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Abstract—Class-D audio amplifiers are switching circuits that PWM Modulation EMI Filter
produce serious ElectroMagnetic (EM) emissions and distdr A ' M
the surrounding electronics. In order to reduce these emissns, Vowm Vo ff - GUm X Vewm Weoin sy, o

ElectroMagnetic Compatibility (EMC) filters with ferrite b eads [0 1
are used. However, ferrite beads contain magnetic materialthat { U U ts | # TTTTNOT
have a nonlinear behavior. Thus, they have an unfavorable impact Vramp

on the system audio quality. The common ferrite bead models | /444 \ /
do not take into account nonlinear phenomena. Thus, to predit —m——lr
bead )>>

the impact on the signal quality, this paper models the ferrie
bead using the Jiles - Atherton magnetic material theory. Tle Comparator c
presented model provides the designers with a tool to quarfsi the Vaudio P T
effect of EMC filters on the Total Harmonic Distortion (THD) o f
audio amplifiers. The simulated and measured results show &t | i GND GND j{ GND
the tested ferrite bead have a negative effect on the audioggial Power Stage Speaker Load
for a wide range of amplitudes and can increase the THD up to

37 dB. Finally, this paper highlights the impact of the magnetic

material type on the audio distortion by simulating the same Fig. 1. Class-D amplifier architecture.

component with different types of materials.

Index Terms—Ferrite bead, Magnetic material, Hysteresis loop,
Jiles - Atherton, THD, Audio amplifier, Class-D amplifier, EMC QT Eerrite Bead QT Inductor
filter.

|I. INTRODUCTION

4
4

Often in embedded systems, batteries are the only source of
energy. Thus, for such applications and for a longer lifetim
battery, electronic circuits with a higher power efficiency
are carefully chosen. In audio applications, Class-D audify. 2. Ferrite bead impedance (inspired from [7]).
amplifiers present the highest power efficiency compared to
other amplifier types [1] and are widely used as audio drivers
in battery-powered systems such as smartphones.

The Class-D amplifier has the same switching behavior &n dysfunction, especially the radio communication (GSM,
a DC-DC buck converter (Fig. 1). The input reference is @M, etc.). Technically, the EMI filter has to prevent over
audio signal which is modulated by Pulse Width Modulatiothe entire frequency band any perturbations from propagati
(PWM) to generate a high frequency pulse train (about a fd@ the speaker while keeping the audio signal in the audio
hundreds of kHz) [2]. Thus, the output spectrum contaifgequency band intact.
not only the audio frequencies in the audio frequency bandFor the integrated solutions such as smartphones, Surface-
[20 Hz — 20 kH z], but also the high frequency harmonics du#ounted Technology (SMT) ferrite beads are used due to their
to the PWM switching. Even though, high frequencies are nimhpedance behavior along the frequency band. They allow a
audible, they produce high frequency ElectroMagnetic (EMjroadband filtering effect compared to an inductor (Fig.r2).
emissions that disturb the surrounding equipments, asasgelladdition, ferrite beads are mainly resistive at high freties,
the nearby circuits on the same Printed Circuit Board (PCBhereby, they can dissipate the high frequency disturksance
Many published works focus on reducing these emissions wak heat (Fig. 2). The magnetic material gives the ferrite
a circuit solution [3]-[5]. Many other solutions have prgpd bead a higher inductance when used in the inductive region
filterless Class D amplifiers thanks to the speaker inductif€ig. 2) and a higher dissipation capability when used for
nature [6] and its mechanical frequency response. HoweVvEMI suppression. However, due to its saturation and hysiere
the ElectroMagnetic Interference (EMI) filter is still matdry characteristics, the magnetic material introduces a @&t
in order to reduce the unwanted emissions and prevent any sffect into the component behavior. Thus, when used with
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= Without ferrite bead (THD = -69 dB} With ferrite bead (THD = -53 dB) section lll. This shows the time domain and the frequency
domain results, as well as the THD for different amplitude
levels. Section IV studies the influence of the magnetic mate
rial type on the audio distortion. Finally, section V suminas
and concludes the paper.
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IIl. FERRITE BEAD MODELING

Modeling a ferrite bead can be separated in two parts: mag-
netic material modeling and physical architecture modglin
Both are discussed in this section and a simulation is shown
in order to explain the occurring phenomenon.

