid frequency 50 Hz
Cac DC-link capacitor 500 uF
Uy, Output voltage 400 \%

P, Output power 1 kW

AIL max Inductor current ripple 22 Y%
kr1 Inductor size factor 3 cm®/mH. A2
ki Inductor size factor 8 cm®/mH
ki3 Inductor size factor 1.1 cm3/A
ker Capacitor stored energy factor 62 cm3/F. V2
keo Capacitor voltage dependent factor 0.7 cm3

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

fow (kHz) 20 25 30 35 375 45 50 70 75 140 150 250 500
Lpoost(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
r Lboost-1 = Lboost-2
IL-2 I—boost—2 Db_g
ON
S;(6=0°
82 | 1 ( )
. = OFF
: —p— S2(8=180° ) ON
11 Lboost-1 Dp-1 OFF 5 e

sjl:

LN SN SN S

. . K
B 2 A VA VA V4 >
N e e N

iL2 Aoy \/ N2 N\ AN

(@]
53
]IL
1 1+
Load

iL= i+ il

Figure 4. Analysis phase shift effects on input ripple current in two units interleaved boost stages. The phase shift between

units is considered 180°.
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Figure 5. 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 conventional phase shift is

considered 360° /N.
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o
(0¢]
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4

Figure 6. Input ripple current on the basis of the number of the interleaved converters with
fow =37.5kHz, Pp =1 kW, and Ly,,s; =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
prediction that is important in the DM EMI filter design in order to fulfill the standard
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us(t)

requirements. Additionally, the proposed method is on the basis of the closed-loop in-
put impedance and the double Fourier analysis of the noise source spectrum. The sug-
gested technique characterizes the production emissions of the power converter within
the frequency range of 9-500 kHz considering the double Fourier analysis and closed-loop
impedance. Extra details about the modeling of DM noise, closed-loop input impedance,
and the frequency behavior have been reported in [10] for single-phase non-interleaved
boost PEC. 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
harmonics [19]:

138

[Agn cos(nwot) + By sin(nwot)] + Y [Amo cos(mwet) + By sin(mw,t)]
n m=1

1
+ 5 Y Apncos([mwe + nwelt) + By sin([mw, + nw,]t) (6)
m=l = _o0

n#0

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 wy. Agy, Bon,
Ao, Bio, Amn, and By, denote the harmonic coefficients [10,19]. Moreover, it has to be
noted that the carrier harmonics can be updated by the phase shift effects given as (7):

. 8U;. 1 > mrM
Amo + jBmo = éic = ofmo Z ]k( ) 7)
mtom K1 k

k = odd

Finally, sideband harmonics are obtained by the phase shift effects in interleaved units
given as (8):
Amn +ijn = %jime]mﬂ ®
& in( k=1 in( ktn
B J(md) ) (SR )

where 6 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 6. The structure of a simplified case study with a Norton
equivalent circuit is illustrated in Figure 7. The current for N units can be calculated
from (9):
N /
. us{(n"' —1)60}
ir(s) = _
( ) ngl Zin (Tl/)

where (n’—1) 6 is the phase shift for unit number n’. The PFC converter’s input impedance
based on a large signal model is obtained by (10) [10]:

©)

Rs

Umo

1
zin(s) = sL+ = (UgcGei) /1 + - — (g UacGei) (10)
mo
where 1, denotes the peak-to-peak value of the PWM signal, and g denotes a constant
value. More details on the closed-loop impedance modeling of the boost PFC converter
are reported in [20]. Since the switching function of the diode rectifier is a square-waved
signal, its Fourier transform is obtained by (11):

. o 2 . hm
FIOE Y i s1n(7) cos(woht) (11)
h=1
h = odd
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where h is harmonics order number. Thereby, the LISN input current without EMI filter is
obtained by (12):
icno(s) = ig(s)ip(s) (12)

Equivalent Circuit

> > |
I |
Z ' :
Ug (7)) | Zin1 11 I
= | '
I |
] |
—)— — o — - — d

L Rectifier unit #1

EMI :
Receiver Ir‘—‘——————-l
I | |
= I . |
: ZinN LN :
I |
o ;
Unit #N

Figure 7. Norton equivalent circuit of the interleaved boost PFC converter.

