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Abstract—In an increasing number of application areas and industry
sectors, such as the automotive, aerospace, military or oil and gas
industry, a trend towards higher ambient temperature rating from 120 °C
upward for electrical machines and power electronic converters can be
observed. Forced air-cooling of power electronic converters offers reduced
complexity of the cooling circuit compared to water-cooling. For high
ambient temperature rated converters fans are required that withstand
these temperatures and still feature performance comparable to standard
conditions in order to still enable a high converter power density and
efficiency. Commercially available fans for power electronics cooling are
typically rated up to 75 °C, very rarely fans are specified up to 105°C.

In this paper, the electrical and mechanical design of a
40mm X 40mm X 28mm fan is presented in detail that offers an
operational temperature range up to 250°C at the rated speed of
19’000 rpm and similar fluid dynamical performance in terms of static
pressure and volume flow at 120 °C as commercial high performance
fans at 20 °C. The 3-phase BLDC machine driving the fan is integrated
into its hub and has got an input power of 15 W. The fan can be driven
using a 3-phase inverter supplied from 12V DC voltage with an inverter
switching frequency of less than 1.3 kHz.

I. INTRODUCTION

Automotive power electronic converters have substantially gained
research and development interest triggered by the increasing market
share of hybrid electric vehicles (HEVs). Compared to conventional
drive concepts, where the vehicle is driven by an internal combustion
engine (ICE) only and power electronic converters are solely found
in auxiliary drives or power supplies, typically a series-connections
of DC-DC and DC-AC converter(s) is used to drive the electrical
machine(s) in the drive train of the HEV. Hence, the power level
of automotive power electronic converters is currently increasing by
orders of magnitude; the power level of a conventional alternator and
its rectifier is below 5SkW for a passenger car [1], while the power
level of the electrical machine can be as high as 160kW as for the
2008 Lexus LS 600h [2].

The power electronic converters, especially the DC-AC drive
inverters, are placed underneath the engine hood in the majority of
today’s HEVs, close to the electrical machine in order to transmit the
high voltages of the inverter switched at high frequencies over short
distances only. The electrical machine is positioned in close vicinity
to the drive train components which it is mechanically coupled to
such as the ICE and the gearbox. The ambient temperature in the
engine compartment can reach 120 °C (and even higher values around
650 °C close to the exhaust system) [3], [4]. Today’s automotive
power electronic converters employ Silicon (Si) power semicon-
ductors with an upper junction temperature limit between 150 °C
and 175°C. In order to establish a sufficiently large temperature
difference between the Silicon (Si) power semiconductor junction
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Fig. 1. CAD picture (a) and photograph (b) of high-temperature (250 °C /
500 °F) 19’000 rpm BLDC fan for forced air-cooling of advanced automotive
power electronics.

and the ambient, the “ambient” temperature of the converter is
artificially lowered by water-cooling using a water-glycol mixture
with a maximum temperature around 50 °C to 70 °C, that is separated
from the cooling circuit of the ICE [5], [6].

Using the wide band-gap power semiconductor Silicon Carbide
(SiC) as well as novel joining and bonding technologies such as
sintered silver die attachment and copper bonding, the junction
temperature of the power semiconductors can be increased to values
higher than 175°C [7]. This allows to establish a sufficiently high
temperature difference between the power semiconductor junction
and the ambient temperature level, even if the ambient temperature
of the converter is raised to 120 °C by using the water-glycol cooling

TABLE I
OVERVIEW OVER HIGH TEMPERATURE FAN SPECIFICATIONS.
[ Dimension [[ Value [ Unit |
Maximum Air Temperature 250 °C

Maximum Static Pressure 415 Pa
Maximum Volume Flow 0.88 m? /min
Rotational Speed 19°000 | min~?!
Electrical Input Power 15 W
Electrical Machine Type 3ph Brushless DC

Nominal Input Terminal Voltage rms 7.7 \Y%
Nominal Input Phase Current rms 1.4 A
Nominal Electrical Input Frequency 1267 Hz
Mass 96 g

! Fan inverter DC input voltage of 12V is sufficient to drive
fan with rated speed at nominal operating point.
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circuit of the ICE or by direct air-cooling using the ambient air
underneath the engine hood [8]. With respect to cost and complexity
of the cooling system, direct air-cooling appears as the superior
solution as no pumps, water pipes and water-air heat exchangers are
needed. A junction temperature around 250 °C for typical SiC power
semiconductors at 120 °C ambient temperature has been calculated
to be close to the optimum junction temperature with respect to chip
utilization and power density for an 120 °C ambient-air-cooled DC-
AC inverter [9].

