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Abstract—A magnetic integration method of single- and multi-
stage electromagnetic interference (EMI) filters is presented.
Common-mode and differential-mode inductors are integrated into
a single magnetic core unit to significantly reduce the filter volume.
A 500-W silicon carbon (SiC) single-phase inverter is used as an ex-
perimental platform. The magnetic integration model is designed,
and the magnetic circuit analysis is conducted in a simulation to
ensure that the core will not reach magnetic saturation under full-
load conditions. The feasibility of the proposed method is verified
by an EMI test in a simulation and an experiment. Compared with
a traditional discrete passive EMI filter, the proposed integrated
EMLI filters can reduce 40% of the total volume and 69% of the
inductor volume in an integrated single-stage EMI filter with satis-
factory EMI suppression ability. Although the weight of integrated
inductor of integrated multi-stage EMI filter (IMSEF) has 23.8 %
increment, the IMSEF shows a better EMI suppression ability and
4.6 % inductor volume reduction.

Index Terms—Conducted electromagnetic interference (EMI),
EMI filter, magnetic integration, multi-stage, single-stage.

I. INTRODUCTION

HE PULSEWIDTH modulation (PWM) method is widely
T used in power converters. As a typical application, grid-
connected inverters benefit from the elimination of lower order
current harmonics and the high efficiency with the PWM tech-
nique. However, it also increases the level of electromagnetic
interference (EMI), especially in higher switching frequency ap-
plications [1]-[4]. In recent years, the issue has been particularly
prominent with the prevalence of wide-bandgap (WBG) mate-
rials, such as silicon carbon (SiC) and gallium nitride (GaN).
EMI noise not only affects the normal operation of the equip-
ment itself but also interferes with the surrounding equipment
by coupling to the same power grid. For grid-connected sys-
tems, EMI noise can pollute the power grid and spread to other
electrical equipment, causing severe consequences. Thus, stan-
dards such as the International Special Committee on Radio
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Interference (CISPR) [5] specify the limit of EMI noise that a
power converter is allowed to generate. Many solutions have
been proposed to make grid-connected systems meet the stan-
dard in [6]-[8]. The design of a passive EMI filter (PEF) and
magnetic core saturation analysis were introduced in detail in
[6]. In [7] and [8], the proposed active EMI filter (AEF) was
mainly designed to improve the low-frequency performance of
a PEF. The PEF is currently the most widely used method due
to the poor stability or undesirable overall effects of the AEF
[71, [9]. However, a traditional discrete EMI filter will signifi-
cantly increase the volume of the converter, although the volume
of the harmonic filter can be significantly reduced by the higher
switching frequency. Thus, some integration methods have been
proposed to reduce the volume of passive EMI filters with higher
power density. Two typical solutions are integrated passive fil-
ters with a planar printed circuit board (PCB) and integrated
inductors with a single core unit [10]-[14]. In [10], a flexible
multilayer foil was applied to integrate the filter capacitor with
an inductor; however, the presented analysis of the integration
method of the inductors was not completed. A novel magnetic
integration method with double ring cores was proposed in [11].
This method can indeed reduce the volume to a large extent,
while the number of turns of the differential-mode (DM) induc-
tor is related to that of the common-mode (CM) inductor, but
the designs are not independent. Previous PEF integration tech-
nology has been designed for a single-stage EMI filter. For the
case where the initial EMI noise is quite serious, a single-stage
EMI filter must be designed with large inductors, which natu-
rally leads to higher parasitic parameters. This can reduce the
suppression degree of the high-frequency noise. On the other
hand, the magnetic core is more easily saturated under condi-
tions with larger inductance and these factors can be considered
for further improvements. A planar inductor used for EMI filter
integration was designed, analyzed, and improved in [13]-[15].
Some contributions have been made, but further progress has
been limited by the equivalent parallel capacitance of the pla-
nar inductors, which is restricted by the dimension, size, and
physical structure [14].

