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Abstract

A new structure of integrated low-pass LC filter of DC-DC power converter is
proposed in this paper. This filter consists in a circular planar coil enclosed
between two ferrites substrates. Mn-Zn ferrite has been chosen because of its
high permeability and permittivity. In this filter Mn-Zn substrates act not only
as a magnetic core but also as a capacitor. In order to reduce the conduction
losses in the part of the ferrite used as a capacitor, a particular topology using
a blocking layer is proposed. A modelling of the dielectric behaviour of the
materials has been performed and injected in a simulation in order to find the
resulting LC filter performances and its power range of use. In order to in-
crease the filter efficiency, different solutions have been explored. In particu-
lar the inter-turn gap evolution has been optimized to reduce the inter-turn
losses. Regarding the bulk losses, BaTiO, blocking layers have been added, ei-
ther upon the ground or the conductor. In this last case a co-firing ferrite tape
has been inserted between turns to increase the LC product. Finally the use of
low losses Mn-Zn and BaTiO; has been proposed and the final characteristics
(both electrical and dimensional) of our filter have been compared to conven-
tional ones.
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1. Introduction

Planar LC passive components, such as inductors and capacitors, have been im-
plemented for many years using a variety of substrates, including standard PC
boards, ceramics and silicon. This technology has been only used in low power

devices (a few W) with working frequencies ranging up to a few GHz [1] [2] [3].
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The filter to be studied in this work is based on this technology but has been de-
signed for higher power and low working frequencies: typically a few kW and a
few 10 kHz respectively. In order to reduce the sizes and the weight of this filter,
the preliminary structure has been made with only one material acting as both
a ferromagnetic and a dielectric. Ferrite material has been chosen to carry out such
a filter. Ferrites are indeed one of the best magnetic materials because of their
cost, stability and their wide range of technical applications. The Manganese-Zinc
(Mn-Zn) ferrites exhibit a suitable high permeability (x, from 750 to 2 x 10°) but
above all a very high permittivity (¢, about 10* at 1 MHz) compared with Nick-
el-Zinc ones (g, from 125 to 2 x 10° and &, about 25 at 1 MHz respectively). De-
spite this double property, they are exclusively used as core materials for induc-
tors and transformers [4]-[8]. The limiting factor is their low resistivity (from 1
to 10 Q-m), justifying that Mn-Zn ferrites have not been already used as capaci-
tors.

The aim of this work is to show how Mn-Zn material may be nevertheless
used for both their ferromagnetic and dielectric properties in spite of its low re-
sistivity.

The proposed structure to be studied is a distributed LC filter. A spiral coil is
sandwiched between two Mn-Zn substrates. To reduce ineluctable substrate losses,
different designs have been proposed and additional materials have been used to
obtain a filter having a sufficiently high efficiency. In this paper, only conduction
losses occurring in the substrates of the LC filter are estimated; hysteresis and
eddy-current associated losses are not taken into account.

In the first part of this paper, the equivalent circuit model per unit volume of
Mn-Zn ferrite will be established from dielectric measurements. Starting from fixed
geometrical sizes of the studied LC filter, distributed volume and inter-turns ca-
pacitors will thus been calculated. Effective inductors will be determined by using
a finite-elements method simulation. The resulting LC filter performances (cut-off
frequency, slope, filter losses ...) will then be estimated in order to provide useful
information to propose a final filter design having sufficiently good performances
to be integrated in a power converter. Figure 1 illustrates a famous DC-DC con-
verter (Buck) that provides a DC voltage (VO) from a DC fixed power supply (VI).
VO can be adjusted by controlling the transistor commutation (ie., the duty cycle).
In this simple structure, the LC filter plays an important role in the output vol-

tage ripple value.
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Figure 1. Output LC low-pass filter to be used in a Buck converter.
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2. LC Filter Structure

The structure of the filter consists in a planar spiral coil sandwiched in between
two ferrite substrates (Figure 2 & Figure 3). This structure shows both distri-
buted capacitance and inductance between the spiral and the ground planes as
shown in Figure 2(a). This structure acts as an electromagnetically integrated
LC low-pass filter.

Each element of the equivalent circuit model in Figure 2(b) has to be calcu-
lated from both simulations (inductors) and measurements (capacitors).

The spiral coil has been broken into 2N-cells of half circle connected in series.
Each half circle contains the equivalent self-inductance, mutual inductances, se-
ries resistance and inter-turns impedance. Values of inductances, mutual induc-
tances are obtained by finite-element method. Inter-turn and volume capacitances

are calculated from the Mn-Zn ferrite modelling results.

