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Abstract—This paper analyzes the design issues of the input
EMI (Electro-Magnetic Interference) filter's in a switching mode
power supply where the power inductor is operated in saturation.
Starting with a SMPS equipped with linear inductor, the input
filter is firstly designed to comply with Standards. Then, a new
inductor with a smaller core size is employed in the same SMPS
to exploit saturation. The EMI filter is re-designed, taking into
account the increase of EMI introduced by the non-linear
operation of the inductor. Finally, the reduction of the inductor's
size and cost is compared with the increased size and cost of the
EMI filter.
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L. INTRODUCTION

The requirement of improving power density in Switched
Mode Power Supplies (SMPSs) has encouraged researchers to
better exploit electronic components; among these, power
inductors offer considerable potential for interest since the
increase of the operating current, beyond the linear limit
defined by the manufacturer, allows the choice of a smaller
core size [1], [2]. As a matter of fact, if the range of operation
of a power inductor comprises the saturation (intended as the
point where the differential inductance is reduced to half of its
maximum value), it can be chosen with reduced size and
weight [3]. On the other hand, the saturation exploitation
highlights a few aspects that should be addressed with special
attention when designing the converter.

The main consequence of using an inductor in its saturation
region is that the impedance is not constant, but dramatically
reduces its value for increasing current. When the inductor is
supplied with a constant voltage (as in SMPSs), the shape of
the inductor current changes from linear to cusp-like, with a
strong increase after saturation is reached. Moreover, the
dependence of inductor characteristics on its temperature is
more severe [4], [5]; it has been shown that the operation near
the saturation increases losses and, consequently, the inductor’s
temperature. It modifies the shape of the current through the
inductor, further increasing its peak and potentially leading to
thermal runaway [6]. As a consequence, the spectrum of the
current through the inductor exhibits increased amplitude for
all the harmonics starting from the fundamental at the
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switching frequency f;, and affecting harmonics at higher
frequency [7]. This aspect is of interest when dealing with
power density optimization since it affects the EMI filter
design; this paper is dedicated to this issue.

The literature proposes many papers dealing with input
EMI filter optimization confirming that the SMPS must be
considered as a whole [2], [8]-[12]. The design of such circuits
influences about the 30% of the total converter weight [13],
and the transfer function of the converter; hence it has a role
both on its dynamic response and stability [2], [14]. A
guideline for a differential-mode filter design has been
proposed in [15]; besides, it shows that the differential-mode
(DM) noise mainly affects the power density of the converter.

This paper analyzes the operation of a boost converter
comparing the effects on the input filter design of two
inductors with the same value, one operated in linear zone and
the other in saturation.. The inductor operated in saturation has
a smaller rated current and, consequently, a smaller size and
cost. The input differential mode EMI filters are designed for
both case studies following the approach of [15]. The design
considers commercially available components, comparing the
increase in size and cost with the saving given by the inductor.

The paper is organized as follows: section 2 describes the
operation of a SMPS with an inductor operated in saturation,
section 3 describes the case studies; section 4 is dedicated to
the design of the input EMI filter, section 5 shows the
measurement operated by a Line Impedance Stabilization
Network (LISN). Finally, sections 6 and 7 give the results and
a comparison between the two case studies is proposed in
section 8.