Signal harmonics The most common magnetic material models including the
hysteresis and saturation are :

Fig. 3. Example of Class-D THD and bargraph measurement thai, the « D. C. Jiles and D. L. Atherton model [19]-[21], known
more the bars are high the more the voltage is small since dhle $s an - L !
inverteddB scale. as the Jiles - Atherton (JA) model

« John Chan et al. model [22], known as the Chan et al.
model
Ferenc (Franz) Preisach model [23]-[25], known as the
Preisach model

THD (dB)

a Class-D amplifier, besides the EMI suppression capapbility
ferrite beads have a direct impact on the audio signal qualit
Fig. 3 shows an example of a Total Harmonic Distortion * C. dD.dBoley jmld M. L. Hodgdon [26], known as the
(THD) measurements for a Class-D amplifier with and without Hodgdon mode
ferrite beads, for an output signal having a frequency &p the present work, the JA and the Chan et al. models have
1 kHz, an output power of00 mW and an8 (2 speaker load. been used because they are accurate, practical to implement
Knowing that the ferrite bead used was chosen for its low TH&"d widely used for ferrite materials [27]. The results froath
degradation’ it increases the THD from69dB to —53dB are very Similar, hOWeVer, Only the results of the JA model ar
which is a significant audio quality degradation. MoreovePresented here. _The reason is _becausg we have access on JA
Fig. 3 shows an increase in the odd harmonics and slightrameters for different magnetic materials and the paee
variation in the even harmonics. Note that the THD is th@f the Chan et al. model were deduced from the JA model
ratio of the sum of power of all the harmonics in the audigimulating a given magnetic material. Thus, only an ovewvie
band over the fundamenta| frequency power_ on the JA mOdel iS eXpIained in thIS paper and a pOSSib|e
In previous work [8], [9], the audio distortion caused bymplementations can be found in [28].
intermodulation or by switching transitions has been sddi
However, the effect of the EMI filter was not been te_lken inta. Jiles - Atherton model
accou.nt. In [ﬁo], megsuremifnts \(verﬁ don((je_ o? a ferrite %ead Ghe Ja model, in contrary to many other models in the
_?)r:perlmelntagquantlfy |ts_e _ect In t eal; 10 :je_qugnaﬁl 'h_li erature, is based on a physical approach to describe the
e results show a negative impact on the audio signal Whigl)e esjs loop [19]. The main idea behind it is to consiler t
can be seen by an increase in the THD, for the entire auqig

f dqf ” ¢ litudes. H ergy related to the wall (known as Bloch wall) movements
requency range and for a wide range of amplitudes. Howevg, magnetic domains (known as Weiss Domains) inside a

lt_)y the autkrl]ors l_)estl knovr\glledgs, there is no puhbllcang_n '? tlg‘?agnetic material. The hysteresis phenomenon is described
lterature that simulate this phenomenon in the audio fields 3 fiction force due to the wall movement during the

The most common model for ferrite beads is a linear mod agnetization process [28].

constructed by impedance maiching [11], [12]. It is used for The JA model is related to two mechanisms. The first is the
EMI simulations but is not able to predict the audio qualit)f reversible domain wall motion represented b, [A/m]
Many other papers deal with modeling the magnetic matente second is reversible domain wall bending represented by

for power electronics issues, such as inductors [13], [1 oo [A/m]. The magnetization\/ [A/m] of the magnetic
transformers [15], [16] or electric machines [17], [18]. TOnaterial can thus be given by (1)

study its impact on the audio signal, this paper models the
ferrite bead using the Jiles - Atherton theory [19]. It madéak M = My + Myey (1)

impact on the output voltage with Bk H z sinusoidal current . .
and explains the occurring phenomenon. In addition, the THY and M., are described by (2) and (3), respectively.

is calculated and compared to the THD of the measured signals dMirr  (Man — M) @)
at different amplitude levels. dH, ko
The paper is organized as follows. It starts by modeling the Moy = ¢(Man — Mipr) 3)

ferrite bead in section Il. Thus, an overview on the magnetic

material modeling is presented. Then, it includes the mlaysi where, M,,, [A/m] is the anhysteretic magnetization given
architecture of the component. It proceeds to validate thy (4). H. [A/m] is the effective magnetic field given by (5).
model by comparing the simulation to the measurement in[A/m] is a parameter linked to the coercive field. If



Resistor Ryc)  Inductor where the voltagé’;4(¢) is the inductive part of the com-
fb ponent and can be related to the magnetic inductix{n)
using (9).15,(t) is the component current and can be related
to the magnetic fieldd (¢) using (10).