This paper presents a systematic method to integrate single-
and multi-stage PEFs with EE-type and EIE-type cores that
the center leg is twice the width of the outer leg, respectively;
it provides volume reduction with enhanced EMI attenuation
ability compared with the traditional discrete passive EMI filter
(DPEF). The integrated single-stage EMI filter (ISSEF) and in-
tegrated multi-stage EMI filter IMSEF) are modeled, analyzed,
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Fig. 1. Typical EMI model in the power converter. (a) CM model without EMI
filter. (b) DM model without EMI filter.
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Fig. 2. Typical single-stage EMI filter in the power converter. (a) Integral
topology. (b) Equivalent CM model with single-stage EMI filter. (c) Equivalent
DM model with single-stage EMI filter.

and designed for application in a silicon carbon single-phase in-
verter. The feasibility of this design scheme is verified by simula-
tion and experiment. In Section II, the parameter design method
of the PEF is introduced briefly. Then, the design and analysis of
the proposed ISSEF and IMSEF models are presented in detail
in Section III. Finally, the simulation and experimental verifica-
tions of the proposed magnetic integration methods as well as
the discussion of the experiment results are given in Sections IV
and V, respectively. The conclusion is presented in Section VI.

II. PARAMETER DESIGN PROCEDURE OF PEF

The design of the PEF parameters is the basis of the magnetic
integration method. In this paper, the detailed theoretical deriva-
tion and calculation of the filtering component design of PEF are
conducted first. Both the single-stage and multi-stage passive
EMI filter for EMI reduction are modeled and analyzed in detail.

A. Analysis and Design of the Single-Stage EMI Filter

Fig. 1(a) and (b) shows the CM and DM model without EMI
filter, respectively. The Vs (or m) is the original CM
(or DM) noise voltage measure by the line impedance stabi-
lization network (LISN). A typical single-stage EMI filter with
an LISN and its equivalent CM and DM models are shown in
Fig. 2(a)—(c), respectively, where Rscns and Rgpps are the
equivalent impedances of the CM noise and DM noise source,
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Fig. 3. Insertion loss of a single-stage PEF. (a) CM. (b) DM.

respectively, which are commonly regarded as infinite. ‘71\/15
(or Vpare) is the corresponding noise voltage measure by LISN
with the single-stage PEF.

The parameters of the single-stage PEF are designed accord-
ing to the required insertion losses of the CM and DM modules.
The CM and DM insertion losses of a single-stage PEF are de-
rived from (1). Fig. 3 shows the amplitude-frequency curves of
the CM and DM insertion losses, which are obtained from (1).
The cutoff frequency is designed according to (2), where fr is
the harmonic frequency to be attenuated and V,. is the required
attenuation at fp [6]. With the combination of (2) and (3), the
parameters of the single-stage PEF can be designed properly

—
~ Vew(s)
GCM(S) = =
Venra(s)
= 2L0M0y82 +2Rrrsn,cmCys + 1
—
_ Vbu(s)
GDM(S) e
Voama(s) , ,
= 2LpmCx1CxaRrrsn,pms” +2LpyCxas
+Rrrsn,om(Cx1+ Cxa)s+ 1

(1)
Vreq
fcfreq,CM = min fT X 107 720
Veea, @)
fe—req,pm = min { fr x 107 60
1 1
(3)
; 1, 1
DM = —— ,
‘ 2 \| 2LpmCx1Cx2Rrsn, DM
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Fig. 4. Typical multi-stage EMI filter. (a) Integral topology. (b) Equivalent

CM model. (¢) Equivalent DM model.
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Fig. 5. Insertion loss of the multi-stage PEF. (a) CM. (b) DM.