With direct air-cooling of automotive power electronic converters at
120 °C ambient and 250 °C junction temperature, not only the power
semiconductors and their packaging, but also the signal electronics,
the passive components like DC-link capacitors as well as the
components of the air-cooling system such as thermal interface ma-
terials, heat sinks and fans need to withstand these harsh temperature
conditions. For the signal electronics and passives, a converter setup
dealing with the challenges induced by 120 °C ambient and 250 °C
junction temperature is shown in [8]. Thermally conductive interface
materials are available up to 300 °C [10], heat sinks are typically
made of aluminum or copper and thus withstand these temperatures
as well.

With respect to the high temperature capability of available fans,
the picture changes significantly: Most of the commercially available
DC fans suitable for designing compact power electronic converters,
i. e. those having a high pressurization and volume flow with respect
to their volume, suffer from operating temperature limits below or
equal 75 °C. The electrical and mechanical design of these fans might
allow the manufacturer to test at and then specify for somewhat higher
ambient temperatures with only slight component changes. Still, the
lifetime of the ball bearings used in e. g. Sanyo Denki fans, some
of which are very competitive in terms of high pressurization and
volume flow with respect to their volume, is cut by half for each 15 °C
ambient temperature rise and the maximum operating temperature is
105°C [11].

Other fan manufacturers sell fans for electronic cooling with
temperature ratings up to 90°C but these fans suffer from larger
size and poorer fluid dynamical performance compared to the Sanyo
Denki models [12]. Other solutions available on the market are fans
for ovens with recirculating air that do not have the electrical machine
in the hub of the fan but have it placed externally to reduce the
ambient temperature of the electrical machine. The fan is then driven
by a belt or a shaft which results in a more bulky setup and available
rotational speeds are typically lower.

High ambient temperature electrical machines needed for inte-
gration of the machine into the hub of the fan are also currently
investigated in other application areas, especially in the aerospace
and the offshore downhole industry. Research for expeditions to the
Venus have yield switched reluctance machines for up to 540°C,
but they are designed for an operational lifetime of 50days only
[13]. Furthermore, deeper oil reservoirs are currently explored, where
electrical submersible pumps are used to provide a continuous flow
of oil up to the surface [14]. The electrical machines used in the
pumps can withstand temperatures up to 218 °C [15].

In this paper, a high temperature brushless direct current (BLDC)
machine fan withstanding an ambient temperature of 250 °C with a
rotational speed of 19°000rpm for forced air-cooling of advanced
automotive power electronics is presented. The BLDC electrical
machine driving the fan is integrated into the hub of the fan and
thus can withstand 250 °C ambient temperatures as well. The power
electronic inverter for the BLDC machine of the fan is realized on a
separate PCB, that is part of the 120 °C ambient temperature rated

DC-AC traction inverter [8].

The fluid dynamical performance of the fan in terms of static pres-
sure and volume flow at the nominal ambient temperature of 120 °C
for power electronic converters placed under the engine hood in
HEVs is comparable to that of commercial high performance fans at
their nominal ambient temperature of 20 °C. The 250 °C specification
gives designers of high-junction-temperature SiC power electronic
converters more freedom of arranging the converter components as
the fans can also be placed on the air outlet side of the heat sink so
that they draw the hot air out of the heat sink rather than blowing it
into the heat sink. Then, a combination of both arrangements resulting
in a setup consisting of one heat sink in the middle of two fans is of
course also feasible.

It is shown in detail in the next section Section II, how the fan
specifications such as the dimensions, fluid dynamical performance
and machine characteristics are derived with respect to the needs
induced by air-cooling of ultra compact automotive power electronic
converters for high ambient temperatures. Subsequently, the design
of the electrical machine and mechanical parts is carried out in
Section III and Section IV, respectively.

II. FAN SPECIFICATIONS
A. Air-Cooling of Power Electronics

In general, the cooling system of a power electronic converter
has to dissipate the power loss of lossy components within the
converter via a thermally conductive path to the ambient with a
thermal resistance Ry, as low as possible. At the same time, the
cooling system is required to have a volume Vg as small as possible
in order to facilitate a high power density of the converter, leading to
the definition of the cooling system performance index (CSPI) which
is the inverse of the product of Ry, and Vg [16].

Beside these crucial demands, standard requirements for technical
systems apply also for power electronic cooling systems: low system
complexity, manufacturing and maintenance cost, size, weight, power
consumption, noise generation and performance invariance against
deterioration or spread for standard factory models.