II.  SMPS WITH INDUCTOR OPERATED IN SATURATION

A SMPS operates by imposing two different voltage levels
to a power inductor; consequently, it experiences a DC current
with a superimposed current ripple. The DC current is
exploited by the load and the ripple is filtered by an output
capacitor. If the inductance is constant, corresponding to the
linear operation, the current has a triangular shape. Differently,
exploiting saturation, the inductance varies with the current and
the latter showing a higher peak value. This difference is
shown in Fig. 1 where it can be noted that the two currents
exhibit the same DC value meaning that the power to the load
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is the same; however, the current corresponding to saturation
exploitation has a higher maximum value and a shape with
increasing derivative up to the peak. Fig. 2 shows two
hysteresis curves corresponding to two inductors with different
saturation value; the second inductor shows the same
inductance but employs a core of reduced size. In Fig. 2a the
variation of the magnetic flux around the operating point
causes a proportional variation on the magnetic field.
Differently, when saturation is exploited, as in Fig. 2b, the
magnetic field variations are more pronounced, with the same
variation of the magnetic flux. Since the magnetic field is
proportional to the current, the two corresponding waveforms
are different. The situation of Fig 2a corresponds to an inductor
exploited in linear zone, whereas Fig 2b to an inductor running
in the same operating point with a lower saturation value. The
modified shape of the current influences also the spectrum of
the current delivered by the power source and the power switch
size [7], [16].
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Fig. 1. Comparison of current through the power inductor: a) in linear
operation, b) with saturation exploitation.
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Fig. 2. Inductor operated a) in linear zone, b) near saturation: the same
magnetic induction variation produces different magnetic field variations.

III. THE CIRCUIT UNDER TEST

The power converter is a boost supplied by Vs=24 V, the
switching frequency fs is equal to 40 kHz; as power switch a
MOSFET FDP12N60NZ is used, while a STTH806 rectifier is
the free-wheel diode. The electric scheme is shown in Fig. 3.
This converter is studied with the two inductors shown in Fig.
4. They are the models DO5040H-104 and DOS5010H-104
supplied by Coilcraft [17], [18]. They have the same value of
100 pH, and are SMT Power inductors wounded on a ferrite
core. The manufacturer specifies for the inductor
DO5040H-104 a 10% linear threshold current (intended by the
same manufacturer as the DC current at which the inductance
drops 10% from its rated value) of 5.6 A. It means that the
inductance can be considered as constant up to about this
value. As it concerns the inductor DO5010-104, the linear
threshold current is equal to 3A. However, we will extend this
range adopting a 50% saturation current i.e., the current where
the differential inductance is reduced to half of its maximum
value, It corresponds to a maximum current of about 4 A. In
this way, when operated up to 4 A, the first inductor will
operate in linear zone, whereas the second will show an

inductance depending on the current. Since this last approach
requires a detailed characterization of the inductor that it is not
delivered by the manufacturer, the inductor DO5010-104 has
been previously characterized by a measurement system set up
by the authors. After characterization, a suitable polynomial
model for the inductor has been derived [6], [19]-[21]. The
curve showing the inductance vs. current is shown in Fig. 5.
The inductance of the inductor DO5040H-104 instead remains
constant and it is equal to the rated inductance of the inductor
DO5040H-104 for lower current, i.e., 100 uH.

The volume of the inductors can be calculated considering
a cylinder with the same base of 18.54 mm for both and a
height of 7.11 mm for the inductor DO5010H and 12 mm for
the inductor DOS5040H. As a consequence, the inductor
DO5010H requires approximately 1620 mm® whereas the
inductor DO5040H requires approximately 3240 mm?.

L

— f~l , +
Jﬁ g=—" "2 Vi

e

Fig. 3. Schematics of the boost converter

DOS040H-104 DO5S010H-104

ﬁ%%%i

-
:

05
357

r_1270

i
0472 .
'mmxﬂ%n =
. 5

0730,
HHIJXA
a) b)
Fig. 4. The two inductors of 100 pH considered for the analysis: a) inductor

with rated current of 5.6A operated in linear zone, b) inductor with rated
current of 3A operated in saturation.
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Fig. 5. Characteristic curve of the inductance versus current for the inductor
DO5010H-104 obtained experimentally where the drop of the inductance can
be appreciated
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1IV. DM EMI MEASUREMENT