Top Ground plane

D Top ferrite layer

Spiral coil

Bottom ferrite layer
(a)
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Figure 2. (a) Exploded-view of the studied low-pass filter; (b) Equivalent circuit model.

Figure 3. Lower Mn-Zn substrate (7 turns).
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3. Modeling of Mn-Zn Ferrite Dielectric Behavior

The electrical properties of ferrites depend on their polycrystalline structure. The
grain and insulating grain boundary are the two main components that deter-
mine the variation of resistivity and permittivity [9] [10] [11]. In Mn-Zn ferrites,
the grain boundary exhibit different chemical and physical properties from the
ferrite grains. The segregation of impurities and partial re-oxidation of Fe’* on the
grain boundaries during the cooling makes the Mn-Zn ferrite grain boundaries
highly insulating in comparison to the grain itself.

These insulating layers are in practice very thin and exhibit a relatively high elec-
trical capacity [9]. The structure and the usual equivalent circuit are shown in Fig-
ure 4(a) and Figure 4(b) [9] [11]. R, and R, are the grain and the grain boun-
dary resistances respectlvely.

The equivalent circuit model of Figure 2(b) has been used for the modelling
of the dielectric behaviour of Mn-Zn commercial ferrites (3F3 FERROXCUBE)
whose relevant characteristics are summarized in Table 1.

In order to extract the values of the three components of Figure 4, measure-
ments have been carried out using a HP4284A RLC-meter. Samples to be meas-

ured were composed of a 3.5 mm-thick Mn-Zn samples with two gold deposited

JLJ&_JLJLJ
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Figure 4. (a) Physical polycrystalline structure; (b) Equivalent circuit model.

Table 1. Main characteristics of 3F3-power ferrite under study.

PARAMETERS VALUES
Grain size 5 um

Te >200°C
u,(T=25°C) 1800
4. (T =100°C) 2600

Bs (T =25°C) 440 mT

B (T =100°C) 370 mT

Frequency Up to 500 kHz
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electrodes (diameter: 10 mm). A good fitting has been obtained between simu-
lated and experimental frequency response of the ferrite (in the frequency range
of 10 Hz - 1 MHz). Results obtained at T = 20°C have been reported in Table 2.
From the value of Cy, & has been estimated to be about 6.5 x 10",

It should be noted that the dielectric equivalent circuit model of other Mn-Zn
ferrites (Ze., doped ferrites) may be different from this model. Indeed, a highly re-
sistive layer may be present on the surface of Mn-Zn grains; these resistive layers
may be fitted by a supplementary RC-cell [10].

As Mn-Zn has a sufficiently high relative permittivity, fringing effect can be
neglected [12]. Consequently, the results obtained from the equivalent circuit model
can thus be directly used to calculate the corresponding capacitances of the stu-
died filter.

4. Filter Circuit Model
4.1. Filter Model

The spiral inductor in between the ferrite substrates is circular. Since the spiral
inductor is a distributed structure, our proposed model is based on a distributed
model. Several works have already shown that a turn may be represented by a
lumped model as reported in Figure 5 [13]. In order to get a better accuracy, the
spiral of n-turns has been broken into 2n-half-turns. Thus, each half-turn represents
the lumped model of Figure 5. This choice has already been preferred because in
some of our studied LC filter designs the inter-turns distances vary from the in-
put to the output filter.

The overall model consists in 2n-circuits connected in series to form a distri-
buted model. The inter-turns impedances between adjacent turns are to be con-
sidered, especially by using a high permittivity substrate. They are distributed at
the front and the end of the inter-turns, leading to 2(n — 1) inter-turns imped-
ances. To illustrate the principle of this modelling, let us consider a LC filter
with 2 turns of Figure 6(a). Index 1 and 2 correspond to the first half turn, 3 and
4 to the second half turn, and so on. The resulting filter circuit model is

Table 2. Fitting parameters of Mn-Zn AT T = 20°C (frequency range: 10 Hz - 1 MHz).

R, (Q) Ry (@) C (nF)
66 13 16
.L R
© ‘U‘  }+—r—0
RQ Rg
c=|[r, c||R,
o T O

Figure 5. Half-turn lumped model.
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Figure 6. 2-turns filter (a) and its associated circuit model (b).

done in Figure 6(b). Index 1 to 8 of Figure 6(a) may be found in Figure 6(b). Since
the Mn-Zn substrate presents a high permittivity, we did not take into account
the capacitor corresponding to the air gap between two neighbouring half-turns.
Consequently, inter-turns capacitors of Figure 6 are only those due to the Mn-Zn

substrate.

