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Abstract. This paper is focused on the input current in a
Switched Mode Power Supply (SMPS) in which the power
inductor is exploited up to the saturation showing a non-linear
behaviour. The input current exhibits a distortion due to the non-
linearity. The electromagnetic interference (EMI) caused by the
ripple at switching frequency, superimposed to the DC value of
the input current, requires a suitable design of the input
differential mode (DM) filter. The input current is analyzed both
in the time and frequency domain for different operating
conditions, and it is compared to a SMPS equipped with a
traditional linear inductor.
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1. Introduction

Optimizing the power density in Switched Mode Power
Supplies (SMPSs) leads the designers to look for new
solutions. Among these, the extension of the operating
current of power inductors up to saturation (intended as the
limit in which the value of the inductance is reduced to one
half of the rated value) represents a promising perspective.
Indeed, in this case, the size of the power inductor, named
non-linear inductor since the inductance curve is non-
linear, can be reduced [1], [2]. On the other hand, some
additional issues must be considered; among them, the
inductance lessening increasing the current must be taken
into account [3]-[8]. Concerning the core material, ferrite
show low losses in a wide frequency range and high
specific resistivity; for this reason, they are mostly adopted
in power electronics applications [9].

On the other hand, ferrite exhibits an abrupt fall of the
inductance approaching saturation, accentuating the
increase of the current and the temperature outside the
linear zone [3], [10], [11]. Consequently, the current
flowing through the power inductor differs from the
classical triangular waveform and exhibits a higher peak
value approaching saturation. Besides, other phenomena to
be considered are an increase of the losses, and the
dependence of inductance on the temperature [12]-[14].
Finally, the employment of non-linear inductors increases
the electromagnetic interference (EMI) [15], requiring the
design of the input filter, according to the spectrum
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harmonic content [16], with a lower cut-off frequency
[17]. Since the input filter affects the power density of
the SMPS, it must be taken into consideration into the
design phase [18], [19].

This paper aims to show the effects on the EMI
caused by the current flowing through the power inductor
embedded in the SMPS. Although a non-linear inductor
allows saving size and cost, the EMI worsening requires
different parameters for the filter design.

The use of a linear inductor is compared with an
inductor of the same rated value exploited up to the
saturation, operated in the same SMPS. Results, in terms
of the input current of the SMPS, are given both in time
and frequency domain showing the worsening of EMI
when the non-linear inductor is adopted.

The paper is organized as follows: section 2 gives
theoretical background on the effects of using a non-
linear inductor on EMI, section 3 describes the
experimental test rig, and sections 4 and 5 are dedicated
to the experimental results in time and frequency
domains, respectively; section 6 contains a discussion
about results, and finally conclusions are given in
section 7.

2. Theoretical background

In a Boost converter with a linear inductor operated in
continuous conduction mode (CCM), the calculation of
the current variation and its peak value is straightforward.
Indeed, considering that during Toy the inductor
experiences a constant voltage V_ and its inductance
remains constant, the current increases linearly with time
and the current variation is retrieved by the inductor’s
equation:

L . _ 1 Ton _ViTon
Al =1, max = i min = Zfo Vpdt = I @

The maximum current i, max is obtained by:

Ay,

=iy min + A, =0 +5F )

iL_max
where the mean current in the inductor is imposed by

the load:
e , T
lp, = Yoad (1 - %)
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Differently, exploiting the saturation, the inductance
that is lowered increasing the current peak; hence, it does
not exhibit a triangular waveform. It can be explained
based on the constitutive equation of the inductance:

V= L(Z—i) where a decrease of the inductance corresponds

to an increase of the derivative with the same voltage
applied to the inductor as in a boost converter. The two
different waveforms of the current corresponding to the
linear and non-linear inductor are sketched in figure 1. It
can be noted that, compared to the triangular waveform
given by the linear inductor, the minimum value is lower,
and the maximum value is much higher for the non-linear
inductor. The mean value does not vary (neglecting losses)
since it depends on the load. Consequently, the current
variation in the non-linear case 4i , is expected to be
higher than the linear case 4i. The increase of the
maximum value of the current stresses the power switch
and the inductor because Joule losses are increased [13],
[20-23].