B. Analysis and Design of the Multi-Stage EMI Filter

The topology of the multi-stage PEF is shown in Fig. 4,
which can be designed with a smaller inductance due to the
better noise suppression performance. In Fig. 4, the CM and
DM insertion losses of the multi-stage PEF are derived from
(4), and the amplitude-frequency curves of the CM and DM in-
sertion losses are depicted in Fig. 5. The design method of the
multi-stage PEF parameters is similar to that of a single-stage
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The cutoff frequency and its relationship with the elements
are determined from (5) and (6). In addition, special attention
needs to be paid to the resonance frequency of the CM EMI
filter during the design procedure, especially f.o. As shown in
Fig. 5(a), curve A is the amplitude—frequency response curve
of the equivalent CM filter with initial calculated parameters
(Loa = 0.54 mH, Cy = 2200 pF), but f,2 exceeds 150 kHz
in this situation; the EMI noise attenuation will be amplified
around this frequency point. Hence, f,; and f,2 must be ad-
justed to be away from the conducted EMI frequency range of
150 kHz-30 MHz. f,; and f,o are determined from (7), which
can be used to verify or improve the final designed parame-
ters of the multi-stage PEF. Increasing the Cy to be 4700 pF
and the f,o is successfully decreased below 150 kHz as shown
in curve B of Fig. 5(a). On the other hand, the equivalent
DM filter is a five-order circuit with a 100 dB/dec attenuation
rate on the high-frequency EMI noise, which is shown in Fig.
5(b). Thus, the required DM inductance is quite small, which
is commonly replaced by the leakage inductance of the CM
inductor

fucrr = 14\/ .
M 97 N 4Cy1CyaLenn Lo

5
fc,DM = 2i \/ ! .
T\ RLisN, DM Licakage1 Lieakage2Cx1Cx2Cx 3

&)

Based on the above analysis of the filtering component design,
the design procedure of the ISSEF and IMSEF can be depicted
as Fig. 6(a) and (b), respectively. The detailed modeling and
analysis of ISSEF and IMSEF are presented in the following
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Fig. 6. Design procedure of integrated inductor. (a) Integrated inductor in
ISSEF. (b) Integrated inductor in IMSEFE.
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III. DESIGN OF THE ISSEF AND IMSEF
A. Modeling and Analysis of the ISSEF and IMSEF

In this paper, the EE core is used for an ISSEF. The designed
structure of the integrated CM and DM inductor is shown in
Fig. 7(a). The air gap is designed at the center leg of the core to
increase the reluctance; most of the magnetic flux generated on
the side leg will flow through the peripheral side legs under CM
activation, and therefore, controlling the CM magnetic circuit
would simplify the analysis and design. In these structures, Ny
is the winding number of the side legs contributed by each of the
L and N lines, IV is the winding number of each part of the center
leg, and [, denotes the length of the air gap in the center leg.

The EIE core is applied for an IMSEF. The designed struc-
tures of the integrated inductors are shown in Fig. 7(b) and (c).
Fig. 7(b) depicts the structure of the EIE magnetic core without
an independent DM inductor. The air gaps designed between the
E-type and I-type cores can increase the saturated ampere-turns
of the core and decouple the upper and lower parts of the mag-
netic path for simpler analysis and parameter design. In general,
the required DM inductance is quite small due to the 100 dB/dec
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Fig. 7. Winding structure of the magnetic core of the ISSEF and IMSEF.
(a) EE core in ISSEFE. (b) EIE core in IMSEF designed without indepen-
dent DM inductor. (c) EIE core in IMSEF designed with independent DM
inductor.
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Fig.8. Magnetic coupling of the integrated core under CM and DM activating.
(a) EE core in ISSEF under CM activating. (b) EE core in ISSEF under DM
activating. (c) EIE core in IMSEF under CM activating.

attenuation rate of the multi-stage PEF on the DM noise. It can
be replaced by the leakage inductance of the CM inductor, which
is approximately 0.1%-2% of the CM choke inductance value
[6]. In addition, the winding structure of the magnetic core with
an independent DM inductor can be designed as in Fig. 7(c) for
a specific situation.

The magnetic coupling states are shown in Fig. 8(a) and (b)
when the integrated magnetic core is applied in the CM and
DM noise model of ISSEF. The magnetic flux produced by the
windings of the side legs can strengthen each other when the
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Fig. 9. Simplified magnetic coupling of EE core in ISSEF. (a) CM. (b) DM.

(b)

Fig. 10.  Equivalent magnetic circuits. (a) Under the CM model. (b) Under the
DM model.

