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Abstract: In this study, polymer bonded soft mag-

netic materials (PBSMM) were investigated for the 

application as a magnetic core and electromagnetic 

shielding material in inductive devices for EMI filter 

applications. The nature of the switch mode power 

converters makes them a potential source of EMI 

noise. EMI filters are generally necessary to ensure 

electromagnetic compatibility of converters to the 

other electronic equipment. Conventional discrete 

EMI filters usually comprise passive components 

with different volume and form factors. The manu-

facturing of conventional inductive components re-

quires different processing and packaging technol-

ogies, of which many include cost intensive pro-

cessing steps. Due to the parasitics of the discrete 

components and their interconnections the effective 

filter frequency range is limited. As a result discrete 

EMI filters are usually not integrable into an arbi-

trary formed volume and show relative high produc-

tion costs. This study aims on solving this issue by 

the integration of inductive EMI filter components 

using polymer bonded soft magnetics. PBSMMs 

were produced using thermoplastic polyamide 6 

matrix materials. The filler materials were chosen 

from the wide range of different soft magnetics. The 

magnetic properties were characterized using injec-

tion molded ring core test specimens and a com-

puter controlled hysteresis recorder as well as an 

impedance analyzer. Inductive devices with 

PBSMM as magnetic core have great potentials in 

automotive applications that have to meet a high 

geometric flexibility and demanding electromagnetic 

compatibility requirements 

 

Keywords: EMI filters, power converters, polymer 
bonded soft magnetics, magnetic materials 

1. Introduction 

Power electronics has been continuously improved 

by new semiconductor devices and materials, an 

continuously increasing switching frequency and 

advanced integration technologies. The need for 

high integration level, high performance, and re-

duced production costs of power electronics is the 

driving force for polymer bonded soft magnetics in-

ductor technologies. Especially in automotive appli-

cations the space requirements and the possibility 

to form the devices without any restrictions in the 

outer form is one outstanding argument for the use 

of polymer bonded inductive components. Recent 

studies on polymer bonded soft magnetic materials 

showed the perspective to produce soft magnetics 

with a high saturation flux density, high permeabil-

ity, and low coercitivity for low frequency applica-

tions [1]. Metallic materials like FeSi3 [2,3] or nano 

crystalline FeSiBCuNb [4,5] show good magnetic 

properties with the capability of processing these 

materials with conventional polymer processing 

technologies. Polymer bonded soft magnetics were 

investigated for planar transformer production [6].  

  

Fig. 1: EMI filters in power electronics 

 

Any switching electronic device is a potential EM 

noise source. High-level electromagnetic disturb-

ances may cause electronic systems to malfunction 

in a common electromagnetic environment [7]. 

Conventionally, EMI filters are implemented by us-

ing discrete conventional components. The total 

volume of such an assembly is dominated by the 

passive components and the death volume be-

tween the chunky devices. Schematics of two typi-

cal EMI filter structures are shown in Fig. 1  

Film capacitors enable the integration of capacitive 

devices into a volume but with strictly restrictions on 

the outer form of this. So the effective degrees of 

freedom in the form of these devices are limited by 

the processing technology but they are much larger 
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than for example for electrolyte capacitors. The in-

tegrated hybrid drive presented in [8] uses a ring-

shaped dc-link capacitor in order to achieve an op-

timum filling of the available package volume. This 

capacitor has been developed in cooperation with 

the Epcos AG and provides a capacitance of 500μF 

(450V).  

Recent studies on integrated inductive devices fo-

cus on power converters and therefore mostly on 

planar structures and low power applications. [9, 

10] The aim of this study was to produce and char-

acterize various polymer bonded soft magnetics 

and to realize inductive devices for EMI filter appli-

cations using these materials. The following de-

mands and targets have been specified for the EMI 

filter made of polymer bonded soft magnetics:  

 An optimal use of the available space. 

 The potential to produce future devices at 

lower production costs with high efficient pro-

duction processes. 

 An ampacity for currents up to 125A DC. 

