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Abstract—In an increasing number of application areas and in-
dustry sectors, such as the automotive, aerospace, military, or oil
and gas industry, a trend towards higher ambient temperature rat-
ing from 120 °C upward for electrical machines and power elec-
tronic converters can be observed. Forced air-cooling of power elec-
tronic converters offers reduced complexity of the cooling circuit
compared to water-cooling. For air-cooled, high-ambient temper-
ature rated converters, fans are required to withstand these tem-
peratures 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, rarely fans are specified
up to 105 °C. In this paper, the electrical and mechanical design
of a 40 mm X 40 mm X 28 mm fan is presented in detail that
offers an operational temperature range from —40°C to 250°C
at the rated speed of 19 000 min—! and comparable fluid dynamic
performance in terms of static pressure and volume flow at 120 °C
as commercial high performance fans at 20 °C. The three-phase
brushless direct current 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 three-phase inverter supplied from 12 V dc voltage with an
inverter switching frequency of less than 1.3 kHz.

Index Terms—Automotive components, brushless machines,
fans, high-temperature techniques, permanent-magnet machines.

1. INTRODUCTION

UTOMOTIVE power electronic converters have substan-
A tially gained research and development interest triggered
by the increasing market share of hybrid electric vehicles
(HEVs) [1]. 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 aux-
iliary drives or power supplies, typically a series-connections
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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 increas-
ing by orders of magnitude; the power level of a conventional
alternator and its rectifier is below 5 kW for a passenger car [2],
while the power level of the electrical machine can be as high
as 160 kW as for the 2008 Lexus model “LS 600h” [3].

The power electronic converters, especially the dc—ac drive
inverters, are placed underneath the engine hood in the major-
ity 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 mechanically coupled to drive train components such as the
ICE and the gearbox and is positioned in close vicinity to them.
The ambient temperature in the engine compartment can reach
120 °C (and even higher values around 650 °C close to the
exhaust system) [4]-[6]. Today’s automotive power electronic
converters employ silicon (Si) power semiconductors with an
upper junction temperature limit between 150 °C and 175 °C.
In order to establish a sufficiently large temperature difference
between the Si power semiconductor junction and the ambi-
ence, 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 [7], [8].

Using the wide bandgap power semiconductor silicon carbide
(SiC) as well as novel joining and bonding technologies such
as sintered silver die attachment and copper bonding, the junc-
tion temperature of the power semiconductors can be increased
to values higher than 175 °C [9]-[13]. 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 circuit of the ICE or by di-
rect air-cooling using the ambient air underneath the engine
hood [14]-[16]. With respect to cost and complexity of the
cooling system, direct air-cooling can represent a superior so-
lution 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 [17], [18].

With direct air-cooling of automotive power electronic con-
verters at 120 °C ambient and 250 °C junction temperature, not
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only the power semiconductors and their packaging, but also
the signal electronics, the passive components like dc-link ca-
pacitors as well as the components of the air-cooling system
such as thermal interface materials, heat sinks, and fans need
to withstand these harsh temperature conditions. For the sig-
nal electronics and passives, a converter setup dealing with the
challenges induced by 120 °C ambient and 250 °C junction tem-
perature has been presented with Si signal electronics actively
cooled by a Peltier cooler in order to make sure their operat-
ing temperature limit of 125 °C is maintained [15]. Thermally
conductive interface materials are available up to 300 °C [19],
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 commer-
cially 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 me-
chanical design of these fans might allow the manufacturer to
test and specify the devices for somewhat higher ambient tem-
peratures with only slight component changes. Still, the lifetime
of the ball bearings used in, e.g., Sanyo Denki fans with high
performance concerning pressurization and volume flow related
to the volume, is cut in half for each 15 K ambient temperature
increase and the maximum operating temperature is 105 °C [20].