The differential mode EMI measurement is performed by a
Line Impedance Stabilization Network. This network provides
a specific impedance, standardized to 50 Q, for measuring
disturbance voltage and avoiding that the noise coming from
the DC supply may influence the measure. The electric circuit
scheme of the HV DC LISN is shown in Fig. 6. It is a dual DC
LISN circuit configuration. The circuit is formed of two
identical LISNs one for each DC power line (positive and
negative wire, referred to the ground). According to CISPR 25
standard requirements [22], each LISN has an inductance, L=5
uH, a capacitor C;=1 pF, on the mains side, and, a resistance,
representing the input impedance of the measuring instrument
(50 Q), with a series connected coupling capacitor C=0.1 pF,
on the DUT side [23]. The LISN has been implemented, as
well as the converter under study including the non-linear
model [6] of the inductor characterized in [24], [25] to verify
the compliance of the filter with CISPR standard by SPICE
simulation.
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Fig. 6. Schematics of the Line Impedance Stabilization Network

V. EMIFILTER DESIGN

Conducted electromagnetic emissions are composed of DM
and common-mode (CM) noise. The DM and CM generation
belongs to different generation and coupling mechanism and
involves different paths. In principle, separated filter sections
would be required; however, it is possible to exploit the stray
inductance of the CM choke for the DM filter so that they are
embedded in a unique filter topology [13], [26].

The topology of an EMI filter able to lessen the CM and
DM noise is shown in Fig. 7.
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Fig. 7. Schematics of input EMI filter conceived for DM and CM noise

The capacitors C, can attenuate both CM and DM noise;
however, they are generally in the order of magnitude of nF
and their effect on the DM noise is almost negligible.
Differently, the capacitor Cy between the electrical lines only
attenuates the DM noise. The presence of Cy; and Cy> depends
on the impedance of the source and receiver [27]; in our case,
only Cy; is used for the EMI filter; besides the analysis is
achieved comparing the performance of a single and a double
stage cascaded filter. The CM choke represents the bulkiest
component of the filter; theoretically, its CM inductance Lcum
acts only on the common mode, in practice its leakage
inductance Liakqge 1 usually sufficient to attenuate the DM
noise as well [28]. Alternatively, an additional series
inductance can be added.

The procedure for the CM and DM filter components
design is the following. After identifying the emission peak at
the lowest frequency, the attenuations for the DM and CM
mode are calculated as:

A dB] = Angy, [dBUV] — Lim[dB uV] + 6dB

(1)
— Lim[dB uV] + 6dB (2)

TeQattDM [

A [dB]

Te(IattCM

= Angre oy [ABHV ]

where A a1s the amplitude of the harmonic to be attenuated,
Lim is the maximum amplitude allowed by the reference
standard corresponding to the frequency of interest, and an
additional safety margin of 6 dB is taken into account [15]. The
cut-off frequency f, of the DM or CM filter, can be calculated
as:

f h_att

Areq_att
107t att

fo= 3)

where fi o is the harmonic frequency to be attenuated and
filt_att is the filter intrinsic attenuation that depends on its
topology [28]. Once the corner frequency is calculated, the
values of inductor and capacitor can be determined according
to the following equations:

1
Ley=—""F""""""=, Cm=2C 4
Cem (Zﬂf o_CM)
Lpy = (0.1 =2)% Lcy (5)
1
Com =C =Chp =7 (6)

Lpy (Zﬂfo_DM)z

In this paper, only the DM filter is considered. The design
procedures is based on the RMS noise current as an adequate
measure for the estimation of the Quasi-Peak detection voltage
at the EMI receiver [15] where, it is assumed that the total
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noise current appears as a single peak only at the switching
frequency and the noise voltage is calculated by multiplying it
for the measuring resistance of 50 Q. It is an approximation to
simplify the filter design. In any case, the final verification of
the filter performance will be carried out by means of the LISN
defined by the CISPR 16 standard and shown in Fig. 6.
Besides, since in the case under study, a triangular-shaped
noise current is considered, the error is about equal to 0.1 dB
[15]. The voltage at the LISN measurement resistance is given
by:

Upisy = 500 - Inoise_rms (7)

where Loise ms 1s the RMS of the current flowing through the
power inductor of the converter minus the DC component. For
a switching frequency lower than 150 kHz, the design
frequency of the filter is calculated as:

fo=mf; ®

where m is a correction factor given by rounding up the ratio
between 150 kHz and the switching frequency of the converter.
In our case study m=4. Finally, the voltage peak at frequency
/b is calculated based on the LISN estimated voltage.