4.2. Model Parameters Determination

Inductances

Instead of using any analytical formula to calculate both self and mutual in-
ductances, finite-elements method (FEMLAB [14]) has been used to obtain these
values. The simulation was performed using a 2D-axisymmetric assumption.
Self-inductances (L), positive and negative mutual inductances ( Mi} and Mi}
corresponding to positive and negative interactions between all half-turns) have
been estimated by successive simulations to obtain the total inductance Z, as in

Equation (1).
L :Lsi+2MiJT—2MiJT (1)

Note that in this model, the inductances are assumed to be constant over the

frequency range of interest.
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Coll resistances
The resistances of each half-turn have been estimated by using the classical

relationship as in Equation (2).
R = A (2)
P’

where p is conductor resistivity (here copper), /and S are conductor length and
cross-sectional area respectively. In the forthcoming LC studied structures, the
sizes of the coil conductor will be chosen to avoid any skin effect.

Substrate impedances

Both resistances and capacitances of the ferrite substrates are calculated by
using the fitting parameters of Table 2. The parameters R, R, and C,, of the

filter impedance are related to those of the tested sample (R,;, R, and C,,) by

the following equations:

Rynz = K - Ry (3)

where KR:Z'[ij.[h_ZJ and KC:E[EJ(KJ
S, ) (h 2S5 )\h

S, is the area below the half-turn and S the area of electrode disk, 4, is the
height of the ferrite between the half-turn and ground plane and A, the height
between the electrode disks. Factors 2 and 1/2 in the expression of K, and K,
stand for the fact that resistances and capacitances are equally distributed at each
end of the half-turn.

Calculation of section S, is done with the following expressions:

S, =w-I,

! :%-W[Z-Ri +i-w+(i-1)-s]

(4)

R, is the inner radius of the spiral coil and /, the mean length of each half-turn
with 7=1to 2n.

Inter-turns impedances

The calculation of the inter-half-turn parameters is not quite easy. The co-planar
electrodes of the tested sample have to be transformed into parallel plate electrodes
by using the theory of conformal transformations developed in [15] [16]. New con-

stants are derived from the transformation as in Equation (5).

TTRK) Y T2k (k)

where K(4) is the complete integral of first kind with modulus 4, and K (k’) is
the complete integral of the first kind taken in the complementary modulus k'.

The modulus kis given by the following expression:
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tanh [ns}
4.h
k =
anh n-(Ww+05-5) (6)
2-h
k'=+1-k?

Using all these constants the parameters R

o Rop and Gy, of inter-half-turn

are given by:

= S N SV

Cgbz_l {Cgm K(k;) K (k) lm}

_ K(k) K(K) 1y
SRR i ity ?
R92 =2-{R wmlﬁ}

TR (k) K(k) L

where 1, is the mean length of inter-half-turn and / the transversal length of the

electrodes of the tested sample.
1 . .
|zi:E'“'[Z'Ri+('+1)'w+"5] (8)

with 7=1to 2(n—1).

All the parameters of the filter can be now computed.

5. Mn-Zn Ferrite Filter Behaviour

5.1. Mn-Zn Ferrite Induced Electrical Conduction Power Losses

First simulations were performed by using the following physical and electrical
parameters reported in Table 3.

As expected, a large amount of power losses takes place in both ferrite sub-
strate and inter-turns areas, justifying that the Mn-Zn ferrites have never been used
as capacitors. As an illustration, the filter efficiency, excluding magnetic and ed-
dy current losses, has been calculated versus output power in Figure 7. An in-
crease in the output power leads to an increase in the filter efficiency, but this ef-
ficiency is no higher than 37% at 1 kW which is obviously unacceptable. Moreo-
ver, this power level is not consistent with the conductor section which is not

enough to carry such a power.

Table 3. Geometrical sizes and electrical data taken for the LC-filter behaviour simula-
tion.

Buck Spiral Ferrite

Frequency: 100 kHz Number of turns: 9 Permeability: 1800

Duty cycle: 0.5 Internal radius: 5 mm Permittivity: 6.5 x 10*

Input voltage: 200 V Track thickness: 0.2 mm Thickness: 1 mm

Load: 10 to 40 Q Track width: 1 mm
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Filter efficiency (%)
40

35

30

25

20

15

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Output power (kW)

Figure 7. Simulation of the LC filter efficiency versus output Buck power (T = 20°C).

5.2. Power Losses Reduction

Power losses originating from the electrical conduction of the Mn-Zn substrate
are located in the substrate bulk and in the inter-turns areas. The repartition of
these losses has been estimated and revealed that these losses decrease versus
inter-turns index, as indicated in Table 4. In our studied structure, electrical
conduction losses are mainly located in the three firsts turns. Indeed this struc-
ture acts as a distributed low-pass filter. The higher the turn index, the lower the
voltage ripple and consequently the lower the corresponding electrical conduc-
tion losses.