Other fan manufacturers sell fans for electronics cooling with
temperature ratings up to 90 °C but these fans suffer from larger
size and lower fluid dynamics performance compared to the
Sanyo Denki models [21]. Other solutions available on the mar-
ket are fans for ovens with recirculating air that are not equipped
with an electrical machine in the hub but have it placed exter-
nally to reduce the ambient temperature for the electrical ma-
chine. 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 for integra-
tion into the fan hub are currently also investigated for other
application areas, especially in the aerospace and downhole in-
dustry. Research for expeditions to Venus have yield switched
reluctance machines for up to 540 °C, but they are designed
for an operational lifetime of only 50 days [22]. Furthermore,
deeper oil reservoirs are currently explored, where electrical
submersible pumps are used to provide a continuous flow of
oil up to the surface [23]. The electrical machines used in such
pumps can withstand temperatures up to 218 °C [24].

In this paper, a high temperature brushless direct current
(BLDC) machine fan withstanding an ambient temperature of
250 °C with a rotational speed of 19 000 min~! for forced
air-cooling of advanced automotive power electronics is pre-
sented (see Fig. 1 and Table I). 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 can be realized on a
separate printed-circuit board, that is part of the 120 °C ambient
temperature rated dc—ac traction inverter [15], [25], [26].

40 mm

28 mm

(a) (b)

40 mm

Fig. 1. (a) CAD picture and (b) photograph of high-temperature
(250 °C/500 °F) 19 000 min~! BLDC fan for forced air-cooling of advanced
automotive power electronics.

TABLE I
OVERVIEW OF HIGH-TEMPERATURE FAN SPECIFICATIONS

High-Temperature Fan

Air Temperature (maximum) Tmax 250 °C
Max. Static Pressure (at 20 °C) Apyax, HTF 408 Pa
Max. Volume Flow (at 20 °C) Vipax HTF 0.84 ™ /min
Rotational Speed ngTF 19°000 min’!
Electrical Input Power P TR 12wW
Terminal Voltage rms VT 8.5 V!
Phase Current rms /g1 0.8 A
Electrical Frequency fei, HTF 1267 Hz
Mass myTpr 9% g
Electrical Machine Type 3ph BLDC

IA fan inverter dc input voltage of 12V is sufficient to drive the fan with
rated speed at nominal operating point.

The fluid dynamic performance of the fan in terms of static
pressure 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 de-
grees of freedom for 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
itinto the heat sink. Then, an arrangement with a fan in between
two heat sinks is also possible.

It is shown in detail in Section II, how the fan specifications,
i.e., the dimensions, fluid dynamic performance, and machine
characteristics are derived with respect to the needs induced by
air-cooling of ultracompact automotive power electronic con-
verters for high ambient temperatures. Subsequently, the design
of the electrical machine and mechanical parts is carried out in
Section III and Section IV, respectively. Finally, experimental
results in terms of electrical voltage, current, and power as well
as fluid dynamic and acoustical measurements are presented in
Section V.

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

In general, the cooling system of a power electronic con-
verter has to dissipate the power loss of components within the
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converter via a thermally conductive path to the ambience, where
a thermal resistance Ry;, should be 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 which is the inverse of the product of Ryy
and Vcs [27].

To make sure that the thermal resistance Ry, ga of the heat
sink does not increase significantly throughout the operation of
the power electronic converter due to dust congesting the heat
sink air channels, an air filtering system has to be deployed.
This filtering system should clean the air before it is blown
through the heat sinks by the fans and can be similar to what
is already well known in the automotive industry for use with
ICEs. Accordingly, considerations regarding ingress protection
rating affect more the overall design of the complete power
electronic converter system than the fans.

Furthermore, standard requirements for technical systems ap-
ply also for power electronic cooling systems: low system com-
plexity, low manufacturing and maintenance cost, low size, low
weight, low power consumption, low noise generation, and low
performance invariance against deterioration or spread for stan-
dard 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 modifica-
tions where lossy components, e.g., power semiconductors, are
mounted on heat sinks with extruded fins. A modified centrifu-
gal fan, that guides the radial air flow into a tangential direction,
is called a blower. These fans deliver high pressure and vol-
ume 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 also shows 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 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. Op-
timizing 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 [27].
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 set with regard to ubiquitous applicability as
40 mm x 40 mm [see Fig. 1(a)]. This corresponds to the largest
fans that are commercially available while still being below the
size of one rack unit, which is 1 U = 1.75 in = 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 Sanyo Denki model “San Ace 40 GV” [28] with
best-in-class static pressure over volume flow characteristics.