B. Air Flow Direction

The applicability of a certain fan for a forced air-cooling setup
within a power electronic converter can be assessed based on the
direction of the air flow it produces: Centrifugal or radial fans can
hardly be integrated into a typical setup without modifications where
lossy components, e. g. power semiconductors, are mounted on heat
sinks with extruded fins. A modified centrifugal fan, that guides the
radial air flow into a tangential direction, is called blower. These
fans deliver high pressure and volume flow for a certain outlet cross-
section of the fan compared to axial fans, but their overall volume is
usually significantly larger.

The most common fans with the largest variety of models for power
electronics cooling are diagonal and axial flow fans. The difference
between both fans is that for diagonal fans the housing and sometimes
also the blades are conical with a larger diameter at the fan outlet so
that the air is guided not only in axial direction out of the fan but
has also got a small radial velocity component. This allows the fan
to produce higher pressure at a higher volume flow for the same size
and power rating. It has to be mentioned though, that it is strongly
dependent on the geometry of the heat sink attached to the fan outlet
and the attachment itself (e. g. spacing between fan outlet and heat
sink) whether the diagonal component of the air flow is utilized or
whether the air is directed back into the axial direction by the heat
sink. In fact, most fans that are referred to as “axial” are constructed
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as slightly diagonal fans. Hence, in this paper the terminology will
be the same as usual and these fans will be referred to as axial. Some
of the axial fans have guide vanes at the outlet side of the housing
to reduce the air spin produced by the rotating vanes.

Counter rotating axial fans are equipped with two rotors that rotate
in opposite directions yielding a high pressurization. Optimizing the
fin design of the heat sink for the use with such fans with respect
to the thermal resistance of the heat sink leads to very thin fins with
very small spacing in between them which makes the manufacturing
process very expensive and is only available for small aspect ratios
of fin height to fin thickness [16]. Therefore, the additional pressure
does usually not pay off in terms of power density.

Hence, the high temperature fan in this paper is designed as a
single stage axial flow fan with guide vanes.

C. Physical Dimensions

The length of the outlet cross-section edges of the high tem-
perature fan is chosen with regard to ubiquitous applicability to
40mm X 40mm (cf. Fig. 1). This corresponds to the largest fans
that are commercially available while still being below the size of
one rack unit, which is 1U = 1.75in = 44.45 mm. For reference
purposes and the sake of compatibility, the axial length of the high
temperature fan is chosen to 28 mm which equals the length of the
in terms of static pressure over volume flow very competitive Sanyo
Denki San Ace 40 GV [17].

D. Static Pressure vs. Volume Flow at Increased Ambient Tempera-
tures

The fluid dynamic characteristic of a fan determines together with
the heat sink fin and baseplate design the resulting thermal resistance
Rin ua from the heat sink surface with the lossy component mounted
on to the ambient. It is usually given as a static difference in
pressure Ap between the outlet and inlet side of the fan vs. its
volume flow V for a certain rotational speed n of the fan rotor. This
characteristic curve depends largely on the measurement conditions
especially with respect to the air density, which is mainly given by
air temperature and absolute air pressure. Fan manufacturers often
measure the curve according to the standard AMCA 210-85, set by
the Air Movement and Control Association (AMCA) International
[18], [19]. The reference air temperature is set to Top = 20°C and
the absolute pressure to 1.013 - 10° Pa [18]. In Fig. 2, the curve of
the commercial high performance Sanyo Denki San Ace 40 GV is
given as an example. As mentioned in Section I, the design target
for the fluid dynamic performance of the high temperature fan at
Ti1 = 120°C is to be equal or better than that of the San Ace 40
GV reference fan at Tp.

With increasing ambient temperature 7, the air density p decreases
according to the ideal gas law with absolute pressure p and the gas
constant R = 287.06 kg%K for dry air:

1.20 T = 20°C
p= % ={ 090 ke/m for T =120°C (1)
’ 0.67 T =250°C

Within the operating temperature range of the fan, its speed control
keeps the rotor speed constant. Even with varying air density, this

leads to a constant volume flow V of the fan [20]
V = const for n = const. 2)

However, Ap as well as the shaft power P of the fan scale
proportionally with p leading to an inversely proportional correlation

with T" for n = const [20]:

1 T= 20°C
Ap P To
= =—==<¢ 075 for T=120°C (3)
Ap(To) — P(Ty) T { 0.56 T =250°C

The resulting curve Ap(V') at 71 = 120°C for the example San
Ace 40 GV fan is depicted in Fig. 2. Notice, that this is only a
theoretical curve as this commercial fan cannot be operated at this
elevated temperature (cf: Section I). With respect to the change in
power, it has to be noted, that the input power of the fan may
not decrease by the same amount as the shaft power does due to
decreasing fan motor and inverter efficiency at higher temperatures.