CM current flows, while the magnetic flux produced by the two-
part windings of the center leg cancel each other. On the other
hand, the magnetic flux produced by the windings of the cen-
ter leg can strengthen each other when the DM current flows,
while the magnetic flux produced by the windings of the side
legs cancel each other. Fig. 8(c) depicts the magnetic coupling
state of EIE core in IMSEF under CM activation. The upper and
lower parts act as two CM inductors of IMSEF. The magnetic
circuits can be isolated by providing an air gap between the E-
type and the I-type magnetic core to achieve the EI-EI effect,
which can simplify the magnetic circuit model. The simplified
CM and DM magnetic coupling structures of ISSEF are shown in
Fig. 9. For the CM model, the reluctance of the center leg is much
higher than that of the side legs; thus, the magnetic flux crossing
through the center leg can be ignored under CM activation.

B. Magnetic Circuit Modeling and Inductance Calculation of
ISSEF and IMSEF

The equivalent CM and DM magnetic circuits of the integrated
inductor in ISSEF are shown in Fig. 10, where R, denotes the
air-gap magnetic reluctance of the center leg. R.; and R.3 rep-
resent the magnetic reluctances of the side leg and center leg,
respectively. R.o stands for the magnetic reluctance of the yoke.
According to the magnetic circuits above, the self-reluctance and
mutual reluctance are equal for the two-part magnetic potential
of the CM and DM. R);,ca and Ry pas represent the self-
reluctance (or mutual reluctance) for CM and DM, respectively,
which are determined from (8) and (9). Rg1 (or Rg2) and Rg3
(or Rg4) are defined in (10). 119 denotes the permeability of air
and p, stands for the relative permeability of the magnetic core.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 1, JANUARY 2020

M R,

Fig. 11.  Magnetic circuit of the IMSEF. (a) Equivalent magnetic circuit.
(b) Simplified magnetic circuit. (c) Simplified magnetic circuit for R j; analysis.

1 and [ represent the magnetic path lengths of ¢4, as shown
in Fig. 8(a) [or (b)], and the center leg, respectively. A, and A,
denote the cross-sectional areas of the side leg and center leg,

respectively
Ryr,onv = 2Ro1 + 4Re2 = Rt (or Rao) (8)

Ryr,pm = 0.5Re1 + Rea + 2Rcs + Ry = Ras (or Ros) (9)

l
Re1 = p le
rH0<4s (10)
0.51p1 le —1, ly
Res = .
prpoAs  prpoAe  poAe

The contributed CM and DM inductances of the ISSEF can
be derived from (11) and (12); accordingly, the parameters of
the ISSEF can be appropriately designed

INY ) popur A
LCM:(HL}% an
1
IN) 2t pi0 A Ay 1
LDM ( 2) My bo-AsAe (12)

T 05lp1 A + (o — L) Ay + lgAgpsy 27

The magnetic circuit and its simplified model of IMSEF are
shown in Fig. 11(a) and (b). R,,1, Rm2, and R. denote the
magnetic reluctances of the side leg, yoke, and center leg, re-
spectively. I2;, represents the reluctance of the I-type core. Ry
and R, represent the air gap reluctances of the side leg and
center leg, respectively.
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According to the simplified magnetic circuit, the self-
reluctance (R,,) can be directly estimated. The mutual reluc-
tance ([25;) stands for the reluctance of magnetic coupling path
between the winding groups on the left- and right-side legs.
In such a symmetric magnetic circuit, 2, is equivalent to the
reluctance from the left-side winding group to the right-side
winding group. Thus, the magnetic circuit can be further sim-
plified as shown in Fig. 11(c) for Rj; determination, where F
and ¢ denote the magnetic potential and total flux produced by
the winding group on the left side-leg, respectively. ¢, and ¢y
stand for the right side-leg and center-leg flux produced by the
magnetic potential (F), respectively. ¢, is indeed the coupled
flux, and thus, Ry = £ . R, and Ry can be derived from
(13) [16]-[18], where B?l and Rs are expressed as (14). The
magnetic reluctances of all parts are shown in (15), where [,
and [ 4o denote the lengths of the side leg and yoke, respectively.

