Use of soft magnetic composite materialsin industrial applications.
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ABSTRACT

Insulated iron powders are dternative materials to conventiona soft magnetic materials such as sted
sheet laminations used in eectrical machines. Most of the magnetic structures of existing dectrical
machines with AC excitation were optimized during the 20" century for 2D flux circulaionin
laminated yokes. Now with the isotropic compaosite materids new designs can be used to optimize
the materidsin terms of technica and economic performance. The 3D design optimization permits to
mest the gpplication specifications taking into account the magnetic, therma and mechanica
properties of the materidls as well asthe cost of the production and assembly process. In this paper,
the characterigtics and properties of typical composite powders are presented together with adesign
optimization methodology. This methodology was successfully adopted for investigating the potentia
applications of composite powdersin severa sectors such as automotive, €ectro-domestic and

lighting industry.

INTRODUCTION

The soft magnetic materids traditionaly used in AC gpplications are stedl laminations. Now there are
aso iron-based powders specifically engineered for magnetic applicationsin aternating fields called
soft magnetic composites or SMC. Although they have lower maximum permeshility and magnetic
induction than laminations, they possess isotropic properties that give end users and designersthe
possibility to make various e ectromagnetic devices with atopology more adapted to thefind
goplication. Also an important feature of SMC that contributes to their increasing acceptance is the
ease of prototyping. Therefore the preferred gpproach for the feasibility study of a given project,
congstsin modeling of the gpplication, design optimization and building of a prototype by machining
alarger workpiece of pressed SMC.

Some characteristics and properties of two SMC materias are presented together with adesign
optimization methodology. Thislatter was successfully adopted for investigating the potentia
gpplications of SMC and examples are presented in the automotive (brush & brushless DC motors),
eectrodomestic (universa motor) and lighting industries (inductor).

SMC CHARACTERISTICSAND PROPERTIES
SMC areiron particles insulated from each other by athin organic or inorganic film. The thin film
acts primarily as an eectrica barrier to reduce or suppress Eddy currentsin AC applications and



aso as amechanica strengthener after consolidation by pressing and hegt tregting at low to
moderate temperatures. Two types of SMC materias are manufactured by QMP that cover the low
to medium frequency range of applications. Some of thelr characterigicsare givenin Tablell.
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Figure 1. Effect of density on the mechanica
strenath of TR bars pressed from two SMC

pressing complex shapes.

The mechanica and magnetic properties of such
dielectromagnetics are dependent on the dengty
and heat treatment temperature, Smilar to any
other powdered meta part. For example, the
mechanica srength of ATOMET EM-1 cured at
200°C and ATOMET EM-2 treated at 350°C is
illugrated in Figure 1 as afunction of the dengty.
The ATOMET EM-1 ironresn maerid exhibits
the highest values, up to 125 MPa at a density of
about 7.20 g/cm?. The strength of the ATOMET
EM-2 iron dielectric materid is more dengity-
dependent and values as high as 110 MPa at
densities above 7.20 g/cmB can be reached.

The effect of dengty on the magnetic induction is presented in Figure 2. Induction is proportiond to
the dengity and not greetly affected by the mix formulation. It can be described by the linear
relationship given in fig. 2. The effect of dendity onthe AC losses a 1 Teda (60 Hz & 400 Hz) is
presented in Figure 3. The AC losses decrease with an increase in density which can be attributed to
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Figure 2. Effect of density of SMC materials on the
magnetic induction at an applied field of 120 A/cm.
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adecrease in the hysteresis loss. Indeed, with powdered materids, as the density incresses
magnetization becomes easier (higher permegbility and lower coercive force) that trandatesinto a
decrease of the hysteresis portion of the core loss. The iron didectric ATOMET EM-2 materid
shows |osses gpproximately 12% lower than for ATOMET EM -1. Thisis due to the 350°C hesat
treatment that dightly reduces the hysteresislossin this materia. At densties above 7.0 g/cm?, losses
a 1T areabout 10 W/kg at 60 Hz and 70 W/kg a 400 Hz. The fact that the AC losses are
proportiond to the frequency and not to the square of the frequency, is agood indication that the
insulation is efficient and eddy currents remain low, evenin ATOMET EM-2, which has alower
resdivity.