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) [10]:

irec(s) = %icnv(s) (13)

C and D are defined in Equations (14) and (15), [10] as

C = L1L,C1Cos* + RyCiCo (Lo + Ly)s® + C1(Ly + Ly )s? (14)

D = C1Ca(RaLy + LyLy)s* + C1Ca(LaRy + Ly)s® + (L1 Cy + LoCay + LoCy + RyRoCoCy)s? + (RiCp + RaCo)s + 1 (15)

In addition, the EMI receiver voltage noise is

Upeas (5) = Ryirec (S) (16)

5. Unconventional Phase Shift Approach

As seen in Figure 5c¢, the attenuation requirement and filter corner frequency are
slightly different for one unit non-interleaved and two units and three units with a conven-
tional phase shift. Hence, the interleaving technique does not have any benefits at some
switching 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 unconventional phase shift is essential in that frequency range. No-
tably, analytical EMI estimation can be predicted on EMI noise level in any order of carrier
frequency harmonics based on the selective phase angle. Therefore, an unconventional
phase shift can be selected by looking at the first appeared carrier harmonics behavior in
the different phases in Band B. Hence, Table 3 provides an unconventional phase shift from
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an analytical estimation approach to get a low filter attenuation requirement based on the
switching frequency and the number of interleaved units. Figure 8 depicts the first carrier
harmonics behavior in Band B for several interleaved case studies in different phases and
switching 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
assessing the relation between N, k, and 6.

3600
- N

B 360°
~ min{ factor(N) .k}

where k denotes the harmonic order of the switching frequency, that is the first noise peak
in Band B.

0

if kis not a multipleof N (17)

if kisamultipleof N (18)

Table 3. The Unconventional Phase Shift Angles at the Switching Frequency Range (20-150 kHz) up
to Four Units Interleaved for Band B.

Number of Interleaved (N)

Frequency (kHz) Harm. Order (k):
2 3 4

20 8th 22.5° 120° 22.5°
25 6th 30° 20° 90°
30 5th 180° 120° 90°
35 5th 180° 120° 90°
37.5 4th 45° 120° 45°
45 4th 45° 120° 45°
50 3th 180° 40° 90°
70 3th 180° 40° 90°
75 2th 90° 120° 90°
140 2th 90° 120° 90°
150 1th 180° 120° 90°

4

150—————————————————

= Fsw = 35 kHz (N=2) Fsw = 25 kHz (N=2)
= Fsw = 70 kHz (N=2) ==== Fsw = 45 kHz (N=4)

100

o)
o

Level in [dB pV]

0 20 40 60 80 100 120 140 160 180
Phase [ deg ]

Figure 8. First carrier harmonics behavior with various switching frequencies in Band-B for three
interleaved units with different phases.
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Notably, unconventional phase shift does not affect the DM EMI filter loss. Since
the DM capacitor takes most of the switching ripple, the DM inductor loss is almost the
same no matter which phase shift is applied. In addition, Figure 9 illustrates the RMS
input current of the DC-link capacitor for conventional phase shift and unconventional
phase shift based on the number of the interleaved converters. As it is clear from Figure 9,
the unconventional phase shift increases the RMS capacitor input current in some cases.
Notably, it does not affect the DC capacitor size regarding ripple current is lower than
non-interleaved PFC.

2 3 I & ' '

=

qc) 2.5 ' * Unconventional ||
= O Conventional

3

(2} 2| ® -

=

po 1.5

— |

2

]

®

Q- 1 L L L . . »
o >
O 1 2 S

Number of Interleaved

Figure 9. Input ripple current of the DC capacitor on the basis of the number of the interleaved
converters with fsy = 37.5 kHz, Py = 1 kW, and Ly,,s; = 1 mH based on PLECS software simulations.
The conventional phase shift is considered 360° /N and unconventional is selected based on the (17)
and (18).