 An attenuation sufficient to push the noise be-

low the limits for conducted emissions as de-

fined in several standards  

2. EMI Characterization and Filter Topology 

The integrated hybrid drive described in [8] was 

characterized regarding its EMC behavior in order 

to estimate the necessary attenuation characteristic 

of the EMI filter. Only conducted differential mode 

emissions were considered, because any other 

emissions are highly depending on the overall sys-

tem configuration. The drive unit was mounted on 

an e-motor test bench for the characterization un-

der various torque and speed load conditions. To 

avoid any interference with heavy-duty electronic 

power supplies, the drive was fed from a NiCd bat-

tery pack, configured for a nominal voltage of 

288 V, and capable to provide energy of up to 

8 kWh. The DC link voltage noise was measured 

close to the DC link capacitor using both a spec-

trum analyzer (R&S FSP3 with FSP-B29) and an 

oszilloscope (Tektronix TDS5034B). An AC coupling 

capacitor and an attenuator (20dB) were inserted to 

protect the spectrum analyzer, the additional atten-

uation is considered in Fig. 3. The DC link current 

was measured using a Tektronix current probe 

TCP303 with TCPA300. 

Fig. 2 shows the DC link voltage ripple under max-

imum load, with a speed of 1500 rpm correspond-

ing to a fundamental frequency (f0) of the inverter 

output current of 200 Hz; the switching frequency 

(fs) of the inverter is 8 kHz. 

 

 

Fig. 2: Hybrid drive characterization 

 

Fig. 3 shows the spectrum up to 10 MHz. According 

to the limiting lines given in Fig. 3, an attenuation of 

about 22 dB at 2.2 MHz is necessary to push the 

noise below the limits defined, e.g., in the Daimler 

standard DC 10614. 

 

 
 

Fig. 3: Spectrum of the conducted DC link voltage 

noise with some limiting lines  

 

Fig. 4 depicts the AC equivalent circuit of the drive 

inverter including the chosen filter topology, the 

high-voltage cable, and the energy storage. L1a and 

L1b are the filter inductors presented in this paper.  

 

 

Fig. 4: Inverter with chosen EMI filter topology and HV 

supply equivalent circuit. C1 is the main DC link ca-

pacitor. The available space allows a maximum ca-

pacitance of 60µF for the filter capacitor C2. 
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3. Materials and Processes 

This chapter presents the used materials, process-

es and the measurement equipment. 

3.1 Filler Materials 

Magnetic materials can be divided into different 

groups depending on their magnetic properties. 

 Iron, cobalt, and nickel based metallic alloys like 

FeSi, NiFe, and CoFe show a high saturation flux 

density (2.35 T for CoFe) and a high permeability at 

low frequencies. These properties are well suited 

for e.g. EMI filters and low frequency chokes. The 

most effective manner to produce metallic powders 

is the water or gas atomization. The final particles 

have a spherical geometry shown in Fig. 5 resulting 

in a low viscosity of the compound. For our PBSMM 

investigations, an iron powder (FeSi6.8 from 

Höganäs) was used. The saturation inductance of 

this material is 1.6T. 

Amorphous or nano crystalline soft magnetics show 

a very high permeability for frequencies up to some 

100 kHz with a medium saturation flux density of up 

to 1.2 T. These materials are used in medium fre-

quency converters. The amorphous or nano crystal-

line properties of these metallic materials are real-

ized by the melt spinning technique. The ribbon 

produced this way is then milled resulting in parti-

cles that show a thin plate-shaped geometry. For 

our investigations a nano crystalline FeSiBCuNb 

material (Vitroperm from VAC) in particle sizes from 

125 µm to 250 µm was selected.  

3.2 Polymers and Processing 

The polymer matrix materials were an Ultramid® 

B27 from BASF. Ultramid B27 is a semi-crystalline 

thermoplastic material. It has a low viscosity and 

good thermal and mechanical properties regarding 

the present application. A PA6 containing 20vol.%, 

40vol.%, 50vol.%, 60vol.% and 65vol.% filler pow-

der was prepared in a twin screw extruder.  

Polymer injection molding is a production process 

for manufacturing components from thermoplastic 

and thermosetting plastic materials. The process of 

injection molding can be divided into a sequence of 

steps, the so called injection molding cycle. An in-

jection molding tool was used for ring core test 

specimens’ production. A Picture of the test speci-

mens and the molding tool are shown in Fig. 6.  