Vr Via
< dB(t)
Vio Viat)=N-5- T 9)
L
Fig. 4. Ferrite bead model in the audio frequency band. Ifb(t) = N ) H(ﬁ) (10)

whereN is the coil numberS [m?] is the component effective
. o . _ section,L [m] is the effective component length, ands the
H [A/m] is the external magnetic field and s] is the time, time.
if[ldlmens!onless] would be equal to1 if <ff > 0and—1if  Finally, the relation betweei(t) and H(t) given by the
S < 0. Finally ¢ [dimensionless] is the reversible coefficientja model, allows us to have the relation betwdén, (£) and
H, a Ipp(t).
Man(He) = Msat[coth (7) - (F)} (4)  This model is implemented and simulated in MATLAB
© environment. In order to expose the occurring phenomenon,
H. = H + aMay, (5) a simulation example for a sinusoidal current23fmA and
for a Ferrite N30 material is presented. Note that the model
is the shape parameter 8f,,, and o [dimensionless] is the parameters are p_rese.nted n Table. Il and the proc_edure of
parameter extraction is presented in the next section. The

domain interaction parameter. hysteresis loop is shown in Fig. 5 and the voltage results are
Thus, (1) to (5) allow us to deduce the JA equation (6) thggown in Fig % 9: 9

gives the variation of the magnetizatia in terms of the As can be seen from Fig. 6, for a sinusoidal current,

magnetic fieldf . the productRpc x I keeps the sinusoidal form due to its

with M,: [A/m] is the saturation magnetization,[A/m]

dM (1 — ¢) 4w 4 Moy ) linearity. However, the hysteresis magnetic loop modeled b
dH ~ 1— acd({\gin “a(l—¢) dé\/[[}j the JA model, generates peaks in the voltdge (P, and

P, in Fig. 6). These are caused by the high slopes of the
Finally, the magnetic inductio®? [1'] can be related to the hysteresis loop which cause a fast variationVins. The
magnetizationV/ and the magnetic fieldd by (7) peaks occur at the current zero crossing (the samé asro
crossing according to equation (10)). Therefore, accagrtiin
B = po(H + M) () equation (8) the ferrite bead voltage is the sum of the two
where jiy = 4re~7 [H/m] is the magnetic permeability of VoltagesV;ya and Rpc x I. As a result, the ferrite bead
the vacuum. voltage is a non-sinusoidal signal containing peaks at ¢ne z
Each magnetic material has its own hysteresis charactefi§2ssing of the waveform. The next section shows that this
tics. Thus, JA allows us to configure the model for a givefistortion occurs in the audio frequency band and causes aud
magnetic material using the 5 parameters, k, ¢ and M,,,. degradation.
The determination of these parameters has been widelyestudi

and discussed [29]-[31]. Table | gives some examples for 3 [Il. M EASUREMENTS AND VALIDATION
different magnetic materials [28]. A. Measurements
TABLE | The ferrite bead cited in [32] has been used for measure-
JA PARAMETERS FOR3 DIFFERENT MAGNETIC MATERIALS[28] ments in order to validate the proposed model. This componen
Parameter Eerrite N30 EeSi ron powder was chosen because it has a high internal DC resist&age
a [dimensionless]  9.77e¢=°  1.3le™* 1.83¢73 (maximum of1.5 2) even though it has a low nominal current
a[A/m] 20.25 59.5 1642 (50mA). This allows us to have a high voltage across the
k[A/m] 55.75 99.2 1865 : X . . :
¢ [dimensionless] 0.9 0.54 0.8 ferrite bead, allowing a better Signal to Noise Ratio (SNR)
Moot [A/m] 28.2¢% 11.5€° 11.2¢° while measuring this voltagel;). Notice that in industrial