6. Filter Volume Optimization

In this section, the primary purpose is to optimize the EMI filter size considering the
selected proper phase shift. To investigate the efficiency of the proposed method, EMI filter
volume can be calculated based on [15]. As mentioned above, the symmetrical two-stage
EMI filter [18], shown in Figure 2, has been considered for this paper’s analysis. Hence, the
EMI filter capacitor size can be obtained from (19) [15]:

Ve = ke1Comug + ke (19)

where the factor kc; denotes the capacitor volume proportionality to the stored energy
and k¢, denotes a voltage-dependent factor. Furthermore, the inductor size is obtained by
(20) [15]:

Vi = kpiLpmlIg + kioLpw + ksl (20)

kr1 is a constant factor describing the proportionality between the stored energy

E; = 1/2-LDM~Ig2 and the inductor volume. These factors can be derived analogously to

k11, k12, and kp3 from the manufacturer’s data using Magnetics toroid cores [10], which is

present in Table 1. So, the total volume of the two-stage symmetrical EMI filter is calculated
from (21):

Vit = 2(1’lf—|—1)VL+1’lfVC — min (21)

where 1 is the number of filter stages [9,15,18]. Solving (19)-(21) and (2) results in optimum
filter component parameters for a certain number of filter stages n. To simplify the
calculation analysis, (2) is simplified for two-stage EMI filter as

Aty (f) = (1270f)* .(2Lpm)"f .Com™ (22)
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Finally, EMI filter components are calculated by

(Tlf + 1)(kL11§ + kLZ)- n Attreq,DM

Com = @)
an.kcl.M§~(27TfD)2
nf.kC1 .ué. %/m
Lom = 2

2(ny +1).(kp1 12 + kp2).(27fp)

Finally, Figure 10 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 8, the relation (17)—(18) does cover some unconventional 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 10
shows the general method for phase shift selection based on the analytical estimation.
Moreover, (17)—(18) can use instead of the general unconventional phase-shifting method
to improve computation time. This flowchart is mainly applied to calculate the EMI filter
component with only a few equations considering proper phase shifts with unconventional
phase shift or analytical estimation. Hence, Figure 11 shows optimal DM EMI filter boxed-
volume approximation, including conventional and unconventional phase shifts in Band-B
based on Table 3 and Figure 10. As previously mentioned, the unconventional phase shift
efficiency in a decreased EMI filter size is obtained from Figure 11. Here, two cases are
presented with different phase shifts, including conventional as 180° and unconventional
as 45° selected from Table 3 based on the f;;, = 37.5 kHz for two units interleaved.

R - N  TypeofBand
P o s

| Select the primary phase shift I Select the unconventional
L 8=0, 0s6=T I|  phase shiftfrom (17) — (18)

| Estimated noise source
| Inductor size(L) model by(6) — (8)
|
L *(us, N,8)
: 0=0+1, Estimated noise current by(9) — (12)
0<O<m

| +(icnv)

Apply EMI recivier and LISN effect by
(13) - (16), (4)

+(Uma\x,fD)

|
|
|
|
: Calculated filter required attenuation
|
|

by (1)
L N /Min\>
X Attre
Volumetric component ™\ 7
parmeter Yes
(Attreq, D)

Calculated optimal filter component
size by (19) — (24)

\

(Lbm,Cbm) optimal

Figure 10. Flow chart of DM EMI filter boxed-volume optimization.
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Figure 11. 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 10.

Table 4 provides the outcome of the two case studies, including the attenuation
requirement and corner frequency. The phase shift of 45° compared to 180° is required
for a lower filter attenuation in Band B, while a phase shift of 180° needs a higher filter
attenuation. As it is clear from Table 4, the unconventional and conventional phase
shifts provide many beneficiaries such as EMI filter size reduction in Band B and Band A,
respectively. Notably, Figure 12 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 and A EMI Filter Design Based on PLECS Simulations for conventional (180°) and unconventional Phase
Shift (45°) regarding (17) And (18). The Switching Frequency is 37.5 kHz For Two Interleaved Units.