SMC AND DESIGN OF ELECTROMAGNETIC DEVICES
For any application, dectricad machine designers must find an optima compromise between the

specifications, topologica sructures, device dimensions, materid properties and production process
codts. The characterigtics of the soft magnetic materia technology that is used have a strong influence
on the optima design solution. Now in addition to the various traditiond steel sheet laminations,
SMC are a0 available. Hence for each soft magnetic materia option, there is a specific optimal
solution because the magnetic, therma and mechanical properties, aswell asthe cost of production
and assembly process may be different.

The gted sheat lamination technology takes advantage of high saturation induction and high
permesbility of iron with limited Eddy current losses. Severa grades of laminated materias have
been developed in order to adapt to different specifications and cost- performance compromisesfor
awide range of gpplications. But this well established and efficient technology aso presents some
drawbacks: severd production steps required to redize atypica magnetic circuit, low heet
disspation coefficient in the direction perpendicular to the plane of the laminations, significant screp
loss during the punching process, difficult and expensive recycling process for eectrical machine
armatures and as the frequency of the gpplication increases, the use of laminated materidsis limited
by the cog, feasibility and processing of thin sheets.

In the past, designers have devel oped and optimized e ectromagnetic structures only for 2D magnetic
flux dirculaion. This specific congraint of the laminated materid technology has limited the available
number of topologica Sructures that can be used to design eectrical machines. Depite thelr
relatively low vaues of unsaturated permesbility, the SMC present many interesting characterigtics,
which can improve the performance of dectromagnetic devices, if they are properly used during the
design process. - the number of production steps can be reduced (magnetic circuit pressed in asingle
operation or assembled from severd pre-pressed parts) - high performance magnetic structures can
be designed with complex shapes, which are too difficult or too expensive to redize with laminated
materias[3,4,9] - the magnetic isotropy alows the design of new dectrical machine sructures with a
3D circulation of the magnetic flux that can reduce the weight of the inactive copper, smplify the
machine windings and reduce their production cost [6,7] - the thermd isotropy and good therma
corductivity improve the heet dissipation (from the whole externd surface) of eectromagnetic
devices[4,6,8] - the vibrations and audible noise of eectromagnetic devices can be reduced [8] -

the recycling process of dectrica machine armatures is improved because the separation of iron
powder and copper is easier than in the case of laminations [9] — and findly an integr ated design
gpproach can be applied where the thermal, € ectromagnetic and mechanica functions can be
integrated in asingle part [6].



A specific methodology to design eectrica Analysis

machineswith SMC for awide range of applica- of application
tions was developed. The flowchart of thisdesign  [JEEEUEEUERRE
environment isillugrated in Figure 4. There are
three main stepsin the design process: Global optimization

Topological research

Selection of
optimal structures

\

During the first gtep, a detailed andysis of the Dimensionning
application specifications is performed. Electro- \

magnetic devices can be used as e ectromagnetic Design Model
energy sorage (filtering inductors), as dectricd
energy converters (transformers) or Prototype & Tests
electromechanica converters (motors or
generators). There are input and output Figure 4. Design optimization methodology
specifications which can be dimensond, thermd,

electricd (power, voltage, current, frequency, power factor, etc.) or mechanica (rated torque,
trangent torque, rated speed, speed range or torque- speed characterigtics, etc.). All these
specifications are formulated as condraint functions of the design variables. Because there are usually
many design solutions, it is necessary to determine some kind of objective function to maximize or
minimize, such as energy, power/torque-to-weight ratio, efficiency, or some other cost- performance
ratio taking into account the production congraints.

The second design step is the topological research. Several competitive structures of eectromagnetic
devices are selected among the multiple eectrical machine structures which can respect the
Specifications and maximize or minimize the objective function. Conventiona 2D or 3D structures
and origind solutions can be chosen among the multiple topologica solutions offered by the use of
the SMC.

Thethird design step is the globa optimization process. This efficient CAD toal is used to determine
the optimal vaues of the design variables of each topologica structure selected during the previous
step (dimensions, current and magnetic flux dengties, eic.). It includes several modeling tools thet are
coupled together, each tool modeling one specific agpect: thermd, eectrica, mechanica, magnetic,
materid and even production congtraints. The loop in thisthird design step isusudly closed by the
building of ared prototype and testing.

This globd optimization methodology has been successfully adopted in a wide range of SMC
applications. Some of them are described in the following section.

EXAMPLESOF SMC APPLICATIONS

A) Inductor for a lighting
application.