Since the inductance is not constant, eq. (1) cannot be
used to calculate 4i_p; instead, the relationship between
the inductor voltage and the flux ® has to be considered:

v,(£) = = &0, T) @

Then, considering that during the Toy time the

temperature is constant as well as the voltage applied to
the inductor, eq. (4) gives:

o . .. . ; i
V=56 T) i) = LA, T) i) (5)

Eg. (5) can be solved numerically once the inductor is
characterized by obtaining the curve shown in figure 1.

linear operation
non-linear operation

L1t min

Ton

Fig. 1. Current waveforms in linear and non-linear operation
of the power inductor

As far as EMI is concerned, a different spectrum is
expected with a higher value of the fundamental
component and more harmonics with increased amplitude.
Besides, the increase of the RMS value of the current
implies the need to design the input EMI filter with a
lower cut-off frequency [17]. The approach described in
[17], and here summarized, allows calculating the cut-off
frequency of the input differential mode (DM) filter
considering the RMS value of the noise current measured
at the terminals of a LIne Stabilization Network (LISN).
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Upsy =50Q - Inoise_rms 6

Where I,5ise +ms 1S the noise current to be filtered and
50Q is the LISN impedance. The voltage peak at the
design frequency of the DM filter fy is calculated based
on the LISN estimated voltage.

O

Upsy 1 )
uv

Uese () [dBAV] = 20 Log (-2

Where m is a correction factor given by rounding up
the ratio between 150 kHz and the switching frequency
of the converter and the exponent a is equal to 2 for a
triangular waveform. Once the required attenuation is
estimated to comply with the required Standard, the LC
filter attenuation is:

Attye(fp) = @ f)2™ - QLYY - €Y = Aveq are () ©

It can be noted that by increasing the RMS value of
the noise current, as in the case of non-linear inductor,
the estimated voltage at the LISN terminals will be
increased as well, demanding a higher attenuation by the
DM filter to be satisfied with a lower cut-off frequency.
The proposed analysis aims to analyze the increase of the
RMS value of the current through the power inductor
operated up to saturation, together with the spectrum,
since it directly influences the DC EMI input filter
design.

3. The experimental test rig

A boost converter has been chosen as SMPS. It
adopts a MOSFET FDP12N60NZ as power switch and a
STTHB806 rectifier as free-wheel diode. It is supplied by

Vs=12 V with a constant duty cycle of 50% . The electric
scheme is shown in figure 2.

Jo R

Fig. 2. Schematics of the boost converter

i

’Iuml

+V

i )
c—" R31p

This converter has been equipped for the tests with
two SMD ferrite core inductors of 100 pH rated value
made by Coilcraft. They are the models DO5040H-104
and DO5010H-104 respectively [24], [25]. The
manufacturer assures for the model DO5040H-104 a 10%
linear threshold current (intended as the DC current at
which the inductance drops 10% from its rated value) of
5.6 A. For the model DO5010H-104, the linear threshold
current equals 3 A. However, we extend the use of this
inductor up to the saturation current, defined as the
current where the differential inductance is reduced to
half of its maximum value. It corresponds to a current of
about 4 A.

To show the saturation effect, the inductor DO5010H-
104 has been characterized by a dedicated measurement
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system from which the curve of inductance vs. current has
been retrieved [26], [27]. Its characteristic curve is given
in figure 3. It can be noted that the inductor DO5010H-104
shows an inductance that decreases with the current; at
about 4 A its value is halved respect to the rated one,
which corresponds to the saturation limit. It should be
remarked that the saturation limit differs from the deep
saturation (also known as hard saturation) where the flux
density is almost constant. It should be remarked that the
deep saturation is of interest for power electronics
applications. In the same figure the value of the inductance
DO5040H-104 is represented as a horizontal line. With
this choice, up to 4 A, the inductor DO5040H-104 will be
operated with constant inductance (i.e., in its linear zone);
differently, the inductor DO5010H-104 operated up to 4 A
will show a saturation effect. In both cases, the threshold
current has been set to 4 A. A picture of the two inductors
is given in figure 4 where the different sizes can be
appreciated. Indeed, the inductor DO5040H-104 (left)
employs a bigger core and more copper. The main
parameters of the two inductors are summarized in Table I;
the size is evaluated considering the maximum footprint;
the cost corresponds to the purchase of a single sample net
of VAT. It can be noted that the non-linear inductor allows
saving of cost, size, and weight.