Uest (fp)[dBuV] = 20 Log (UYZ‘ZN ,uiV> 9)

The exponent a for triangular waveform is equal to 2 [15].
Once the U,y is calculated, it can be used in (1) replacing
An aupy; then the attenuation of the filter can be calculated
depending on the number of cascaded stages nf so that it is
greater than the required one.

Att,c(fp) = @m 'fD)Z'nf ' (ZL)nf ' C:{ = Areq_att(fD) (10)

In this paper, since only a single and a double stage filter is
considered, » is set equal to one or two.

VI. DM EMI FILTERING WITH LINEAR INDUCTOR

A. DM EMI without filter

When the inductor is operated in linear zone i.e., showing a
constant inductance, its current is triangular shaped as shown
in Fig. 8. The corresponding spectrum of the voltage noise
evaluated on the measuring resistance of the LISN is shown in
Fig. 9 with superimposed the different Class limits of the
CISPR25 Standard. The RMS value of the noise current is 15.9
mA corresponding to a noise voltage on the 50Q resistance of
the LISN equal to 118 dBuV. The estimated voltage calculated
by (9) with m=4 and o=2 is 93.92 dBuV; it is indicated by a
dot on Fig. 9. This value is used to design the filter so that the

compliance to Class 5 can be obtained. It can be noted that this
value is about 30 dB higher than the corresponding spectrum
line at 160 kHz.
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Fig. 8. Current flowing through the power inductor
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Fig. 9. Spectrum of the DM noise without filter

B. Filter design

The required attenuation calculated by (9) and (1) is
29.93 dB. The filter has been designed considering both a
single and a double stage; available commercial components
have been considered. All the inductors have a rated current of
3 A and the capacitor have a polyester dielectric and a rated
voltage of 50 V. Both inductors and capacitors belong to the
same manufacturer: RSPRO and Nichicon, respectively. The
cost is referred to the purchase of a single component. The
features of used components are summarized in Table 1. The
weight of the components was measured with a Gibertini
TM8120 precision scale with an error of + 0.02g.

TABLE L COMPONENTS OF THE FILTER FOR SMPS WITH INDUCTOR IN
LINEAR OPERATION
Component Value [5:;83 i Cost [€] Wzght
Single inductor 47uH 2512 0.942 9.65
stage capacitor 470 nF 2194 1.091 2.51
Double inductor 33uH 2267 0.895 9.49
stage capacitor 100 nF 594 0.371 0.37
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C. DM EMI with filter

The noise spectrum with the designed filters is shown in
Fig. 10 where it can be appreciated that both filters achieve the
compliance, as expected.
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Fig. 10. Spectrum of the DM noise with filter
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A. DM EMI without filter

When the inductor is operated in non-linear zone its
inductance varies with the current; consequently, the peak is
more pronounced and the shape shows a cusp as shown in Fig.
11. It can be noted that the mean current is the same of the
current imposed in linear operation to compare the behavior of
the two inductors in the same operating conditions. The
corresponding spectrum of the voltage noise evaluated on the
measuring resistance of the LISN is shown in Fig. 12 with
superimposed the different Class limits of the CISPR25
Standard. The RMS value of the noise current is 20.9 mA
corresponding to a noise voltage on the 50Q resistance of the
LISN equal to 120.38 dBuV. The estimated voltage calculated
by (9) with m=4 and o=2 is 96.30 dBuV; it is indicated by a
dot on Fig. 12. Unlike the previous case study, the RMS value
of the noise current at the frequency fp =160 kHz practically
coincides with the current spectrum line at 160 kHz and the