The equivalent CM inductor consists of two parts—self-
inductance and mutual inductance (M), which can be derived
from (16). K is the coupling coefficient of the inductors pro-
duced by the side legs and is given in (17)

R Ry
R,,= Ri+Ri//Ry = Ry +
1 1// 2 1 R1 n RQ
F F F Ri+R
Ry = 2= == 1R 2 (13)
@ ® Ri+R2 2
- R . Ry + Ro _ Rl(R1+2R2)
" Ry Ry
Ri= Rp1+ Rpo+ Ry + Rgs
(14)
Ry = R.+ Ry
lsl lsQ
Ry = ——, = %
T ppoAaT T o As (15)
l l
Rc - L R c = - ) R s — g
prpoAe I :LLOAC 7 UOAS
2N*2 N*2
*CM=7R1 +2M:(2+2KM)R1 (16)
R, Ro
Ky=—=—"—. 17
M7 Ry R+ R (a7

IV. SIMULATION VERIFICATION

In this section, a 500-W single-phase voltage source inverter
(VSI), as shown in Fig. 12, is applied in PLECS software for
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Fig. 13.  Structure of the integrated inductor in the simulation. (a) ISSEF.
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Fig. 14.  Sizes of the selected magnetic cores. (a) ISSEF. (b) IMSEF.
TABLE 1
CHARACTERISTICS OF THE MAGNETIC MATERIAL-LP9
Initial Power loss Saturation flux Curie
permeability (kW/m®)(100kHz, density (Bg temperature
) 200 mT) /mT) (T,/°0)
3300£25% 350 (25°C) 520 (25°C) > 215°C
300 (80°C) 410 (100°C)
320 (100°C)

simulation verification. The dc-link voltage is 200 V, the out-
put voltage is ac 110 V/50 Hz, and the switching frequency is
50 kHz. The EMI suppression ability with the ISSEF or IMSEF
is verified with the EMI standard EN55011 [19], which defines
the measurement frequency from 150 kHz to 30 MHz. The de-
tailed structure of the integrated inductor in the simulation is
shown in Fig. 13 [20].

The magnetic cores are selected according to [21] and [22],
and the cores selected for the ISSEF and IMSEF are EE42/21/15
(LP9) and EI60/44 (LP9), respectively [23]. The sizes of the
cores are shown in Fig. 14. The characteristics of the ferrite
magnetic material-LP9 are shown in Table I. In order to meet
the previously established integrated inductor simplified models
in ISSEF and IMSEF, the branch reluctance with the added air
gap must be designed much larger than the reluctance of other
magnetic circuit branches. For the magnetic circuit of ISSEF, it
is necessary to make the resistance of the center-leg much larger
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TABLE II
PARAMETER DESIGN OF THE ISSEF AND IMSEF

Parameters ISSEF IMSEF
Cx (uF) 0.1 1
Cy (pF) 2200 4700
Lep (mH) 1.3 0.54
Lpy (LH) 26 0.548
Ny 17 -
N, 14 -
Ny (or Ny) - 19
lg (mm) 0.9 0.3
Winding diameter (mm) 0.8 0.8

than the resistance of the side-leg, ensuring that the magnetic
coupling coefficient between the left- and right-side leg winding
groups approximately equals one.

For the magnetic circuit of IMSEEF, the branch reluctance with
the added air gap must be designed much larger than half of the
reluctance of the I-type core. Thus, the condition in (18) should
be satisfied, and the appropriate design range of the air gap length
can be obtained. Regarding the reluctance of the branch where
the air gap is located, it showed ten times the reluctance of other
branches as the demarcation point. According to the permeabil-
ity listed in Table I and the core size shown in Fig. 14, the
air-gap length can be calculated as [, > 0.244 mm in ISSEF, /4
> 0.087 mm in IMSEF, and [, > 0.173 mm in IMSEF, where
lys and l4. denote the air-gap length of the side leg and center
leg in IMSEEF, respectively

Ry +2R.3 >> Ry + 2R = Ry >> Ry

18
Rys + Rt + Ronp >> Ros Ryo + Re 5> Ry, )

Based on the previous analysis and calculation, the air gap is
selected as [, = 0.9 mm in ISSEF and /,s =, = 0.3 mm
in IMSEF. With the determination of expected designed values
according to the proposed analysis in Section II, the turn num-
ber of the windings can be determined according to (11), (12),
and (16) with the required filtering inductance. The designed
parameters of the ISSEF and IMSEF are listed in Table II. The
parameters of the two parts of the IMSEF are designed with the
same value, where C'y; = Cyo and Cx1 = Cxo = Cx3 .