Class-D applications, ferrite beads are chosen with a lower
internal DC resistance (arouri@® m$2 for mobile phones) for
better efficiency and a higher rated current (aro@ndl for

B. Physical architecture modeling mobile phones) for thermal reasons.

The ferrite bead is an electric dipole. In the audio freqyenc | "€ chosen ferrite bead is mounted on a PCB witf8&h
band, it can be modeled as shown in Fig. 4. The resiBior: load similar to a speaker. The schematic is shown in Fig. 7 and

is the DC resistor of the component. The ferrite bead volta§€d t0 validate the ferrite bead model, also, to evaluae th
can be then described by (8) impact of the chosen bead on the audio distortion. Replacing

the loudspeaker by a resistor will change the impedance
Vio(t) = Vsa(t) + Rpe - Ips(2) (8) behavior of the load. However, these changes do not impact th
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0.1 voltage peal2 Load
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voltage peakel GND
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-0.3 Fig. 7. Measurement schematic.
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Fig. 5. Hysteresis loop obtained by the JA model and the petens of the 0.1 ‘ ‘
first column in Table I. 4]
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also seen in the ferrite bead current at the same time as the

voltage peaks.
Fig. 6. A simulation example showing the occurring phenoomen

B. Component modeling

To model the ferrite bead [32] used for measurements, the
distortion of the electric audio signals. The nonlineardeébtr following characteristics are needed: the DC resistaRge’,
of the loudspeaker and the capacitor are negligible condpaie®il numberN, effective sectionS, effective length and the
to the one of the ferrite bead. This does not change thBrparameters of the JA model that characterize the magnetic
the analysis on a sinusoidal waveform because the curremdterial. Nevertheless, this information is not given bg th
keeps the sinusoidal shape. The circuit is powered by arlinemmponent supplier. Therefore, they are obtained as fsllow
amplifier instead of a Class-D one. The main reason for thisFirst, the DC resistance has been measured by an impedance
is to remove the high frequencies of a PWM spectrum archalyzer, thusRpc = 19.
study the impact of the ferrite bead only in the audio freqpyen A ferrite bead is a coil developed inside a magnetic material
band. The signal generator delivers burst pulses of 5 sidalso as shown in Fig. 9. Thus, the component has been broken
periods with a frequency of kH z. The pulses are separatedn two pieces and seen through a microscope. The picture is
by a delay of one second to avoid heating the componesfitown in Fig. 10, and we see that this ferrite bead has the same
which would change the magnetic material characterigtios. physical architecture as the right hand architecture in Big
Vin = 1V, the results of the ferrite bead voltagg, and The coil numberisV = 9 and the coil conductor is a pack of 3
current I are shown in Fig. 8. It shows a similar voltageconductors in parallel. It can be seen as well that the éffect
behavior as the one obtained by simulation in Fig. 6. Thiength is almost that of the component itself and the efiecti
proves that using this model is appropriate for these €erritvidth is almost half that of the component width. Therefore,
beads. Peaks appear at the zero crossing of the signalsiaras the chosen ferrite bead [32] is a 0603 (1608 in metric
0s, 0.5ms, 1 ms and1.5ms). However, slight variations are dimension) SMT package, then according to the data-sheet
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Ferrite bead current:

0.2
(%]
Q.
g O
< —Simulated
0 ‘ ‘ —Measured
D 0.5 1 15 2
time (m9g
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Fig. 9. Ferrite bead physical architectures. 0.2
12}
g 0
PaCk Of 3 —Simulateg
g 0 ‘ ‘ fMeasureci
conductors D 05 1 15 2

time (M9

Fig. 11. Ferrite bead current and voltage.

by the higher impedance which is the load, it can thus be
considered as a perfect sinusoidal waveform. This can also
be seen in Fig. 8 where the current has a slight variation on
Width the zero crossings. This assumption can be particularig val
in industrial applications as the ferrite beads are chosi#m w
lower DC resistanceKpc < Rroqq). The ferrite bead model
is fed by a sinusoidal current with an amplitude given by (11)
Vi
Lpear Rpc + Rroad (11)