It should be remarked that the DC output voltage of
the SMPS always shows the same value, equal to 24V,
whatever the adopted inductor during tests. It means that
using the non-linear inductor does not influence the DC
behavior; differently, the voltage ripple will be different
according to the following tests.

4. Time-domain Results

The results presented in this section are focused on
the current flowing through the power inductor, it is the
same current flowing through the input terminals.
Comparing the linear and the non-linear inductor
behaviour, it is shown how in this last case, the current
waveform depends on the operating point and the
switching frequency.

A. Linear inductor time-domain behaviour

The following two tests aim to show that with an

inductor operated in the linear zone (meaning with

constant inductance), the current waveform remains
triangular, whatever the operating conditions.

- Test case #1
In test 1 the inductor DO5040H-104 is subjected to a

100 DO5040H ! mean current of about_3 A so that imposing a ripple
ol Tﬁﬁi{ﬁii } AIL_:1.16 A the maximum current reaches 3.6_1 A
s, i; | achieved with a switching frequency of 50 kHz. Figure
I: 80 | | 5a shows the corresponding current variation (blue line)
g i | around the DC value (yellow dot) on the inductance
g0 DO5010H i curve. The corresponding current waveform is given in
2 | figure 5b.
z S . [] It can be noted that the waveform shows a triangular
50l saturation /rl shape. This shape does not vary if the mean current is
E sacan | threshold [ decreased up to the CCM limit (corresponding to an
400 1 2 z 4 increase in the resistance load).

Current (A)

100

Fig. 3. Inductance vs. current curves for the two inductors =
under study o T

2 80 DC
g current
g7
T
2 60 Ai
C

50

40

0 1 2 3 4
Current (A)

Fig. 4. The two inductors under study; DO5040H-104 (left)
and DO5010H-104 (right).

Table I. - Parameter Comparison of the two inductors

Fig. 5a. DC value of the current and its variation on the
inductance characteristic for the test case #1

Tek stop Moise Filter Off
| amaad L

]]

louTy e

adopted for the test o R IR R S AT T
Inductor | Weight [g] | Size [nm®] | Cost [€] ; i o ey e
DO5040H 59 2039 205 1004 J@@Mean 3034 imens i
DO5010H 3.7 1954 2:31 Fig. 5b. current waveforms and main parameters for the test

case #1
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- Testcase #2

Test #2 is conceived to span all the operating region of
the inductor by reducing the switching frequency to 16
kHz; the mean current is about 2 A so that imposing a
ripple AIL=3.5 A, the maximum current reaches almost 4
A. Also, in this case, the current waveform remains
triangular even with such a higher ripple. Figure 6a shows
the corresponding current variation (blue line) around the
DC value (yellow dot) on the inductance curve. The
corresponding current waveform is given in figure 6b.

100

90 T
2 80
g DC :

curren

£ 70
g

)| =
E 6 Ai

50

40

0 1 2 3 4

Current (A)
Fig. 6a. DC value of the current and its variation on the
inductance characteristic for the test case #2
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Fig. 6b. current waveforms and main parameters for the
test case #2
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B. Non-Linear inductor time-domain
behaviour

These tests show the effects of exploiting saturation.

The inductor DO5010H-104 is used. Concerning the

current through the inductor, it depends on the mean

current and the ripple. Approaching saturation, the peak

increases, and the shape differs from the triangular one.