Fig. 15(a)—(c) shows the simulated flux distribution of the in-
tegrated inductors of the ISSEF and IMSEF under a full load
(500 W), iy = 4.5 A. For ensuring that the core will not sat-
urate, the excitation current is set to 4.5 A/50 Hz for CM and
DM conditions, the core permeability is set to 3300 according
to the datasheet, and the designed model characteristics are con-
sistent with the parameters depicted in Table II. According to
the saturation curve of the ferrite core shown in Fig. 15(d), the
maximum flux in the core of the integrated inductor of the ISSEF
under CM is in the range of 0.43-0.74 of the saturation flux at
a temperature of 25-120 °C. The maximum flux is far less than
the saturation flux under DM as well as the integrated inductor
of the IMSEF under CM. The power loss in the integrated in-
ductors are mainly depended on the core loss, copper loss, and
air-gap loss, as the current ripple at the switching frequency has
been largely reduced by the harmonic filter and the core loss
could be small; the size of the EMI filtering inductor is small
enough that the copper loss and air-gap loss can be ignored.
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Fig. 15. Magnetic circuit analysis of the integrated inductor in the simulation.
(a) Integrated inductor of the ISSEF under CM. (b) Integrated inductor of the
ISSEF under DM. (c) Integrated inductor of the IMSEF under CM. (d) Saturation
curve of the ferrite core under different temperatures [23].

In order to verify that the designed magnetic-integrated EMI
filter will not adversely affect the output current of the inverter
system, the influence of the EMI filter on the harmonic magni-
tude of the output current has been analyzed first. Harmonics is a
relatively low-frequency form of DM noise, generally, depend-
ing on the characteristics of the EMI filter. It will not significantly
affect the harmonics of the current, and only the DM part of the
EMI filter will have a certain inhibitory effect on its output cur-
rent harmonics. While compared to the harmonic filter, the DM
part of the EMI filter generally has a quite smaller filter induc-
tance and capacitance. Thus, under normal condition, its impact
can be negligible.
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Fig. 16.  Grid-side current waveforms and their THD analysis in simulation.

(a) Without EMI filter, THD = 1.95%. (b) With ISSEF, THD = 1.84%. (c) With
IMSEF, THD = 1.76%.
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Fig. 18. Conducted EMI noise voltage and spectrum in the simulation.
(a) Original EMI noise. (b) With the ISSEF.

Fig. 16 shows the grid-side current and their THD analysis
with different types of EMI filters in the simulation. Overall, no
significant influence has been observed by the ISSEF and IM-
SEF compared to the current harmonics without EMI filter, only
a slightly smaller at low frequency band (<150 kHz). While ac-
cording to the comparison between Figs. 16(b) and (c), it can
be seen that IMSEF contains a slightly better harmonic attenu-
ation ability when compared to ISSEF, showing that better DM
suppression of IMSEF would be performed.

During the design procedure of the IMSEF, the DM capacitor
is chosen as 1 uF instead of the 0.1 uF of the ISSEF to ensure
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Fig. 19. Conducted EMI noise voltage and spectrum in the simulation.
(a) With the IMSEF (Cy-: 2200 pF). (b) With the IMSEF (C'y : 4700 pF).

DM noise suppression ability. The impedance curves of the 0.1
uF and 1 pF capacitors are shown in Fig. 17(a). The 1 o F ca-
pacitor can provide a lower impedance below 2 MHz, especially
in the range of 150 kHz—1 MHz, which can effectively bypass
the EMI noise in this frequency range. The impedance curves of
the CM capacitors are shown in Fig. 17(b), which show satis-
factory capacitance characteristics, ensuring the high-frequency
CM noise suppression ability.

The simulated conducted EMI results without EMI filter and
with ISSEF are shown in Fig. 18. It can be found that the EMI
noise is reduced by the ISSEF apparently. According to the com-
parison between Fig. 18 and 19, both the ISSEF and IMSEF have
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and a traditional discrete single-stage PEF.