D. Static Pressure Versus Volume Flow at Increased Ambient
Temperatures

The fluid dynamic characteristic of a fan as well as the heat
sink fin and baseplate design determine the resulting thermal
resistance I, o from the heat sink surface (which carries
the lossy components) to the ambience (to which the heat is
dissipated). The fluid dynamic characteristic is usually given as
a difference in static pressure Ap between the outlet and inlet
side of the fan versus 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 p, which is
mainly given by air temperature 7" and absolute air pressure
p. Fan manufacturers often measure the curve according to the
standard “AMCA 210-85”, set by the Air Movement and Control
Association (AMCA) International [29], [30]. The reference air
temperature is set to T,y = 20 °C and the absolute hydrostatic
pressure of the air to p = 1.013 - 10°Pa [29].

In Fig. 2,the curve of the commercial high performance fan
Sanyo Denki San Ace 40 GV for a rotational speed of nprp =
16’500 min~! [28] is given as an example. Also shown in this
figure is the parabolic characteristic of the heat sink, i.e., the fluid
dynamic load characteristic, which divides the characteristic
curve of the fan into two parts: the right part starts at free air
conditions with maximum volume flow V = Vmax and shows
a linear correlation between V' and Ap. The intersection point
of curve and parabola is advantageously selected in the region
where the gradient of the curve changes and approaches zero
and goes even positive, i.e., where Ap decreases (slightly) with
decreasing V. This happens for the Sanyo Denki San Ace 40 GV
for Vs = 0.56 m /min. In this region, airflow separation at the
fan blades occurs and the fan stalls leading to a significantly
affected air-side performance as well as noisy and surging air
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Fig. 2.  Static pressure over volume flow curves for the high temperature fan
presented in this paper with 19 000 min~! at 20 °C and 120 °C as well as for
the Sanyo Denki reference fan with 16’500 min~!. The fluid dynamic design
criteria for the high temperature fan at 120 °C in terms of Vmax and Ap is
fulfilled for the largest part of the characteristic curve given by the parabola of
operation.
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(b)

Fig.3. (a)Flux density distribution under full load condition. The flux density
in the stator and yoke is less than 2.1 T which is below the saturation limit of
2.35 T of the employed iron cobalt material (see Section I1I-B and Section III-D).
(b) Magnetic field lines under no load condition of the BLDC machine.

flow. For smaller volume flows, the blades move the air by
centrifugal forces until zero air flow V =0.Fora safe, reliable,
and efficient operation of the fan, the fluid dynamic load (e.g., a
heat sink) has to be chosen such that the intersection of the load
line and the fan curve are in the right part of the fan curve [29].
As mentioned in Section I, the design target is to have an equal
or better fluid dynamic characteristic within the relevant part of
the characteristic curve at the nominal operating air temperature,
ie.,atT,,n = 120°C, than that of the San Ace 40 GV reference
fan at T, = 20°C.

To analyze the impact of increased ambient temperature on
the performance of a fan, first, the correlation between air den-
sity p and air temperature 7" is found using the ideal gas law
(1). It is valid for vanishing absolute pressures p — 0, but for
almost all real gases, including dry air, deviations from the ideal
behavior are negligible at atmospheric pressures [31]. The tem-
perature independent gas constant is R = 287.05 kgLK for dry
air and the absolute pressure is with p = 101.325kPa [32] the
same as for standard conditions because the air underneath the
engine hood in HEVs can expand when heated by the ICE, and

hence, this change of state is of isobar type [33],

1.20 for T =20°C
p= % — {090 kg/m® for T =120°C. (q)
0.67 for T =250°C

The high-temperature fan will be operated in speed controlled
mode; hence, the rotor speed n is constant within the operating
temperature range of the fan. Even with varying air density, this
leads to a constant volume flow V' of the fan [34]

V = const for n = const. 2)