Band Phase Lpgee (mH)  Aip (%)  fp (kHz)

Attreq (dB) LDM (pH) CDM (nF) th(cm3) LDM (cm3) CDM (cm3)

B 180° 150 41.5 40 150 415 6.16 2.04
45° 43 2 187.5 30.4 23 90 34.86 5.32 1.48
A 180° : 75 39.77 75 293 54.4 8 3.3
45° 37.5 21.6 180 730 96.8 13.75 7.11
) ) EMI_Simulation 9 kHz — 500 kHz
150~ EMI_Simulation 9 kHz - 500 kHz QsPRS[QP Limit] ‘ |
| b
! >
E 100 CISPR15[QP Limit] : [!:]L :
m . o, 50
2 A
£ D 1 H 5
T 50 & ¢ ‘4" R ﬁl i
'\ Jy 1 H H
3 =0 S UL W SR
Band A - ~....J'1 Band B ;
0L 10 10° 150k 500 k

Frequency [Hz]

(a) Design EMI filter for band B(0 = 45°)

Frequency [HZ]

(b) Design EMI filter for band A(6 = 180°)

Figure 12. EMI simulation approach for two-unit interleaved CCM at fs, = 37.5 kHz based on Table 4.
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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
summarized 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 13, 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 14 depicts the
experimental waveforms of two units—interleaved through the parameters (fs;y = 20 kHz)
and phase shift 180° given in Table 5. The first test case is a two-unit interleaved PFC
with a zero-phase shift. Figure 15a compares the simulation and experimental results for
two-unit interleaved with 0 = 0°. The purpose of employing the phase-shifting technique is
to suppress the harmonics. As there is no cancelation impact for the 6 = 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 15b that the experimental results
are verified via simulations by the conventional phase shift between the units. Notably,
the first order of harmonics appears in 2f;;, compared to 6 = 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.

Table 5. Case Study Specification.

Symbol Parameter Value Unit
Uy Grid phase voltage 230 Vrms
fs Grid frequency 50 Hz
L DC link inductor 2 mH
fow Switching frequency 20 kHz
Cac DC link capacitor 500 uF
Udc Output voltage 400 \%
P, Output power 2 kW

AV max Capacitor voltage ripple 20 v

NIL max Inductor current ripple 20 Y%

0 Phase shift 0,90,180 degree (°)

Input Terminals

Converter modules

Output Terminals

Drivers %
N |

Output Capacitors

Sensors

Inductors

Figure 13. Experimental prototype of two single phase interleaved boost PFC converter.
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Figure 14. Measured waveforms of two units interleaved using parameters (fs,y = 20 kHz) and a
phase shift of 180° given in Table 5
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Figure 15. EMI results measurement for 2-unit interleaved boost PFC converter, including estimation-based proposed
model, simulations, and experiments for different phase shift including (a) 0°, (b) 180°, and (c) 90°. Test system specification
is on the basis of results given in Table 5

The second part of the experiments is related to the selective unconventional phase
shift. As mentioned before, the second 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 15¢
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is shown the effects of the 90° phase shift on the second harmonics cancelation. Hence,
Figure 15¢ shows the unconventional 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 requirements, as depicted in Figure 15, designing an appropriate EMI filter
is necessary. Further, Figure 15 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 important, 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.

Table 6. Comparative DM Noise Results for the Case Studies.

fsw =20 kHz (CCM Operation)

Phase 0=0 0 =180 0=90
Band A B A B A B
20 160 40 160 20 160
Method(dBuV)/frequency(kHz) KHz KHz KHz KHz KHz 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
Ees-e(dB) ! 0.2 0.4 0.3 0.25 0.7 0.8
Es.e(dB) 2 1 0.3 1.3 0.55 1.1 0.6

1: Error between estimated and experiment; 2: Error between simulation and experiment.

8. Conclusions

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
obtained 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 estimation 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 addition, 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 minimized 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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