L and S are 1.6 mm and0.4 x 0.4 mm?2, respectively. Note WhereV;, =1V similar to the measurement&y,oqq = 8.1 2
that, the effective section is considered as a square sectio IS the measured load resistance afigc = 1€2. Thus, the

The ferrite bead magnetic material reference and charabplitude of the simulation current 811 A. The latter is
teristics are not given by the supplier. Thus, the 5 para,higherthan the maximum current given in the datasheet which
eters of the JA model, as well as the 3 parameters of tifebased on the thermal characteristics of the components.
Chan et al. model [22] are unknown. As the material of tHdowever, as the measurements were made using burst sinu-
beads is ferrite, then to reduce the error due to the hysserei9idal pulses, the maximal current can exceed the ratedrurr
loop characterization, the five JA parameters were assumeddefined for steady state). In addition, at this currentliéve
be the same as those of known ferrite material found in [zg]agnetic material is saturated, but in fact, at currentléeve
and presented in the first column of Table I. In conclusiofpWer than the component rated current, the material would
the required characteristics and parameters for thedeseiad @lso be saturated (saturation appears for currents higaer t

Coils

Fig. 10. Ferrite bead broken in two part.

modeling are summarized in Table II. 20mA). Note also that in real audio signals, the crest factor
(crest factor = peak value/rms value) is generally higher
TABLE I than the one of a sinusoidal signal [33]. The peak value is
PARAMETERS FOR THE FERRITE BEAD UNDER TEST then considerably higher than the rms current. Therefore, a
Parameter Value Parameter Value current level of0.11 A can be a normal operating condition
a 9.77¢=?> N 9 - T .
a 2025 A/m | L L6mm when using burst pulses. Therefore, this sinusoidal ctirren
k 55.75A/m | S 0.16 mm? feeds the model and generates the ferrite bead voltage which
c 0.9 Rpc 1Q is compared to the measurement in Fig. 11. As a result, the
Moat 28.2¢* A/m

simulations are in good agreement with the measurements.
However, small differences are observed in the voltageesurv
The reasons for this could be the measurement uncertainty
] o ] or the JA parameters uncertainty which does not refer to the
C. Time domain simulations actual magnetic material.

The specified model is now used for simulation in MAT- From Fig. 7, the output voltage can be given by (12)
LAB. The ferrite bead and load are in series connected (see Vo Ve v 12)
Fig. 7). The load has a higher impedance in the audio band out = 11 fo
and it is a linear component. As the current is imposethus, the output voltage across the load contains varstion
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Fig. 12. Measured and simulated ferrite bead voltage. Fig. 14. Vy, THD over the amplitude.
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The THD is applied in order to characterize the linearity
101 ; : 4 of the audio systems. Using the spectra presented in the
‘ ' previous subsection, it is possible to deduce the THD of each
signal. Therefore, it is calculated on each amplitude lewel
compared to the measured THD.

The measurements performed on the circuit in Fig. 7 have
been repeated, but with differeht, amplitude levels. Eleven
voltage levels were chosen in the range [t60 mV; 10 V]
which correspond to the current levels in the range of
[10.98 mA;1.01 A] and to the amplifier output power in the
range of[1.1 mW;11 W]. No points have been chosen below

10 100mV due to the low measurement SNR ©f,. Hence,
F(kHz) the THD has been calculated fofy;, V. and I at all the
amplitudes, including the measured and simulated waveform
In addition, the THD has been measuredgt and V,,:
using an Audio Analyzer (AA) in order to validate the THD
) . . calculation procedure. The THD plots over the amplifier atitp
the zero crossings due to the peaks in the ferrite voltage. 6\§vver are shown in Figs. 14, 15 and 16. Note that, the THDs
the variations are small and not very visible, the time domaj,; ihe simulatedV;,, and the simulated are not shown

Fig. 13. Measured and simulated output voltage.

signals are not shown for the sake of simplification. because they are assumed to be perfect sinusoidal wavss, thu
. . their THD in thedB scale tends toward co.
D. Frequency domain comparison Fig. 14 shows that the simulated THD B}, matches with