 

Polymer pressure molding was used for the induc-

tive device manufacturing in order to reduce the 

costs for a complex injection molding tool. This pro-

cess consists of filling the tool with the polymer 

compound and pressing the final device in a vacu-

um oven.  

3.3  Magnetic Characterization 

Toroidal cores were chosen due to the homogenous 

field distribution resulting in an accurate measure-

ment. The magnetic permeability was measured 

with a precision impedance analyzer for frequen-

cies up to 100 MHz (Agilent 4294A). 

The magnetic losses were measured with a com-

puter controlled hysteresis recorder similar to that 

described in [12]. A schematic of this recorder is 

shown in Fig. 7. 
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Fig. 7: Schematic of the magnetic power loss test 

setup 

 
 

 
Fig. 6: Injection molding tool and test specimens 

  

 
 

 
Fig. 5: SEM pictures of the soft magnetic fillers  

(top): water atomized FeSi6.8 powder (below): nano 

crystalline Vitroperm  
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The specific magnetic hysteresis power losses per 

volume are related to the area of the hysteresis 

curve and the frequency, and can be expressed by 

the following equation:  

  HdBf
V

P
 (1) 

where f is the frequency of the applied field, H the 

magnetic field strength, and B the magnetic flux 

density. The saturation flux density was measured 

using a vibrating sample magnetometer (VSM).  

4. Material Characterization Results 

The measurements of the magnetic properties were 

performed using toroidal test specimens with an ef-

fective magnetic length of 40 mm and a core cross-

section area of 11.3 mm
2
 with a winding comprising 

10 turns. The test specimens are shown in Fig. 6 

4.1 Frequency Characterization 

The permeability of the polymer bonded soft mag-

netics was calculated from the measured induct-

ance of the ring cores. The investigations showed 

that there were only a small deviation in the value 

of the inductance over a number of 30 test speci-

mens. Therefore constant filler contents in all test 

specimens can be assumed. 

The permeability of the polymer bonded soft mag-

netics depends on the filler material and increases 

with increasing filler fraction. Vitroperm filled poly-

mers show permeabilities up to 41 at 50 vol.% filler 

content.  

Due to the non spherical, high aspect ratio particles 

the Vitroperm polymer compound shows higher vis-

cosities of the polymer melt and therefore a re-

duced maximum possible filler fraction in compari-

son to the FeSi6.8 filler particles. By using these 

Vitroperm filler it was possible to produce ring core 

test specimens with filler fractions up to 50 vol.%. 

The polymer compounds with the spherical FeSi6.8 

filler particles show a lower viscosity of the polymer 

melt. This results in higher processable filler frac-

tions up to 65 vol.%. The resulting permeability 

stays quite constant up to a frequency of around 

1 MHz for highest filler fractions. The permeability 

measurements of the test specimens are given in 

Fig. 8. 

4.1 Saturation Flux Density 

According to Kelly [13], the saturation flux density 

of a PBSMM can be calculated by:  

 ))1((
Filler

Pol

FillerSatsat
xxBB






 (2) 

were x is the filler fraction by volume, Bsat-Filler the 

saturation flux density of the filler material, and  

the mass density of the filler and the polymer. The 

measured saturation flux densities of the polymer 

compounds are given in  

Tab. 1. The volume of the ring cores was assumed 

to be totally magnetic even if the compound shows 

a defined filler fraction of the magnetic material. 

This was done in order to measure the saturation 

inductance of the total compound volume and not of 

the filler material itself. Assuming a Bsat of the 

FeSi6.8 filler particles of 1.6 T and of the Vitroperm 

particles of 1.2 T the measured values of the satu-

ration flux density are up to 200 mT lower than the 

calculated value. This is due to the complex behav-

ior of the saturation inductance depending on the 

size and the interaction of the particles.  