The reduction in Ap caused by an increased temperature 77 can
be compensated by increasing the rotor speed of the fan from the
speed nrr = 16’500 rpm [17] of the San Ace 40 GV reference fan
to nurr for the high temperature fan. To derive the exact correlation
between nrr and nutr, the following fan laws stating the relations
for T' = const can be used [21]:

Vmax = kl N d3 (4)
Apmax = ko -n* - d* ®)
Py =ks-n®-d&° (6)

The fan diameter is denoted by d, the input power by P, and k;, ¢ =
1..3, represent factors of proportionality depending on the design of
a specific fan. k1 and k2 vary only by a factor of two from one fan
to another for most commercial fans [21]. Assuming a similar fluid
dynamic design of the reference and the high temperature fan in terms
of the fan dimensions as well as the rotor and stator guide vanes, k1
and ko, respectively, will be very similar for the two fans. In order
to meet the fluid dynamic design target of the high temperature fan,
the following constraint has to be fulfilled:

!
ApHTF(T = T1 = 12000) 2 APRF(T = To = QOOC) (7)

It can be seen from (3) that Apurr(T = Tp) of the new high
temperature fan has to be T1/7, times higher than Aprr (T = To)
in order to meet (7). With (5), ngTr can be calculated to

Apmax,uarr(To) T
= Slmax, HIFAT0) 1 8
NHUTF = NRF Apmasir (To) nRE\| T ®
15K
= 16’500 rpm - 39315 ~ 19’000 rpm.

293.15K

According to (4), the increased speed nuTr also influences the
volume flow of the fan which increases linearly with increasing speed.
The resulting curve Ap(V) of the high temperature fan is shown in
Fig. 2.

Furthermore, shaft power P is also increased for the high temper-
ature fan as it scales with n® [20]. The rise in shaft power for the
nominal operating point 77 of the high temperature fan compared to
the nominal operating point 7y of the reference fan is not as high as
expected from the cubic correlation as the temperature rise from 7
to T reduces the required shaft power according to (3). The exact
increase in shaft power Pyt for the high temperature fan can be
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Fig. 2.  Static pressure over volume flow curve for the Sanyo Denki San
Ace 40 GV with 16’500 rpm fan as a competitive commercial reference at
20°C (green line), its theoretical characteristic at 120 °C (dashed blue line)
and the characteristic of the high temperature fan presented in this paper with
19’000 rpm at 120 °C (red line).

derived:
NHTF 3
Purr(T) = Prr(T) p— )
n 3 1 T= 20°C
= Pre(To) ( nHRTFF) { o T 79000
1
(T1/15)"? T= 20°C
= Prr (T
RF( O) { /Tl/TO T = 120°C
1.55 T= 20°C
Pre (To) { L6 7 =120°C

The shaft power Prr (7o) of the reference fan and thus the output
power of its electrical machine is unknown, the input power P, rr
is 10.1 W [17]. If a similar efficiency of the electrical machine for
both fans is assumed, the required input power P, uTr of the high
temperature fan can be specified to 15 W. This makes the operation
of the high temperature fan at rated speed nuTr even 100 °C below
its nominal operating point, i. e. at standard conditions, possible.

E. Electrical Machine

1) General: In order to achieve a compact fan design (c¢f. Sec-
tion II-A), the electrical machine has to be integrated into the hub
of the high temperature fan. Hence, the machine must be able to
withstand an ambient temperature of 250 °C plus the self-heating due
to its losses. Typically, an internal fan motor is designed as a machine
with an external rotor as this simplifies the mechanical construction
and the usual drawbacks of external rotor machines such as higher
rotational mass with a larger distance to the axis of rotation, both of
which lead to a higher moment of inertia than for an internal rotor
machine, are of less importance for fan operation where the moment
of inertia smoothes a potential cogging torque and the speed control
is not required to be highly dynamic.

The input power of the machine is determined in Section II-D to
15 W at its nominal operating point with a rated speed of 19’000 rpm.
As this fan is designed for cooling of automotive power electronics,
the machine should be able to be driven by an inverter supplied from
a 12V DC bus.

2) Machine Type: Possible types of electrical machines can be
based on either electric or magnetic fields. With respect to the
machine dimensions with an outer diameter of 23 mm and an axial
length of 10 mm (restricted by the mechanical design, cf. Section 1V),
those using magnetic fields for the electromechanical energy conver-
sion are preferable due to a higher energy and force density [22].
They include induction, permanent magnet, switched reluctance or
conventional DC machines with brushes or brushless DC machines.
At first sight, induction and switched reluctance machines appear
as favorable choices for harsh environment conditions as they are
regarded as very robust machines without need for expensive and
temperature dependent permanent magnets.