However, Ap(T') and the mechanical shaft power Ps(T") of
the fan scale proportionally with p leading to an inversely pro-
portional correlation with 7" for n = const [34],

1 for T =20°C
Ap(T) _ B(T) _Tet _ ) 075 for T =120°C.
Ap(The Ps(Tye T
P(Tret)  B(Tret) 056 for T = 250°C
(3)

The impact on the characteristic curve of the fan can be seen
in Fig. 2, where the fluid dynamic characteristic of the high
temperature fan is shown for 7} = 20°C and 7},,,, = 120°C.
With respect to the change in power, it has to be noted, that the
input power P, of a fan may not decrease by the same amount
as the mechanical shaft power does due to decreasing fan motor
and inverter efficiency at higher temperatures.

The reduction in static pressure from the reference fan at
Tiet = 20°C to the high temperature at 7;,,,, = 120 °C caused
by an increased temperature can be compensated by increasing
the rotor speed of the fan from nyp of the San Ace 40 GV fan
to nprr for the high temperature fan.

To derive the exact correlation between nry and nyrr, the
following fan scaling laws can be used for 7' = const [27],

V=k -n-d 4)
Ap =Fky -n? - d? ®)
Pel :kg'n3 'd5. (6)

The diameter of the fan rotor is denoted by d (which is of-
ten approximated by the edge length of the quadratic outlet
or inlet cross-section), the electrical input power by P, and
k; i ={1,2,3}, represent factors of proportionality depending
on the design of a specific fan. k; and k, vary only by a factor
of two from one fan to another for most commercial fans [27].
Assuming a similar fluid dynamic design of the reference fan
and the high temperature fan in terms of the fan dimensions
as well as the rotor and stator guide vanes, k; and ko, respec-
tively, 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 for volume flows
Vs = 0.56 m? /min < V < Vigax:

|
APHTF (ﬂlom =120 OC) > ApRF(T‘rCf =20 OC)~ (7)

It can be seen from (3) that Apy,ax n7F (Trer) of the new high
temperature fan has to be higher by a factor of Ty, /Tret than
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Fig. 5. FEM simulation of rotor (a) von Mises stress and (b) displacement
at a rotational speed of 19 000 min~! and an ambient temperature of 300 °C.
A safety margin of more than 15 for the maximum stress is included for the
designed Titanium Grade 5 rotor.

the pressure Apyax rr (Trer) of the reference fan in order to
meet (7). With (5), ngTr can be calculated as

nigrp = npp s | 2P BTE (Trer)
Apmax,RF (ﬂ(‘i)

/393.15K
= 16’500 min~! - MleOOOmin_l. (8)

According to (4), the increased speed nyrr also leads to
an increase in volume flow of the high temperature fan. The
maximum volume flow VmaX,HTF can be calculated compared
to the maximum volume flow Vmax,R‘F of the reference fan as

Thom
71rcf

NUTF

Vmax,HTF = . Vmax,Rp = 0.88 m® /min. 9)

NRF

Furthermore, the shaft power Ps is also increased for the high
temperature fan as it scales with n? [34]. The rise in shaft power
for the nominal operating point 7}, of the high temperature fan
compared to the nominal operating point 7}.; of the reference
fan is not as high as expected from the cubic correlation as
the temperature rise from Ty to T}, reduces the required
shaft power according to (3). The exact increase in shaft power
Ps gy for the high temperature fan can be derived as

3
n
Ps ure(T) = Psrr(T) - ( ;RTFF>

AN
N 4
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Exploded view drawing of high-temperature (250 °C/500 °F) 19 000 min~—* BLDC fan for forced air-cooling of advanced automotive power electronics.
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s, RF (Tref) T T
1.55 for T =20°C
= Psrr (Tref) 1.16 for T =120°C.
0.87 for T =250°C

(10)

The shaft power Ps gy (Tef) of the reference fan and, thus, the
output power of its electrical machine is unknown; the electrical
input power P gy is 10.1 W at T}..¢ [28]. If a similar efficiency
of the electrical machine for both fans is assumed, the required
input power P g1 of the high temperature fan can be specified
to 15 W. This makes the operation of the high temperature fan
at rated speed nyr even at Ty = 20°C, i.e., 100 K below its
nominal operating point 7},,,,, = 120 °C, possible.