 

Tab. 1: Saturation flux density of the PBSMM 

Filler material  Bsat(T) at given filler fraction 

(vol.%) 

Filler fraction 20 40 50 60 65 

FeSi measured 0.21 0.59  0.89 0.99 

FeSi calculated 0.5 0.78  1.05 1.12 

Vitr. measured 0.21 0.43 0.49   

Vitr. calculated 0.39 0.6 0.69   

4.2 Power Losses 

In the case of magnetic materials, losses are at-

tributed to three physical mechanisms [14]. The dif-

ferent energy losses per cycle are given by: 
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Fig. 8: Rel. permeabilities of the polymer com-

pounds 
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excclh

WWWW   (3) 

Wh represents the hysteresis losses for quasi static 
frequencies which are assumed to be constant with 
frequency. Wcl represents the eddy current losses 
which are directly connected with the electrical 
conductivity of the magnetic material. Wexc repre-
sents the losses due to the dynamic movements of 
the magnetic domains.  
The measured losses of the different PBSMMs are 
shown in Fig. 9, all losses are referred to the total 
core volume. The magnetic area was defined as the 
geometric cross-sectional area of the toroidal core. 
At a given “macroscopic” flux density, PBSMMs 
generally reveal higher power losses per volume 
than the corresponding soft magnetic raw materials. 
Since the magnetic particles are dispersed in a pol-
ymer matrix, the effective magnetic cross-section is 
lower depending on the filler content. 
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Fig. 9: Power losses of the PBSMMs for FeSi6.8 (top) 

and Vitroperm (bottom) fillers at different filler con-

tents 

 
In addition, compared to solid soft magnetics there 
is no homogeneous flux density across the total 
cross section of a PBSMM toroidal core. This leads 
to an increased magnetic flux density in the mag-
netic particles, and thus to increased power losses. 
This fact gains influence especially for particles 
which are in touch with each other. The magnetic 
flux takes lines of least magnetic resistance and 

hence the flux density exaggerates in the points of 
contact between the particles. This flux density 
concentration is expected to be a dominating loss 
mechanism for the spherical filler particles at a filler 
fraction around 40 vol.%.  
At lower filler fractions the particles are not in touch 
with each other and each particle is covered by an 
insulating polymer layer. With increasing filler con-
tent more and more particles get in contact. 
At filler fractions around 40 vol.% magnetic paths 
through the magnetic material arise from the parti-
cles touching each other. At higher filler contents 
the effective magnetic area increases and therefore 
the power losses decrease. A picture of the particle 
distribution at different filler fractions is given 
Fig 10. 

 
The high aspect ratio Vitroperm particles cause an 
orientation of the particles in the polymer meld flow. 
There are three layers of different particle orienta-
tion. The boundary areas of the ring core show a 
high degree of orientation and therefore anisotropic 
behavior of the physical properties. The source flow 
of the polymer in the centre of the ring shows misa-
lignment of the particles and therefore no aniso-
tropic properties. Fig. Fig. 1111 illustrates this fact.  
Due to the orientation of the Vitroperm particles the 
magnetic properties show anisotropy too. The per-
meability increases with increasing grade of orien-
tation and the power losses decrease at the same 
time. Due to this orientation no maximum in the 
power losses up to filler fractions of 50 vol.% could 
be observed. At lower filler fractions around 

 

 

 
Fig. 10: Cross sections of the FeSi filled polymer 

ring cores at 20 vol.% (top) and 60 vol.% (bottom) 
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20 vol.% the particles are covered by an insulating 
polymer layer resulting in reduced power losses. 
With increasing filler fraction the number of parti-
cles touching each other increases.  
 
These contact points are two dimensional areas 
due to the “clinker effect” of oriented flake shaped 
particles. Therefore the effect of flux density con-
centration could not be observed at these  

Ring core

centre

oriented particles

sourece flow

 

Fig. 11: Cross section of the Vitoperm filled polymer 

ring core showing the strict particle orientation 

 

5. Electromagnetic Design 

To estimate the inductance and the maximum flux 

density, an electromagnetic simulation of the induc-

tor was done using FI (finite integration) simulation 

software (CST-EM-Studio). The complexity of the 

manufacturable design was simplified in order to 

reduce the simulation time. The windings of the in-

ductor were simulated using a predefined function 

reducing the physical windings to a current carrying 

volume with a chosen number of turns. 

The goals of these simulations were: 

 Calculation of the inductance and the max-

imum flux density of the magnetic material 

in the predefined volume. 

 Choosing that winding geometry with an 

optimal B-field distribution 

Effective winding geometries analyzed in the follow-

ing are: 

 Spiral winding normal to the base plate 

with a magnetic flux orientation in the lon-

gitudinal axle of the inductor as shown in 

Fig. 12. 