Still, it has to be considered, that the motor torque is gener-
ated by the stator and rotor flux components which can be both
electromagnetically excited or electromagnetically and permanent
magnetically excited. The flux density caused by a permanent magnet
is constant for varying machine dimensions while the rated current of
an electrical machine decreases proportionally to decreasing machine
dimensions. Hence, for small drives with diameters of less than
100 mm like in this case, machines with permanent magnet, i. e. DC
or synchronous machines, are the favorable choice if a high power
density is needed [23].

Conventional DC machines with brushes can be driven from a
constant DC voltage source in their nominal operating point so that
no additional inverter is necessary which is advantageous especially
at such harsh environment conditions. Still, the brushes suffer from
significant wear and affect the reliability. If the fan is required to
be speed controlled in order to make sure that the fluid dynamic
performance varies only little over the complete temperature range
of approx. 300 K, additional controls are needed. Furthermore, a DC
machine with brushes designed as with an external rotor requires
additional mechanical effort.

Hence, the integrated machine of the high temperature fan will
be designed as a BLDC machine which is constructed as permanent
magnet synchronous machines (the magnetic design can be slightly
different to make the rotor produce a rectangular rather than a
sinusoidal back EMF) but is driven with (in case of a 3-phase
machine) 120° phase-shifted rectangular voltages instead of pulse-
width modulated voltages forming a sinusoidal current waveform.
This gives a slightly higher torque and allows to reduce the switching
frequency of the inverter and thus its losses which is in a 120°C
ambient temperature environment with only 55°C margin to the
upper junction temperature limit of Si power semiconductors a
significant advantage.

3) Number of Phases: 1-phase BLDC machines need less complex
inverters than machines with a higher phase count. Either an H-
bridge inverter with two high-side switches and four switches in total
supplying a single winding or two low-side switches supplying two
separate windings connected in anti-series can be employed. This
half-wave configuration needs only two switches, but the copper
utilization is lower than for the H-bridge as each winding conducts
only one half-wave. A significant drawback of 1-phase machines is
the asymmetry of the magnetic design needed to make sure that the
machine can be put into rotation from any rotor position.

2-phase BLDC machines having symmetric windings can be started
from any rotor angle, but the drive inverter complexity is basically
multiplied by two for the H-bridge or half-wave solution. It is also
possible to use a single half-bridge for two windings if the midpoint
of the series-connected windings is connected to the midpoint of
supply. This solution though requires a supply voltage balancing and
cuts the voltage that can be applied to the windings in half.
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Fig. 3.

Flux density distribution of the BLDC machine under full load
condition (a) and magnetic field lines under no load condition (b).

A 3-phase BLDC machine appears as a reasonable compromise
between the request for a symmetric machine design on the one
hand and low drive effort on the other hand as the H-bridge of
the 1-phase machine needs to be extended by only one more bridge
leg. Furthermore, a large variety of gate drivers for 3-phase inverters
and control ICs for 3-phase BLDC is available as 3-phase BLDC
machines are widely used in industry. Hence, the BLDC machine for
the high temperature fan will be designed as a 3-phase machine.

III. ELECTRICAL MACHINE DESIGN
A. Windings

The isolation of the windings has to withstand the sum of the max-
imum operating temperature and the temperature rise due to ohmic
losses in the windings. High temperature versions of conventional
enameled copper wire can continuously withstand temperatures up
to only 245 °C [24], [25]. A solution is copper wire, that is clad by
nickel for increased oxidation resistance and coated by ceramic for
electrical insulation. It can withstand temperatures up to 700 °C for
more than 1’000 h and 425 °C for more than 5’000 h [26].

The resulting specific electrical resistance pcuni of the nickel clad
copper wire can be calculated, if the fractions of nickel and copper are
given. The Kulgrid 28 wire used for this setup consists of yni = 27%
nickel and ycu = 1 — yni = 73% [27]. As the density of nickel
is with 8.8808/cm® less than 1% smaller than that of copper with
8.960 ¢/cm® at 20 °C [28], it is of negligible interest for the calculation
of pcuni whether the volume or mass fractions are given. At higher
temperatures, the densities match even better as copper expands with
16.4 - 107% 1/x and nickel with 13.1-107° 1/x only.

If the wire cross-section is ideal such that a round copper conductor
is encapsulated with a nickel clad of constant thickness, the following
formula and results can be calculated from Ohm’s law of parallel con-
ductors using the specific electrical resistances pcy = 16.9nQ2 - m
and pni = 71.9n€) - m of copper and nickel, respectively, as well as
their coefficients of the linear increase in resistivity with temperature,
acu = 0.0039 1/k and ani = 0.0066 1/x [28]:

PCu * PNi

PCuNi = (10)
YNi * PCu + YCu * PNi
_{ 21.30Q-m . T= 20°C
41.3n) - m T =250°C
1.26 - pou( 20°C) T= 20°C
= { 244 - pou( 20°C)  for T =250°C
1.29 - pea(250°C) T = 250°C

(The conductivity of the wire is further affected by diffusion of
nickel into the copper core. After 500h operation at 600 °C, the
resistivity increase by another 25% for a wire with a fraction of
27% nickel [29].)