In order to reduce the electrical conduction losses, mainly located in the first
turns, new simulations have been performed in which the inter-turns distances
have been chosen to depend on the turn index. The inter-turns distance evolu-
tion law has been chosen linear and exponential successively in order to reduce
the inter-turns losses. The chosen laws are detailed in Table 5.

The resulting losses have been reported in Table 6, showing that an exponen-
tial law is the better way to reduce the electrical conduction losses taking place in
these areas of the substrates. Moreover, the voltage distribution in such a struc-
ture is not linear. The level of the inter-turns voltage depends on the inter-turns
index: the lower the index, the higher the voltage level. Consequently, the expo-
nential evolution chosen to reduce the inter-turns losses is interesting to increase

the surface dielectric strength of the Mn-Zn substrates as well.

5.3. Multi-Materials LC Filter

In spite of the reducing in the power losses induced by the modification of the
coil design, the resulting filter efficiency is no longer acceptable. New structures
have therefore been proposed in Figure 8 in order to increase this efficiency.

Structure 1 is the initial structure which has been rejected. In structure 2, two
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Table 4. Electrical conduction losses (% of the total electrical conduction losses) vs in-
ter-turn index (three first turns — output Buck power = 1 kW).

Turn index 1 2 3
Substrate losses (%) 77 8.5 1.3
Inter-turn losses (%) 11 1.4 0.2

Table 5. Different inter-turn gap evolution laws (i = Turn Index).

Inter-turn gaps law (mm)

Constant 1
Linear (23.5-2.5%x1)/7
Exponential 3 x exp[—0.256 x (I-1)]

Table 6. Filter efficiency vs inter-turn gap evolution law (output power = 1 kW).

Inter-turn gap evolution law Filter efficiency (%)

Constant 37
Linear 59
Exponential 63

mmm Coil and GND

mm Ferrite
BaTiO,

mm LTCC

Structure 1

Structure 2

Structure 3

Structure 4

Figure 8. Different studied filter topology.

“blocking” layers have been added in between the Mn-Zn substrates and the
ground plates. In structure 3, these blocking layers have been put in between the
coil and the Mn-Zn substrates. These layers have to exhibit a sufficiently high
permittivity (in order to keep the advantage of Mn-Zn) and also a higher resis-
tivity. Among available materials exhibiting such characteristics, BaTiO, has been
chosen. As already done with Mn-Zn, a dielectric characterisation has been per-
formed. The most suitable electrical model able to describe the experimental be-
haviour of BaTiO; is the same as those obtained with our Mn-Zn samples. The re-
sults obtained with a 130 pm-thick commercial (standard) BaTiO, film has been
reported in Table 7.

In structure 3, the air gap between the two Mn-Zn substrates has been in-

creased (+200 um = BaTiO,), leading to a decrease in the corresponding induc-
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tance L, and thus in the product LC.

Consequently, a complementary ferromagnetic material has been used to re-
duce this induced inconvenient. A low temperature co-firing ferrite tape (ferrite
powder in organic matrix-LTCC-ESL 40012) has been chosen first of all for its
interesting physical properties and secondly because it may be easily adapted to
our complex structure (tapes which may be easily cut and hot-pressed to ob-
tained the desired design and thickness). Physical data and the fitting parameters
obtained on a 280 um-thick sample have been reported in Table 8. The equiva-
lent electrical model of this tape is the same as Mn-Zn and BaTiO, (Figure 4(b)).

Using successively structure 1 to 4, the filter efficiency has been estimated. In
these simulations, an exponential inter-turns gaps law has been applied. The
corresponding filter efficiencies are given in Figure 9 (versus output power —
duty cycle = 0.5) and Figure 10 (versus duty cycle — [, = 10 A).

All the structures show the same behaviour: the higher the output Buck pow-

er, the higher the corresponding efficiency.

Table 7. Fitting parameters of standard BaTiO; AT 7= 20°C (frequency range: 10 Hz - 1
MH?z).

R,(Q) Ry (MQ) G (nF)

116 3.8 24

Table 8. Datasheets and fitting parameters of the chosen magnetic tape at 7'= 20°C (fre-
quency range: 10 Hz - 1 MHz).

T 44, (F=100 kHz) R,(Q) Ry (Q) C, (nF)

350° 450 12 1.6 x 10" 22

Filter efficiency (%)
920

80

70

60

50

40

30

20 ‘
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Output power (kW)

Figure 9. Simulation of the LC filter efficiency versus output Buck power (Structures 1 to
4 of Figure 9— T'= 20°C—electrical data of Table 2).