- Testcase #3
This test is performed by imposing a peak-to-peak
ripple of 1 A with operation at the threshold between DCM
and CCM (corresponding to a minimum value of the
current equal to zero). This ripple is obtained by a
switching frequency of 50 kHz and duty cycle 50%; these
conditions are maintained in the tests #4 and #5 whereas
the load is changed to vary the DC current. The waveform
of the current is triangular since the linear part of the
inductor is exploited. Figure 7a shows the corresponding
current variation (blue line) around the DC value (yellow
dot) on the inductance curve. It can be noted that, since the
inductance remains constant, the behaviour is equal to the
corresponding linear inductor. The corresponding current

waveform is given in figure 7b.
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current
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Inductance (zH)

60 Ai

50

40

0 1 2 3 4
Current (A)

Fig. 7a. DC value of the current and its variation on the
inductance characteristic for the test case #3: the current
variation affects the linear area of the inductor where its

inductance is constant
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Noise Filter Off
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Fig. 7b. Current waveforms and main parameters for the
test case #3

- Test case #4

In this test the load resistance value is reduced so that
the DC current through the inductor is increased up to
1.94 A. The current ripple slightly increases, and the
triangular shape is almost maintained; this small variation
is noticed since only the initial part of the characteristic,
where the inductance starts decreasing, is exploited.

Figure 8a shows the corresponding current variation
(blue line) around the DC value (yellow dot) on the
inductance curve. It can be noted that a slight decrease of
the inductance is caused by the current. The
corresponding current waveform is given in figure 7b.

100

e ey
920 T

3 80

® DC

<9

£ 70 current

2

= 60

= —
50 Ai
40

0 1 2 3 4

Current (A)

Fig. 8a. DC value of the current and its variation on the
inductance characteristic for the test case #4: the current
variation lies mostly on a straight line but affects a small part
with decreasing inductance
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Tek stop Nonse Filter Off
s | -

Fig. 8b. Current waveforms and main parameters for the test
case #4: an increase of the current ripple compared to the
previous test is noticed

- Test case #5

By further reducing the load resistance value, the DC
current through the inductor is raised up to 3 A, the non-
linear effect is more evident in this test case. The peak-to-
peak-value is increased up to 1.88 A and a pronounced
peak is visible. Figure 9a shows the corresponding current
variation (blue line) around the DC value (yellow dot) on
the inductance curve. The DC point lies on the non-linear
zone and the decreasing of the inductance for current near
the saturation produces a peak. The corresponding current
waveform is given in figure 9b. In this case each value of
the current corresponds to a different inductance.

100

90 \
80
70 T

DC
current

60

Inductance (zH)

30 Ai

40

0 1 2 3 4
Current (A)
Fig. 9a. DC value of the current and its variation on the
inductance characteristic for the test case #5: the current variation
interests a part where inductance decreases with the current.
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obtained in the linear case. Figure 10a shows the
corresponding current variation (blue line) around the DC
value (yellow dot) on the inductance curve. Here, as in
test case #2, by reducing the frequency, all the operating
curve is exploited, causing higher current ripple. The
corresponding current waveform is given in figure 10b.

100

| s

90 T
3 80
; DC
E 70 current
g
= 60 ]
=

50+ 4 .

40

0 1 2 3 4

Current (A)
Fig. 10a. DC value of the current and its variation on the
inductance characteristic for the test case #6: the current
variation interest all the characteristic inductor curve.

Tek stop Naise Filter Off
== : - T T

D N T ooy <10Hy

(NF k @DFi-Pk 4284 i
fz01m1_ )

I : I J@@Mean 2074
Fig. 10b. current waveforms and main parameters for the test
case #6: the current is highly distorted and exhibits a high ripple

The test conditions are summarized in Table Il. The
grey area corresponds to the linear inductor DO5040H,
whereas the white area to the non-linear one DO5010H.

Table Il — Test Conditions

HR R ¢ ST (s ][ Tomv <10Hz]
Ef

i i i P @ 15eh
1004 Ji@®Mean 3084

Fig. 9b. current waveforms and main parameters for the test case
#5: the current is distorted the current ripple is further increased
compared to the previous test

- Testcase #6
This test is performed with the same conditions as test
#2 (i.e., switching frequency 16 kHz and a mean current
of 2 A) but adopting the non-linear inductor. It can be
noted that, albeit the load is supplied with the same DC
current, a very high ripple is present. The maximum value
of the current reaches 4.28 A against the value of 3.83 A
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Test Inductor Fs [kHz] <l >[A] Al [A]
1 50 3.03 1.16
o | DOS040H ™8 2.05 3.56
3 50 0.475 1.02
4 50 1.34 1.32
5 DO5010H 50 3.08 1.88
6 16 2.07 4.28