A Fast Fourier Transform (FFT) is applied to the timéhe measured one at all the measuring points. Note that, the
domain signals. The frequency domain results are shownandio linearity is quantified by the output voltage THD and
Fig. 12 and Fig. 13. Fig. 12 shows that the simulated ferriteot the ferrite bead THD. However, the latter demonstrates
bead voltagd/;, matches the measured one in the frequentyat the ferrite bead model is accurate over a wide range of
domain. It therefore allows an accurate computation of tlnplitudes. Moreover, a higher impact on the signal lirigari
output voltageV/,..; which is shown in Fig. 13. We can see thatan be seen in low signal levels than in high signal levelss Th
the fundamental signal is locatedlat H =z and the harmonics can be explained as follows: Vi, the linear partRpc x I
are spread over the audio frequency band. Moreover, therasigreater at high signal levels than the nonlinear pari,
also an increase in the odd harmonics of the output sign&. Tthe signal has therefore a better linearity at high signagl&e
agrees with the case of a Class-D amplifier which is shownFrom Fig. 15, three conclusions can be made. First, the
in Fig. 3. This can be explained by the fact that the hysteresimulated THD ofV,,; is in a good agreement with both the
loop is symmetric around zero [34]. From these results, iiekHD measured using an AA and the THD calculated using
can deduce that the ferrite bead nonlinear behavior, duseto the time domain measurements. Second, it shows an increase
magnetic material, is a significant source of audio degradatin the THD of V,,,, compared with the THD o#/,,, which
in the Class-D amplification system. demonstrates that this ferrite bead is able to deteriofate t
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As the measurements in this paper have been made using a
linear amplifier, it proves that the reason for audio degtiada
is mainly a low frequency phenomenon occurring in the audio
frequency band.

In the integrated solutions, Class-D amplifiers are mostly
-3 ‘ ‘ " [“e-Measured| differential systems. Their power stage is made by two $witc
ing cells that control the speaker. These generate opposite
1 voltages which create the output audio signal across the
speaker load. For such amplifiers, two ferrite beads areatked
in the EMI filter. Thus, for the same output audio voltage, the
amplifier can have double the effect observed in the case of a
single ended amplifier.

Fig. 15. V;, andV,,: THD over the amplitude.

-35

-40

THD (dB)

IV. INFLUENCE OF MAGNETIC MATERIAL ON AUDIO

50 DISTORTION

Now that the model has been validated, it can be used
S R ! for further simulations. What would be the difference on the

_5 — L wwHHM_ L L wHHM_ L T - . . ) . .
10° 107 10" 10’ 10 signal distortion if we change the magnetic material typea T
Amplifier output power\(V) . . L. . .
section deals with this issue and answers this questiondy th
following.

Fig. 16. The currenf THD over the amplitude. ) ) )
We considered the same ferrite bead [32] and schematic

(Fig. 7) that we used in the previous sections. Afterwards, f

a fixed voltage level o1V}, equal to100mV (which means
signal linearity up to37dB for the amplifier in use. Such a current ofl1.1 mA), we changed the five parameters of the
degradation is significant on the commercial level, howevegJA model in order to change the material type. Thus, we used
further psycho-acoustic investigation is required to eatd the the JA parameters of the “Ferrite N30”, “Ferrosilicon (F§-S
impact on the human ear. Third, even if the current is lowehd “Iron Powder” materials which are available in Table I.
than the ferrite bead nominal current given by the suppligig. 17 compares the different hysteresis loops obtainetidy
(which is 50mA in this case), the nonlinear behavior of thejifferent magnetic materials. We can see that for a magnetic
magnetic materials still have a negative impact on the dutgfield of 70 A/m (the bead current is equal td.1mA), the
audio signal. Ferrite N30 would be close to the saturation with= 0.268 T

Fig. 16 shows that the measured current has a noticeaf@dethe saturatioB ~ 0.3 T"), the FeSi would not be saturated

THD which is not as visible in time domain signals. Thuswith B = 0.63 T (at the saturatiorB =~ 1.37") and the Iron
if a high accuracy is needed from this simulation, the curreRowder would not be saturated and is at low magnetization
should not be considered as a perfect sinusoidal waveforevels with B = 0.0257 (at the saturationB =~ 1.27).
However, this assumption can still be valid if the amplifigr iThese hysteresis loops generate ihg, voltages presented
a current source instead of voltage one [35]. in the first column of plots in Fig. 18, thus, the bead voltages
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and a peak current of1.1 mA (1 mW of audio power on the load).