TABLE III
SIZE AND WEIGHT COMPARISON

Parameters SSDEF ISSEF IMSEF

Inductor volume (mm3) 80525.3 24693.0  76800.0
Inductor weight (g) 243.1 136.8 300.9
PCB Area (mmz) 15300 9600 15000

Filter Volume (mm3) 612000 336000 375000

an effective EMI suppression ability. On the other hand, the CM
inductor of the IMSEF (0.54 mH) is designed based on the orig-
inally selected CM capacitor (2200 pF), while the resonance
frequency (fr2 = 167.06 kHz) is larger than 150 kHz, and the
magnitude is increased about 15 dB near 167 kHz as shown in
Fig. 19(a). Without exceeding the leakage current standard [24],
the CM capacitor is adjusted to be 4700 pF to ensure f,o be-
low 150 kHz. As can be seen in Fig. 19(b), the IMSEF shows
slightly better performance than ISSEF, especially from 150 kHz
to 1 MHz, the negative effect of the IMSEF can also be avoided
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Fig.21. High-frequency impedance of the integrated inductor. (a) CM inductor
of ISSEF. (b) DM inductor of ISSEF. (¢) CM inductor with IMSEF.

with the CM capacitor adjustment and the total EMI noise can
be reduced in the range of 150 kHz to 30 MHz.

V. EXPERIMENT RESULTS

An experiment is conducted to verify the feasibility of the
proposed magnetic integration methods of the PEF. A 500-W
SiC single-phase VSl is applied in the experiment platform and
the system parameters are consistent with the simulation. The
designed integrated inductors, ISSEF and IMSEEF, are shown in
Fig. 20.

Size and weight comparison between the integrated EMI fil-
ter and a traditional single-stage discrete EMI filter (SSDEF)
are shown in Table III. The total volumes of the ISSEF and
IMSEEF can be reduced by approximately 40% compared with
the SSDEF; the PCB area has been reduced by 37.3% with ISSEF
and 2% with IMSEF. The inductor volume has been reduced by
69% and 4.6% with ISSEF and IMSEF, respectively. There has
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Fig. 22.  Grid-side current waveforms and their THD analysis in the experi-
ment. (a) Without EMI filter, THD = 3.08%. (b) With ISSEF, THD = 2.89%.
(c) With IMSEFE, THD = 2.64%.

(®)

Fig.23. Magnetic core temperature in experiments under full load. (a) ISSEF.
(b) IMSEF.

been a 43.7% weight reduction with the integrated inductor in
ISSEF, while the weight with the integrated inductor in IMSEF
has 23.8% increment.

Fig. 21 depicts the high-frequency performance of the in-
tegrated inductor of ISSEF and IMSEF measured with an
impedance analyzer (HIOKI IM7581-01). The equivalent CM
inductor of ISSEF is about 1.35 mH (around 4% error);
the resonant frequency is 1.36 MHz. In the frequency range
150 kHz—10 MHz, the CM inductor can provide a satis-
factory impedance for EMI reduction, but the attenuation
would become relatively worse between 10-30 MHz. The
equivalent DM inductor of ISSEF is about 29.3 ;H (around
13.8% error). The DM inductance fully meets the requirement,
and the resonant frequency is 16.852 MHz, which shows a



286

Freq:161.868kHz AV:80.6 PK:88.0

dBuv

T
1MHz 10 MHz 30 MHz

Frequence

(2)

Freq:26.213MHz AV:55.0 PK:66.9

dBuv

-10
150 kHz

1 MHz 30 MHz

Frequence

()

Fig. 24.  CM EMI noise in the experiments. (a) Original CM EMI. (b) CM
EMI with the SSDEF.

satisfied high-frequency attenuation performance. The equiv-
alent CM inductance of IMSEF is about 561 pH (around 3.9%
error) and the resonant frequency is 5.6798 MHz. It can pro-
vide a satisfactory impedance for the CM EMI reduction in
150 kHz-30 MHz.