L 21300

5. Frequency-domain Results

The Fast Fourier transform (FFT) of the input current
is measured in the same test conditions as the previous
section. The aim is to highlight the increase of the
fundamental frequency corresponding to the switching
frequency of the SMPS and the presence of harmonics
due to the non-linearity. The harmonics amplitude is
given in dBV, it corresponds to the root mean square
value of the corresponding harmonic.
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A -
behaviour
The inductor DO5040H-104 is operated in linear zone.

Linear inductor frequency-domain

- Testcase #1
The main harmonic corresponds to the switching
frequency set to 50 kHz; the third harmonic is attenuated
by about 19 dB. The spectrum is shown in figure 11.

Tekstp__ ey

8 0 :

m{FeT - | '10 1dB@50kHZ """ 3 29445
__’ / .................... D etonmi 13408

"'SOdB@loekHZ"“é”"é“"é .....

Noise Filter Off
T T

-10.1d6

B 50.00kHz
® 150.0kHz

<10 Hmiimn|
1244 |

@ 10046
Nyquist: 1.563MHz

2304
43.95kHz

&BF:-Fk
&Bean

125kHz |[@RMS
@&BFreq

Fig. 11. current spectrum for the test case #1

2584

[1218:09

- Testcase #2
The main harmonic corresponds to the switching
frequency set to 16 kHz; its amplitude is increased
compared to the previous test since the frequency has been
lowered; it allows spanning a wider value of inductor
characteristics. The third harmonic is attenuated by about
19 dB. The spectrum is shown in figure 12.

Tek stop

-
“’f‘ "al—-—o 43dB@16kHz

Noise Filter Off
T T

8 16.00kHz
©® 43.00kHz
252,00kHz

434mdB
-206dB
=21.0dB

VEET

: [400us <10 Hz]
@ 10046 S0.0kH: |[@BAMS 1094 &BFieq 15.97kHz
Nyquist: 761.3kHz @EBFL-Pk 3804 @BMean 20.7mA

Fig. 12. Current spectrum for the test case #2

B. — Non-linear inductor frequency-domain
behaviour
The inductor DO5010H-104 in test #3 is operated
starting from a small DC current (corresponding to the
linear zone at the threshold of CCM). Then it is increased
in test #4 and in test #5 so that the operating range interests
the saturation.

- Testcase #3
The exploitation of the linear zone implies a
fundamental harmonic corresponding to the switching
frequency. The third harmonic is reduced by about 19 dB.
The spectrum is shown in figure 13.
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Fig. 13. Current spectrum for the test case #3
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- Testcase #4

The increase of the DC current, allows reaching the
beginning of inductance drop; as a consequence, the
fundamental harmonic amplitude is increased. The
spectrum is shown in figure 14. Compared to the
previous test, the fundamental harmonic is increased by
about 3dB; the reduction of the third harmonic compared
to the fundamental remains equal to 19dB.

Tek stop
114

Noise Filter Off
T T

=TT
-472d6
38208

8 50.00kHz
® 100.0kHz
50,00kHz

727k
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[200s
125kHz |[@BRMS
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Fig. 14. Current spectrum for the test case #4
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- Test case #5
The further increase of the DC current, up to
saturation, has raised the fundamental harmonic
amplitude and all harmonics. It is relevant that the second
harmonic equals the third one. The spectrum is shown in
figure 15.

Tek Preyu
ED[FFT s " &

Noise Filter Off
T T

& 50.00kHz
150.0kHz
=100.0kHz

-5.94dB
-20.0dB
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7276k

00 A T (200s —~0 Hz] """
@ 100d T @BFs | 5034 @DFreq | D999 L
[Ny quist: 1.563MHz @EBFi-PE 2124 &B!ean 2994 11:24115 j

Fig. 15. Current spectrum for the test case #5

- Test case #6
The lowering of the switching frequency to increase
the ripple increased the fundamental component. The
spectrum is shown in figure 16. Also in this case, the
non-linearity of the inductor induces a strong increase of
the second harmonic amplitude.
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Fig. 16. Current spectrum for the test case #6

The harmonics amplitudes are summarized in table I11.