To avoid cracks of the ceramic insulation, the minimum bending
radius of the ceramic coated nickel clad copper wire has to be at
minimum 10-times larger than the outer diameter of the wire, which
influences the design of the stator iron sheet package significantly
(cf. Section III-B). For this setup, a wire with an external diameter
of 0.1 mm is used.

B. Stator Iron Sheet Package

The minimum bending radius of the ceramic coated wire (cf
Section III-A) means for the stator iron sheet package, that the tooth
width has to be equal or larger than 2mm. As higher numbers of
teeth with a width of 2mm would drastically reduce the winding
area, the package is designed with 6 teeth. The number of poles is
chosen to 8, as with a lower number, the yoke would increase in
radial thickness and the winding factor of 0.87 for this combination
is better or equally good than for 10 or more poles.

Eligible materials include Silicon-Iron, Nickel-Iron or Cobalt-Iron.
Silicon-Iron is the cheapest material but has a lower saturation flux
density and higher losses. Lowest losses and highest permeabilities
offer Nickel-Iron alloys. Highest flux density and thus highest torque
and power density are possible with Cobalt-Iron which makes it the
favorable material for the high temperature fan.

Vacoflux 48 by Vacuumschmelze has got a very narrow hysteresis
loop (Hc < 40 %) and a high saturation flux density of Bs =
2.35T. The Curie temperature is Tc = 950 °C and the coefficient
of thermal expansion is acte = 9.5 - %. For this setup, 100
individual 0.1 mm thick sheets are chosen leading to an axial length
of the machine of 10mm. The sheets are laminated together for
easier manufacturing. The adhesive used by Vacuumschmelze is only
specified up to 190 °C, at higher temperatures it looses its adhesive
effect and transforms into carbon which influences the behavior of
the package: The temperature of the material causes the hysteresis
loop to shear so that the magnetic permeability decreases and the
coercitivity slightly increases. This leads to slightly higher losses in
the range of +5% for a temperature of 300 °C.

C. Permanent Magnets

The permanent magnets used in the high temperature fan need
to have a sufficiently high remanence induction B, and coercive
force Hc at 250 °C. Hard magnetic materials with a high energetic
product include Neodymium-Iron-Boron (NdFeB) and Samarium-
Cobalt (SmCos and Sm2Coq7). For high temperature applications, the
only possible material is SmCo. (Aluminium-Nickel-Cobalt, AINiCo,
is also possible, but has got a much lower energy product than
SmCo.) Arnold Magnetics offers Recoma main grades an Recoma
HT Magnets, the latter for operating temperatures up to 520°C.
For the high temperature fan, Recoma HT 420 magnets with a
remanence of 0.9T and an intrinsic coercive force of 1100 % at
250°C are deployed. The maximum demagnetization force applied
to the magnets is 290 %.

The magnets do not need to be protected against corrosion at
300°C. At temperatures higher than 400°C they can be either
packaged in a steel housing, which increases the length of the air
gap of the machine, or coated with Aluminium (up to 500°C) or
with Nickel (up to 550 °C).

The magnet segments can be fit into the yoke and are kept only
by their magnetic force. Alternatively, they can be laminated into the
yoke with adhesive based on Silicon or Ceramics. These adhesives
though cannot absorb high thermo-mechanical stresses. The thickness
of the magnets should not be thinner than the actual 1 mm in order
to make sure they do not break during manufacturing. If smaller
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Fig. 4. Exploded view drawing of high-temperature (250 °C / 500 °F) 19’000 rpm BLDC fan for forced air-cooling of advanced automotive power electronics.

thicknesses need to be realized though, the magnets can be mounted
into the yoke and then ground to the desired thickness.

D. Yoke

The geometry of the yoke is chosen such that the flux density has
a maximum value of 2 T. The air-gap is 0.3 mm. The material should
have a relative permeability of 500 at this point for minimizing the
resistance of the magnetic path. Furthermore, the CTE should be
close to that of the rotor as the yoke is directly fit into the rotor. The
afore mentioned Cobalt-Iron alloy Vacoflux 50 by Vacuumschmelze
fulfills these criteria.