In this example, the laminated
inductor core of a passve
power factor correction system
used in a250 W fluorescent

| lamp ballast was investigated
(220 V—-60 Hz). Owing to the

isotropy of the magnetic and
Figure 5. Inductor used in alamp ballast: a) Laminated structure; b) - thermal properties of SMC, a
SMC pot core structure with magnetically active cooling fins. pot core geometry with

integrated cooling fins was retained that provided very interesting characteristics. The two inductor



structures are shown in Figure 5. The pot core structureis easy to pressin two parts, the winding

can be made separately and inserted during the assembly process, EMI is minima since windings are
totaly enclosed and shidlded and the hum is reduced (no vibrations compared to lamination stacks).
Also, the integrated cooling fins on the externd surface, which aso carry the magnetic flux
(megneticaly active), greetly improve the therma dissipation and efficiency. For instance, with the
SMC inductor, total losses were reduced by 30%, occupied volume by 25%, weight by 10% and
temperature rise by 25% [10].



B) Permanent magnet brush & brushless DC motorsfor an automotive application.

The laminated and SMC armatures (inner rotor) of a 180 W brush DC motor for an automotive
eectricd fan are shown in Figure 6. The conventiond armature magnetic circuit is made with a
laminated materia and distributed windings with bulky end windings. The inactive copper of the end
windings lowers the motor efficiency and increases the totd axid length of the motor aswell asits
production cost. The SMC gtructura solution uses multi-layer concentrated windings with asmall
number of large dots. Thetotd axid length of the motor and the copper volume are thus reduced
without decreasing the motor performance. In fact, this structure iswell suited to the production
process of P/M parts, improves the motor performance and minimizes the production cost. The
comparative andysis of the
two Sructures dermonstrated
that a 50% reduction in
copper volume is achieved
for the same specifications
of the motor in terms of

torque, speed, temperature
riseand overdl dimensions
[11].

Figure 6. Armature of abrush DC motor: a) laminated structure with
lap winding; b) SMC gructure with concentrated windings.

N

A smilar SVIC dructurd solution usng multi-layer
concentrated windingswith asmall number of large
dots was applied to the Sator of a permanent
magnet brushless DC motor to meet the
gpecifications of an eectric fan employing a
conventiona brush DC motor with alap winding.
Thetwo motors are shown in Figure 7. Inthiscase,  Figure 7. Conventional brush DC motor with a
the weight and diameter of the motor werereduced  lap winding and the SMC stator of a brushless
and the use of concentrated windings reducedthe ~ DC motor with a concentrated winding.
quantity of copper by 67% [3].

C) Universal motor for an electrodomestic application.
Many chorded hand tools or domestic appliances use
auniversal motor or AC commutator motor. The
typicd verson hasa2 pole sator with a
concentrated field winding and an armature with
conventiond distributed windings. The copper
volume and the axid length of the stator and rotor
end windings of such conventiona sructures are thus
usudly very large. A new SMC universa motor with
adaw dructure for the stator and a concentrated
winding armature has been devel oped for the same
gpplication. The laminated and SVIC structures are

) i Figure 8. Conventional laminated universal
illustrated in Figure 8. motor (Ieft) and SMC motor (right).

Such agator claw structure arrangement makes the assembly process very smple and can minimize
the total stator weight if the number of polesisincreased. However, in thiskind of AC motor, the
stator magnetic flux is dternative and the iron losses can be important in the yoke and claws.
Isotropic SMC materids like ATOMET EM-1 with redively low magnetic losses are then very well



adapted to such an application. The motor armature has a concentrated winding structure where the
coilsarewound around the rotor teeth [7]. This technique facilitates fabrication and reduces the
number of dots, copper volume and totd axia length of the motor without decreasing its
performance [5,7]. This new universal motor structure has been designed according to the previous
methodology in order to meet the pecifications of an existing laminated universa motor. A reduction
of the totd motor volume by aratio equd to 200% has been obtained.

CONCLUSION

Soft magnetic composites bring new degrees of freedom to design structures of € ectro- magnetic
devices and new topologica structures can now be utilized. Becauseit is a new tecmology, the
expert data derived from one century of industriad experience based on laminated materials cannot be
used. A systematic design optimization methodology has been developed to achieve optima use of
the SMC in terms of technical and economic performance. This design approach has been
successfully adopted by the authorsin awide range of industrid gpplications. The results show that
the SMC technology can be an interesting dternative to the laminated technology when designerstry
to make an optimal compromise between their advantages and their drawbacks in terms of machine
Sructure.
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