 Rectangular winding parallel to the base 

plate with a magnetic flux orientation nor-

mal to the base plate as shown in Fig. 13. 

The simulation results show that the simulation ge-

ometry A realizes a more homogenous field distri-

bution. The effective magnetic area is nearly con-

stant over the total magnetic length. Therefore the 

magnetic flux density shows no local concentration. 

The simulation geometry B shows higher maximum 

flux densities due to local flux concentration result-

ing in higher power losses. In addition these simu-

lations disqualify the Vitroperm fillers for the given 

application due to the reduced saturation induct-

ance in comparison to the FeSi filled polymer. The 

simulation results are shown in Fig. 14. 

 

In addition to the flux density the inductance was 

calculated for the two winding geometries in order 

to estimate the required filler fraction for the soft 

magnetic polymer. The simulation results are shown 

in Fig. 15. 

50 mm

23 mm

73.6 mm

 

 
Fig. 12: Simulation geometry A 

 

 

 

 

Fig. 13: Simulation geometry B 
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Fig. 14: Max. flux density Bmax in T vs. permeability 
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The simulation illustrates that permeability values 

higher than 22 are sufficient to produce an inductor 

with an inductance higher than our target value of 5 

µH. The usage of a material with a permeability of 

28 like it was measured for the 60 vol.% FeSi filled 

polymer results in an inductance of 6.5 µH for the 

simulation geometry A. The simulation results for 

this material predict a maximum flux density lower 

than 0.6 T which is much lower than the measured 

saturation inductance of 0.89 T. Therefore the simu-

lation results verify the possibility to produce power-

ful inductive devices for EMI filters using polymer 

bonded soft magnetics.  

6. Mechanical Design 

An elliptic cross-section of the coil was chosen in 

the electromagnetic simulations as it utilizes the 

available volume best. The radii of the coil shown in 

Fig. 12 are a=16.5 mm and b=7.5 mm (measured 

from the core centre to the centre of the wire). The 

wire has a cross-section of 6x2 mm² as it is re-

quired for carrying a mean current of 125 A. To sat-

isfy the process and reliability requirements a wall 

thickness of 2 mm from the coil surface to the outer 

device wall was chosen. The area of the final man-

ufactured ellipse was reduced insignificantly in or-

der to ensure this wall thickness. To ensure high 

voltage insulation the copper wire was insulated by 

a polymer finish. A plastic cap was constructed in 

order to realize the electric contact between the de-

vice and the electronic environment using two 

screws. The total mechanical design is given in 

Fig. Fig. 16. For the realization of a prototype 

choke, a polymer pressure molding tool was con-

structed based on the mechanical design of the in-

ductive device. 

7. Thermal Design 

The aim of the thermal simulation was the calcula-

tion of the maximum allowable power losses to en-

sure a maximum operating temperature of 125°C 

for the polymer matrix. The thermal conductivity of 

the polymer compound strongly depends on the fill-

er, the polymer matrix and the temperature. Due to 

the geometry of the Vitroperm filler the test speci-

mens geometry and manufacturing has a strong ef-

fect on the thermal properties too. There are values 

from 0.5 W/mK up to 20 W/mK known for highly 

filled polymers in the literature [15]. Due to the high 

filler fraction and the spherical filler geometry a lin-

ear increasing of the thermal conductivity from 1 

W/mK up to 4 W/mK with an increasing filler frac-

tion 20 vol.% up to 65vol.% was expected and tak-

en as a input parameter for the simulations. For the 

simulation the temperature of the water cooled heat 

sink was set to 90°C in order to simulate the later 

application. The ohmic losses at an rms current of 

125 A were calculated to 20 W.  

The contact layer between the inductive device and 

the cooling channel was modeled with a thermal 

conductance value of k=10 W/mm² K (assuming a 

layer of conductive adhesive with a thickness of 

d=0.5 mm and a thermal conductivity of λ=5 W/m 

K). The contact layer between the encapsulation 

and the coil has a thermal conductance value of 

k=0.4 W/mm² K (assuming a layer of isolation resin 

with a thickness of d=0.5 mm and a thermal con-

ductivity of λ=0.2 W/m K). For the simulation the 

magnetic power losses were varied from 0 W up to 

80 W depending on the load state of the synchro-

nous drive.  
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Fig. 15: Simulated inductance vs. permeability 