IV. MECHANICS DESIGN

In this section, the mechanical design of the high temperature fan,
especially the choice of different technologies such as the bearing
technology and the selection of the design concept as well as the
materials are described, each with respect to the high temperature
rating, the resulting thermal expansion and reduced strength of the
materials and other constraints such as magnetic fields of the machine
potentially causing eddy current losses.

The exploded view drawing in Fig. 4 shows the assembly of the
individual fan components. The fan housing is the structural part
of the fan. On the outlet side, there is a center borehole with inside
thread. The bearing case is screwed into that hole. The plain bearings
are shrunk into the bearing case and carry the shaft. The stator iron
sheet package is shrunk onto the bearing case and ceramic coated
copper windings are wound onto the stator. The permanent magnets
of the electrical machine are mounted in the steel yoke which is then
shrunk into the rotor. The rotor itself is shrunk onto the shaft at the
fan inlet. The axial position of the rotor is determined by the magnetic
force of the permanent magnets. Additionally, it can be fixed with
respect to the plain bearing on the fan outlet using a small spring
and a snap ring.

A. Shaft

The shaft is carried by plain bearings and hence, it is very
important that the thermal expansion of the shaft is close to that
of the plain bearings, which is mainly determined by the bearing
case (¢f Section IV-B). Otherwise for certain temperatures within
the operating temperature range, either the bearing clearance has to
be chosen very high resulting in high vibrations or the shaft gets
stuck in the bearing.

In order to achieve a low coefficient of friction between the shaft
and the bearing, the material is required to be harder than 40 HRC.

Well suited material is steel (apart from Chromium-Nickel- and
austenitic steel), e. g. Chromium, nitrified or hard-chromium plated
steel, or hard metal. Not suited is Aluminium and its alloys or non-
ferrous metal. The roughness of the material should lower than 1 ym
for low friction [30]. Reduction of the surface roughness can be
achieved by surface finishing and polishing. The diameter of the shaft
is determined by the mechanical load due to unbalance of the rotor,
desired vibration reduction and resonance of the rotating shaft.

The shaft for this high temperature fan is made of a cylindrical
pin, the material of this pin is steel 115CrV3 (also called steel
1.2210). It is hardened to 60 = 2 HRC and its roughness class is
N6, corresponding to a roughness depth of R, < 0.8 um. The CTE
of the material is 13.7 - 1075 1/x for a temperature rise from 20 °C
to 300 °C. The diameter of the pin is 3m6 and it will be cut to a
length 27.5 mm, i. e. the length of the shaft is reduced by 0.5 mm
compared to the overall length of the fan in order to make sure that
no rotating part overlaps the housing.

B. Bearing

Generally, the bearings can be realized as:

« Roller bearing

« Static or dynamic air bearing

o Magnetically levitated bearing

« Plain bearing
Magnetically levitated and air bearings are very complex, costly and
not as compact as plain or roller bearings. Roller bearings need
lubrication, and this is usually only used for temperatures below
200 °C. Some special greases are available up to 260 °C and very
rarely greases for higher temperatures are applicable.

The more cost effective and easier solution for the high temperature
bearing is the plain bearing. Different materials are available for
standard conditions, e. g. metal or solid polymer, mono-, bimetallic
or sintered bearings, fibre-reinforced plastic composite, bronze or
(artificial) carbon. Most materials are eliminated due to the high
temperature the bearings are exposed to (the bearing losses make
the bearing heat up to even higher temperatures), only bronze and
carbon are suitable.

The carbon bearing is the only suited plain bearing for this purpose,
if the high rim speed of the shaft is taken into account, which can
be calculated to

amn

The dimensions of the bearing are determined by the requirements
of the technology, i. e. the difference between the inner and outer

v=wr=2r-19'000rpm - 1.5 mm = 3.0 ™/s.
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radius is usually not less than 3 mm. For applications that have to be
highly compact, the difference can be reduced to 2 mm because of the
very small shaft diameter of 3 mm. This leads to an outer diameter
of 7mm and the axial length of the bearing is chosen to 4 mm.

The inner diameter of the bearing is given by the outer diameter of
the shaft (3m6, i. e. 3 mm (18:883), which will be reduced by approx.
6 um by polishing the shaft). The inner diameter is furthermore
influenced by the bearing clearance, that is given for dry operation
from 0.3% to 0.5% of the shaft diameter [30]. Lower clearances
cause higher friction and thus higher losses, higher clearance values
cause higher vibrations. Also, the thermal expansion of shaft (cf.
Section IV-A) and bearing has to be taken account when determining
the inner diameter of the bearing. The bearing has a CTE of
5-107%1/k which is comparably low, but is shrunk into the bearing
case at a temperature that is 150 °C higher than the maximum
operating temperature and therefore its thermal expansion is given
by the bearing case (cf. Section IV-C).