Fig. 18. Bead simulations with the three materials of Tablnd a peak
current of11.1 mA (1mW of audio power on the load).

presented in the second column of plots are obtained. As ¢
be seen, the bead voltages are dissimilar if we change -
type of the magnetic material. For dri.1mA current, no

peaks are observed at the zero crossing of the bead volt
when using the Iron Powder material, however, the peaks
observed in the case of the two other materials. Also, in tl

FeSi case, the peaks are larger which must be due to thewi =70 1

hysteresis loop (larger coercivityl.. ar_1d larger remanence —ad A A AAET ~—Forite N30

B,) compared to the one of the Ferrite N30. Indeed, in tt -oFeSi

frequency domain the harmonic amplitudes are then diftere Qo i G idh il d | {Fclon Powde

which can be seen in Fig. 19. In the case of Iron Powder, ve 10°  10° 10° 10° 100 10 10
Power on the loadW/)

low levels of harmonics are obtained. However, the harmsni.

are significantly increased when using the other two mdﬂeriaﬁg_ 20. THD ofV,,u; for different magnetic materials.
knowing that, the FeSi has an unsaturated wide hysterexsis lo

and the Ferrite N30 has a saturated narrow hysteresis loop.

Thus, not only the saturation of the magnetic material cause . o
audio distortion, but also the hysteresis loop. Also, ughy section. Therefore, we deduce that an accurate predicfion o

magnetic material at low levels of magnetization has a lolj® @udio distortion requires an accurate description ef th
impact on the audio distortion because the nonlinearities 4nagnetic material which has been made by JA modeling in

not present yet in the component behavior. Moreover, it c3iS Paper. Note that, a comparison between different adser

be observed that in the case of the FeSi materials, the fii @M the ferrite family would be more interesting in order to

harmonics are higher than those of the Ferrite N30 and tf@Prove ferrite beads for audio applications.
rest are lower. Thus, we can deduce that different magnetic
materials can have different influences on the signal distar V. CONCLUSION

To conclude, using the Jiles - Atherton model for magnetic

A sweep of the voltagéd/,, has been made in the voltagematerials and the component physical architecture, atderri

range [0mV ; 10 V] which corresponds to a current rangdead model has been established. It allows us to simulate
of [1.1mA ; 1.1 A] and power range of9[9 W ; 9.9W]. these components as well as understand the occurring phe-
The THD for these amplitudes has been computed andnitmenon when used in audio applications. This model has
is shown in Fig. 20. We can observe that the shape ahden compared to a measuréd@H > sinusoidal signal for
level of the THD curve strongly depends on the magneti@lidation. The time domain results show the appearance of
material type. In addition, when using the FeSi or the Irowltage peaks at the zero crossing of the ferrite bead curren
Powder materials, the THD curves have a big dissimilarignd the frequency domain results show an increase of the
compared to the one of the Ferrite N30 which is the orgignal harmonics all over the audio frequency band. We also
that agrees with the measurement as shown in the previalserve an increase is the odd harmonics which agrees with



the measurement on a Class-D amplifier. The THD has begen
calculated for the simulated and measured signals. A compar
ison with the THD measurements using an AA, shows good
agreement over a wide range of amplitudes. The ferrite bejas
in use can generate up 87 dB of THD degradation in the
audio signal. Also, it has been shown that both nonliness;ti
the hysteresis and the saturation can generate audiotitigtor[16]
and the choice of magnetic material has a significant impact
on the signal distortion.

Thanks to this model, the audio system integrators are afie
to include the audio quality as a new criterion in the procedu
of EMI filter design for switching amplifiers.

Future work will focus on implementing a dynamic mag-
netic material model [36], [37], in order to take into accouri8l
the frequency and temperature variations that affect tiréde

bead nonlinear behavior. [19]
[20]
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