Polymer bonded soft magnetic material

Copper wire

Insulation caps

 

 Fig. 16: Mechanical design 
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Fig. 17: Thermal simulation results 
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The simulation results show that a thermal conduc-

tivity of 3 W/mK is sufficient to dissipate a total 

power loss of 80 W and a magnetic power loss of 

60 W. The possibility to produce inductive devices 

closely thermally coupled to heat sink structures as 

a result of the great degree in geometric freedom is 

a great advantage of polymer bonded soft magnet-

ics. 

8. Comparison to a conventional                        

inductor design 

As a reference design, filter chokes based on con-

ventional planar ferrite cores were designed. The 

maximum planar core size that fits into the available 

filter volume within the demonstrator is EILP-43. 

Four of these cores can be placed within the vol-

ume, i.e. two for each choke. Fig. 18 shows the re-

sult of a choke design based on the Epcos “Ferrite 

Magnetic Design Tool 4.0”. A single EILP-43 core 

set of the ferrite material N92 can provide a maxi-

mum inductance of 2.25 µH at a DC bias current of 

125 A and a temperature of 100°C. Two of these 

core sets in parallel will therefore just achieve the 

target specification for a single filter choke: 5.5 µH 

at 125 A.  

 

Because of the high DC bias current, a quite large 

air gap of 1.9 mm is necessary in the ferrite core, 

and this air gap decreases the effective relative 

permeability to a value of only 27, i.e. in the range 

of the presented polymer compound. So there is no 

need for high permeability materials but for in-

creased saturation inductances like they are for 

highly filled polymer bonded soft magnetics. 

 

The advantages of polymer bonded soft magnetics 

for the presented application are: 

 The air gap is distributed in the total core 

volume. This results in a reduced stray 

field. 

 The polymer EMI filter fits into the prede-

fined space and fills in the blank between 

the water cooled heat sink and the outer 

clutch box. So no additional mechanical 

fixation or filling polymer is needed for a re-

liable assembly.  

 The EMI filter is directly attached on the 

water cooled heat sink and shows planar 

surfaces. Therefore an optimal distribution 

of thermal energy is ensured. 

 The power losses of the soft magnetic pol-

ymer are higher than for the ferrite produc-

ing a higher attenuation for the EMI filter. 

In summery there is the possibility to use conven-

tional inductive devices for EMI filter applications 

but there are some outstanding advantages for pol-

ymer bonded soft magnetics solutions.  

9. Conclusion 

This paper presented the characterization of poly-

mer bonded soft magnetics and a design flow for an 

inductive device for EMI filter applications made of 

these materials. The EMI Filter is used to attenuate 

the conducted electromagnetic noise on the DC link 

of an inverter of a hybrid drive.  

The concept of inductive devices using polymer 

bonded soft magnetics could be presented. These 

materials were investigated in order to manufacture 

filter inductors using production processes of poly-

mer technology and therefore to realize complex 

formed devices nearly without restrictions in the 

outer form for automotive applications. Two differ-

ent metallic fillers were characterized. It could be 

shown that polymer compounds filled with high filler 

fractions of soft magnetic particles fulfill soft mag-

netic requirements for power electronics filter appli-

cations regarding the parameters permeability, 

power losses and saturation flux density. A mechan-

ical, electromagnetic and thermal design flow was 

done for a concrete demonstrator with a very com-

plex construction space. All these simulations show 

the possibility to manufacture inductive devices us-

ing soft magnetic polymer compounds.  

 

Polymer bonded soft magnetics are an attractive 

materials for future filter applications. These mate-

rials offer a lot of device design possibilities. Poly-

mer bonded soft magnetics feature the possibility to 

over mold copper bars spanning a defined area and 

therefore realizing integrated inductive devices. 

Further on there is the possibility to place this over 

molded copper between two capacitors and realiz-

ing a fully integrable EMI filter for power converters. 

One example is shown in Fig. 19. 
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Fig. 18: Filter choke reference design based on an 

EILP43 core made of N 92 ferrite (4 turns) 
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Fig. 19: Integrable EMI filter 