On the other hand, in the experiments, the influence of differ-
ent integrated EMI filters on the grid-side current harmonics has
also been analyzed; Fig. 22 shows that the THD of the output
current without EMI filter, with ISSEF and IMSEF are 3.08%,
2.89%, and 2.64%, respectively. It can be seen that the designed
integrated inductors have no significant influence on the low-
frequency harmonics. The DM inductance of ISSEF is small
(nearly 26 pH) and the IMSEF is leakage inductance, thus, the
relatively low-frequency harmonics would be restrained slightly.
From the comparison between Fig. 22(b) and (c), the IMSEF
shows a slightly better low-frequency harmonic suppression per-
formance.

As most of the ripple current at switching frequency has been
reduced by the harmonic filter, the core loss at the EMI fil-
tering inductors would be very small, which can be ignored.
Fig. 23 shows the steady-state temperature of the magnetic core
measured by a thermal camera under full load at room temper-
ature (20 °C). The temperature of both the ISSEF and IMSEF
increase a bit, thus, the cores could maintain a high saturation
flux according to the previous analysis in Section IV, which
ensures the effective performance of the filtering inductors.

A (50 pH + 5 Q)|| 50 Q V-type LISN with a CM and DM
noise separator is applied for the EMI measurements conducted
in the experiments. The CM noise measurement without EMI
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Fig. 25.  CM EMI noise in the experiments. (a) CM EMI with the ISSEF.
(b) CM EMI with the IMSEF (C'y : 2200 pF). (¢) CM EMI with the IMSEF
(Cy - 4700 pF).

filter is shown in Fig. 24(a). As can be seen from Fig. 24(b) and
Fig. 25(a), the noise attenuation of ISSEF is basically consis-
tent with SSDEF; only the low-frequency (500 kHz—4 MHz)
attenuation is slightly worse in the SSDEF.

According to the comparison among Fig. 25(a)—(c), both the
ISSEF and IMSEF can reduce the CM EMI noise largely. The
effectiveness of ISSEF in the frequency range of 10-20 MHz is
slightly lower due to the better high-frequency impedance per-
formance of CM inductors in IMSEF. In addition, the CM EMI
suppression ability of the IMSEF with 2200 pF is shown for com-
parison. Instead, the CM EMI at approximately 161.868 kHz
is increased by 10 dB, as shown in Fig. 25(b). According to
(7), fr1 and f.o of the equivalent CM EMI filter are 63.8
and 167.06 kHz, respectively. fo is larger than 150 kHz, that
leads to an unsatisfactory attenuation result. However, this sit-
uation can be avoided by adjusting the CM capacitor to be
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appropriately 4700 pF which is larger than the original 2200 pF.
The resonant frequency points f.; and f,.o are reduced to be
43.657 and 114.3 kHz, respectively, which are far less than
150 kHz. The suppressed EMI noise measurement is shown in
Fig. 25(c), noise amplification situation is avoided and there is a
large degree of attenuation at the relatively low frequency range.

Fig. 26(a) shows the DM EMI noise without EMI fil-
ter that the noise exceeds the EMI standard. Compared with

Fig. 26(b)—(d), it can be found that both the ISSEF and IMSEF
could reduce the EMI noise below the standard; the DM EMI
noise can be reduced below the limit in the frequency range of
150 KHz-30MHz due to the satisfied high-frequency perfor-
mance of the filtering components. The DM attenuation of IS-
SEF and SSDEF are highly consistent with each other from the
comparison between Fig. 26(b) and (c), which shows the accu-
racy and effective design. According to the comparison between
Fig. 26(c) and (d), it can be found that the DM noise has a higher
attenuation with IMSEF, which shows the better EMI reduction
ability of IMSEF.

VI. CONCLUSION

In this paper, the magnetic integration of single-stage and
multi-stage EMI filters are designed, modeled, and analyzed.
The magnetic circuit and EMI suppression ability have been an-
alyzed in a simulation to verify the feasibility of the structure and
parameters design. A 500-W SiC single-phase grid-connected
VSI is built and applied in the experiment. The simulation
and experimental results show satisfactory EMI suppression
performance for the proposed ISSEF and IMSEF. On the other
hand, according to the size and weight comparison with SSDEF,
40% of the total volume and 69% of the inductor volume have
been reduced by the integration method in ISSEF. Although the
weight of integrated inductor of IMSEF has a 23.8% increment,
the IMSEF shows a better EMI suppression ability and 4.6%
inductor volume reduction.
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