C. Bearing Case

The material for the bearing case is required to have a CTE similar
to the shaft, because the the bearing expands just as its case does and
similar to the CTE of the stator iron sheet package that is shrunk onto
the casing in order to avoid high thermal stresses.

Furthermore, the material has to be non-magnetic (i. e. a relative
permeability of p,, < 1.0, that is also maintained after cold working)
in order to make sure that the time varying magnetic flux density in
the stator is solely conducted by the stator iron sheet package and
hence no eddy current losses in the bearing case occur.

The yield strength up to the maximum operating temperature
should be as high as possible because the carbon plain bearings are
shrunk into the case. A high Young’s Modulus makes sure, that the
case even with a wall thickness of 0.5mm at the inlet bearing is
not widened excessively after shrinking in of the bearings. This is
important because the stator iron sheet package has to be shrunk onto
the bearing case after mounting the bearings as the sheet package is
not recommended to be exposed to higher temperatures than 400 °C
which are necessary to shrink the bearing in.

Titanium is available in many different alloys. The American
organization ASTM International classifies 35 grades of different
alloys. The most common grade is Titanium Grade 5 (also named
by the material number 3.7164) which fulfills these requirements. Its
CTE is 9.6 - 107% 1/x.

The shape of the casing is defined by its function: It is screwed
into the fan housing and thus needs a stopper to control the length
of the screwing. The step on the outer diameter is needed to have
a stopper for the stator iron sheet package when shrunk onto the
case. The outer diameter is with 8 mm as small as possible — the
difference between inner radius at the bearing collet and the outer
radius of the case is only 0.5 mm. The length of the case is 24 mm,
mainly given by the 28 mm overall length of the fan, again 0.5 mm
clearance and 3.5 mm shrink fit of rotor and shaft.

D. Rotor

The hub (24 mm outside) and blade (37 mm) diameter of the
rotor as well as the blade shape are given by the fluid dynamical
requirements (cf. Section II-D). The clearance between the rotor
blades and fan housing is chosen to 0.5 mm due to manufacturing
tolerances.

The material for the rotor must have high yield strength at high
operating temperatures and a high resistance against fatigue cracks
because of the high dynamic load caused by the rotations. The rotor
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Fig. 5. FEM simulation of rotor maximum stress (a) and deformation (b) at
300 °C. A safety margin of more than 20 for the maximum stress is included
for the Titanium Grade 5 rotor.

is manufactured of Titanium Grade 5, just as the bearing case. The
wall thickness is chosen to 0.5 mm as a trade-off between electrical
machine diameter that has to be maximized and mechanical strength
at high temperatures. It can be seen from the FEM simulation in
Fig. 5 that the areas of highest load are at the transitions between
the inner cylinder and the blades. The maximum stress of 20 MPa is
more than a factor of 20 below the yield strength of Titanium Grade
5 at 300 °C. The maximum deformation is less than 6 ym.

E. Fan Housing

The stator guide vanes direct the air flow in a more axial direction
to increase the efficiency of the heat sink. The material for the stator
should have a CTE close to the CTE of the bearing case in order to
have a similar thermal expansion when the bearing case is screwed
into the housing and hence, the bearing case is also made of Titanium
Grade 5. For easier manufacturing of the housing, it is produced in
two parts: The first part containing the guide vanes has got an axial
length of 7mm, the second part contains the boring for the rotor.
These two parts are laser beam welded, as can be seen in Fig. 1(b).

V. CONCLUSION

In this paper, first the upcoming quest for 120 °C rated forced air-
cooled power electronic converters in HEVs is motivated by showing
the advantages of placing the converters as a part of the vehicles
drive train underneath the engine hood. This creates the need for fans
having a competitive fluid dynamic performance which are currently
not commercially available at this temperature level. For certain
cooling system setups in power electronic converters employing novel
SiC semiconductors with elevated junction temperatures, these fans
are required to operate up to 250 °C.

First, it is shown how the pressurization of the fan decreases at
elevated temperatures and how the rotational speed can be increased
to 19°000rpm to compensate this decline. Then, special focus is
put on the design of the integrated BLDC machine for an ambi-
ent temperature of 250 °C, including magnetic material selection
(Sm2Co17 permanent magnets for the rotor and Co-Fe sheets for
the stator package) and choice of ceramic coated Ni-Cu windings
introducing further constraints due to their minimum bending radius.
The mechanical design of the fan for 250 °C operation and rim speeds
up to 180 ™/min with plain bearings is conducted. The selection of
the materials for the different fan components has been done based
on the evaluation of the material stresses, the material strength at
250°C and the thermal expansion at an operating temperature range
of 300K.
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