DOI: 10.4236/eng.2017.912059

1003 Engineering


https://doi.org/10.4236/eng.2017.912059

S. Coulibaly et al.

Filter efficiency (%)
100

60

50

40 ‘
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Duty cycle

Figure 10. Simulation of the LC filter efficiency versus duty cycle (Structures 1 to 4 of
Figure 9—T = 20°C—electrical data of Table 2— ], = 10 A).

The goal of the BaTiO, layers is to strongly reduce the power losses in Mn-Zn
substrates in both volume and also inter-turns areas. In structure 2, only volume
losses are reduced, while in structure 3 both volume and inter-turns losses are
reduced, justifying that the structure 3 has a better efficiency (close to 90% at 1
kW — duty-cycle = 0.5).

As shown in this simulation, the losses reduction provided by the magnetic
LTCC is not as high as expected. Moreover, keeping the air gap free may allow a
complementary use of this gap. As an example, if the cooling of the DC conver-
ter is obtained by the use of a cooling fluid, this fluid may be injected in this gap
to extract the heat produced by the filter.

As already mentioned, the spiral conductor is not, whatever the chosen struc-
ture, sufficient to carry 1 kW from the power supply to the load. New simula-

tions have to be performed, using a suitable conductor cross section.

5.4. New Dimensioning of the Studied Filter

By using a 200 V power supply, carrying 3 kW leads to a spiral conductor of 3
mm® (taking 5 A/mm?). New simulations have been performed with this new
conductor sizes. In Figure 11 and Figure 12, the filter efficiency has been drawn
versus output power (duty cycle = 0.5) and duty cycle (.4 = 15 A). The filter
using standard Mn-Zn and BaTiO, ceramics (those characterized in this study)
exhibits, as expected, satisfactory results. Nevertheless, an increase in the filter
efficiency may be achieved by using ‘optimized’ ceramic materials (Ze.: low loss
BaTiO, [16] and Mn-Zn [17], same magnetic LTCC).

Electrical characteristics of such LC filters have been reported in Table 9. In

the conventional filters, the value of L corresponds to the total inductance of our
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Filter efficiency (%)
100 [ ,

95 -

Low-loss
90 -

851

Standard

80

757

70

65 . : . . .
0 0.5 1 1.5 2 2.5 3

Output power

Figure 11. Simulation of the optimized LC filter efficiency versus output Buck power
(duty cycle: 0.5), (7'= 20°C—electrical data of Table 2).

Filter efficiency (%)
98 l \

971

96

95

low-loss

94

93

92 1

91

Standard
90

89 . . . I I
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Duty cycle

Figure 12. Simulation of the optimized LC filter efficiency versus duty cycle (7'= 20°C—
electrical data of Table 2—1_,, = 15 A).

loa

Table 9. Electrical characteristics of our studied filter vs conventional structures.

F.(-3dB) Slope Attenuation at  Size Weight
(kHz)  (dB/decade) 100kHz (dB) (cm?) (g)

LC filter using an air inductor and a

. . 43 —40 —4.87 186 431
plastic capacitor
LC filter using a Mn-Zn inductor and a
. . 43 -40 —4.87 25.5 180
plastic capacitor
Our LC planar studied filter 45 -180 -3.7 14.7 81
Optimized filter with low loss ceramics
33 -180 -11.5 14.7 81

materials
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filter while C to the total capacitance. As clearly shown in this table, our proposed
LC filter is less heavy and bulky as conventional LC structures using discrete L
and C components.

New optimizations are actually in progress to provide LC planar filters with
lower cut-off frequencies in order to be used in DC-DC converters working at 10
- 20 kHz.

6. Conclusion

Mn-Zn ceramic substrates have been used in this work for both their high per-
meability and permittivity. Already largely used as core material, the goal of this
study was to show that Mn-Zn may also be used as a capacitor in a DC-DC
power converter integrated LC filter. The topology of this power filter is mainly
composed of a circular coil between two Mn-Zn substrates. In order to reduce
the Mn-Zn induced conduction power losses, the use of a blocking layer, such as
BaTiO;, has been proposed. Modelling and simulation were used to estimate the
filter electrical characteristics. Results have shown that a combination of Mn-Zn
and BaTiO; ceramics materials allows the conception of power LC filters (a few
kW) with a satisfactory efficiency. Future investigations are focused on the opti-
mization of the filter design and the use of new synthesized materials in order to

increase this efficiency.
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