1.24dB
-139.1dB
=204 dB

Table I1l. -Main Harmonics amplitude of the spectrum
Fs Ampli B

Test | Inductor [kHz] 1= mp gr%de d ] 3rd
1 DO 50 -10.1 -50 -29
2 5040H 16 0.43 -40.5 -20.6
3 50 -12.2 -39.7 -31.2
4 DO 50 -9 -47 -27.5
5 5010H 50 -5.94 -20.1 -20
6 16 1.24 -23.9 -19.1

C. - Root mean Square analysis

The root mean square of the AC current component
plays a crucial role in filter design. As explained in sec. 2,
this value is used to choose the cut-off frequency of the
input DM filter. The higher the current RMS value, and
the lower will be the filter's cut-off frequency, resulting in
more expensive. Results are summarized in Table 1V. It
can be noted that the operation with a high ripple current
(obtained by lowering the switching frequency)
corresponds to higher RMS. Besides, the saturation
exploitation increases the RMS value since the amplitude
of either the fundamental or the higher-order harmonics
rises.

Table 1VV. — RMS values of the current

Test Inductor <I_>[A] RMS (AC) [A]
#1 3.03 0.321
#2 | POSY4H 05 105
#3 0.475 0.254
#4 1.34 0.360
#5 DO5010H 3.08 0.428
#6 2.07 1.18

6. Discussion

The exploitation of a power inductor in a SMPS up to a
current in which its inductance is halved, allows using a
smaller and cheaper magnetic core. Maintaining the same
parameter of the SMPS, so that the output voltage and the
supplied power are constant, the EMI related to the use of
a traditional linear power inductor has been compared to
the EMI generated by a non-linear inductor. Different tests
have been proposed varying the DC current.

Test #1 and #2 concern the linear inductor: increasing
the DC current, the current shape remains triangular and its
spectrum can be easily calculated. The current is triangular
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also when the ripple spans all the operating range as in
test #2.

Test case #3, albeit performed with the DO5010H
inductor, does not exploit saturation: as a matter of fact,
the DC current is low, corresponding to the CCM
threshold: the current waveform and its spectrum still
correspond to a linear inductor. The test case #4 showed
what happens when the DC current is augmented up to
the part of the characteristic in which the inductance
starts decreasing: the ripple increases as well as the RMS
value of the current and the fundamental harmonic. The
saturation exploitation is totally performed in test case
#5. It can be noted a further increase of the current ripple
and its RMS value; besides, the second harmonic
becomes comparable with the third.

Comparing the test case #1 and the test case #5,
performed in the same conditions for the two inductors, it
is evident the EMI worsening: the first harmonic
increases from to -10.1 dBV to -5.94 dBV and the RMS
from 0.321 A to 0.428 A. Comparing the test case #2
and the test case #6, performed in the same conditions
with a mean current lower compared to the previous test
(case #1 and #5) and with a lower switching frequency to
increase the ripple up to the saturation for the inductor
DO5010H, it can be noted that although the lower
switching frequency decreases the switching losses and
the higher ripple aids commutation from off to on state
occurring at quasi-zero current, the RMS value increases
and the amplitude of harmonics.

7. Conclusion

It is well recognized that the exploitation of a power
inductor in a SMPS up to the saturation allows reducing
the core size and the cost. On the other hand, the shape of
the input current differs from the traditional triangular
waveforms showing an increase in the peak-to-peak
value and a more populated spectrum. This paper shows
the effects on the EMI caused by the current flowing
through the inductor exploited either in linear and non-
linear conditions, evaluating the use of this component up
to the saturation. Results, both in the time and frequency
domain, show a worsening when the non-linear inductor
is adopted. Consequently, the input Differential Mode
EMI filter needs to be designed with a lower cut-off
frequency than the use of a linear inductor. This
contribution must be taken into consideration in the
power density optimization.
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