DM EMI FILTERING WITH NON-LINEAR INDUCTOR
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Fig. 12. Spectrum of the DM noise without filter

B. Filter design

The filter has been designed taking into account the
required attenuation and the contribution of the odd harmonics
considering both a single and a double stage and available
commercial components. Also in this case, all the inductors
have a rated current of 3 A and the capacitors have a polyester
dielectric and a rated voltage of 50 V. Both inductors and
capacitor belong to the same manufacturer: RSPRO and
Nichicon respectively. The cost is referred to the purchase of a
single component. The features of the components are
summarized in Table II.

TABLE II. COMPONENTS OF THE FILTER FOR SMPS WITH INDUCTOR IN
NON-LINEAR OPERATION
Component Value [rftt;; y Cost [€] W;ght
Single Inductor 150puH 5887 1.344 22.14
stage Capacitor 820 nF 4388 2.182 6.02
Double Inductor 47uH 2512 0.942 9.65
stage Capacitor 100 nF 594 0.371 0.37

C. DM EMI with filter

The noise spectrum with the designed filters is shown in

odd harmonics (including the fundamental) are more relevant.

Fig. 13 where it can be appreciated that both filters achieve
compliance, as expected.
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VIIL

The comparison of the power inductor and the filter is
summarized in Table IIIl. As for the single stage filter, it
considers two inductors and one capacitor, whereas the double
stage requires four inductors and two capacitors; the
corresponding values are reported in Table I for the linear case
and in Table II for the non-linear case, respectively.

COMPARISON

It can be noted that, in any case, the non-linear operation of
the inductor reduces the size and cost of the inductor but
implies a higher cost of the filter. The double stage filter is
preferable since it allows reducing cost and size. The overall
comparison is shown in Table IV and in Fig. 14, where the best
solutions are compared i.e., SMPS with linear inductor and
single stage EMI filter and SMPS with non-linear inductor and
double stage EMI filter. This last configuration requires an
increase of 23% in size and of 23% in cost.

TABLE IIL COMPARISON OF THE COMPONENTS CONSIDERING POWER
INDUCTORS AND EMI FILTER WITH INDUCTOR IN LINEAR AND NON-LINEAR
OPERATION

SMPS operation | Size [mm’] Cost [€] Weight [g]
Linear 3240 3,56 572
Power operation
inductor Non—hr}ear 1620 2,67 344
operation
Linear
EMI filter operation 7218 2975 2181
Single stage Non—hr_lear 16162 4.87 50.29
operation
EMI filter Linear 10256 432 38.67
operation
Double Non-linear
stage on-unea 11236 451 39.34
operation
TABLEIV. OVERALL COMPARISON OF SIZE, COST, AND WEIGHT
Size [mm’] Cost [€] Weight [g]
SMPS with linear inductor and
EMI filter (single stage) 10458 6.535 2733
SMPS with non-linear inductor 12856 8.07 42.78
and EMI filter (double stage) (+23%) (+23%) (+55%)
50 . .
I linear ind. and filter weight[g]
I non-linear ind. and filter
40 1
30+ 1

20 sizefem®]  cost[€]

10

Fig. 14. Overall comparison of size, cost and weigth.

IX. CONCLUSIONS

In a SMPS, the exploitation of the power inductor in
saturation allows reducing its size, cost and weight. On the
other hand, it implies a re-design of the input EMI filter. In this
case study, it has been shown that the compliance with class 5
CISPR 25 Standard requires an increase of the total cost, size
and weight of the SMPS. Finally, these results demonstrate that
the exploitation of the power inductor in saturation requires the
verification of related parameters like weight, cost and size of
the whole converter depending on the design requirements and
the use of such inductors is not a guarantee of saving size, cost
and weight.
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