The results of this section will be validated along with other
experimental data in Section V.

E. Electrical Machine

1) General: In order to achieve a compact fan design (see
Section 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 min~!. 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 12 V dc bus.
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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, see
Section IV), those using magnetic fields for the electromechan-
ical energy conversion are preferable due to a higher energy and
force density [35], [36]. Possible concepts are induction, perma-
nent 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 environmental conditions as they are regarded as very
robust machines without need for expensive and temperature
sensitive permanent magnets.

Still, it has to be considered, that the motor torque is generated
by the stator and rotor flux components which can both be elec-
tromagnetically excited; alternatively, one set of windings could
be replaced by permanent magnets. The flux density caused by a
permanent magnet is constant for varying machine dimensions
while the rated current of an electrical machine decreases with
decreasing machine dimensions. Hence, for small drives with
diameters of less than 100 mm like given in this case, machines
with permanent magnets, i.e., dc or synchronous machines, are
the favorable choice if a high power density is needed [36], [37].

Conventional dc machines with brushes can be driven from
a constant dc voltage source in their nominal operating point

0 0.2 0.4 0.6 0.8 1
Time (ms)

(b)

Three-phase voltages of the high temperature fan at ambient temperatures of (a) 25 °C and (b) 250 °C under closed loop speed control. The rotational
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Phase Current (A)

Three-phase currents of the high temperature fan at ambient temperatures of (a) 25 °C and (b) 250 °C under closed loop speed control. The rotational

so that no additional inverter is necessary which is advanta-
geous especially at such harsh environmental conditions. Still,
the brushes suffer from significant wear and affect the relia-
bility. 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 approximately 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 rectan-
gular rather than a sinusoidal back electromotive force) but is
driven with (in case of a three-phase machine) 120° phase-
shifted rectangular voltages instead of pulse-width modulated
voltages which would allow to achieve 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: One-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
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four switches in total supplying a single winding or two low-
side switches supplying two separate windings connected in
antiseries 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 one-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.

Two-phase BLDC machines having symmetric windings can
be started from any rotor angle, but the drive inverter complex-
ity 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 re-
quires a supply voltage balancing and cuts the voltage that can
be applied to the windings in half.

A three-phase BLDC machine appears as a reasonable com-
promise 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 one-phase machine needs to be extended by
only one more bridge leg. Furthermore, a large variety of gate
drivers for three-phase inverters and control ICs for three-phase
BLDC machines is available as three-phase BLDC machines
are widely used in industry. Hence, the BLDC machine for the
high temperature fan will be designed as a three-phase machine.

III. ELECTRICAL MACHINE DESIGN
A. Windings

The isolation of the windings has to withstand the sum of the
maximum ambient temperature of 250 °C and the temperature
rise due to ohmic losses in the windings as well as iron losses in
the stator. High-temperature versions of conventional enameled
copper wire can continuously withstand temperatures up to only
245 °C[38], [39]. 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 [40].

The resulting specific electrical resistance pcy i of the nickel
clad copper wire can be calculated, if the fractions of nickel
and copper cross sections are given. The “Kulgrid 28 wire
used for this setup consists of yn; = 27% nickel and yc, = 1 —
yni = 73% [41]. As the density of nickel is with 8.880 g/c:m3
less than 1% smaller than that of copper with 8.960 g/cm?
at 20 °C [42], 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: Copper expands
with 16.4 x 107%1/K and nickel with 13.1 x 107°1/K only.

If the wire cross-section is ideal such that a round copper
conductor is encapsulated with a nickel clad of constant thick-
ness, the following formula and results can be calculated from
Ohm’s law of parallel conductors using the specific electrical re-
sistances pc, = 16.9n8) - m and pxi = 71.9n£) - m of copper
and nickel, respectively, as well as their coefficients of the linear
increase in resistivity with temperature, ac,, = 0.00391/K and

axi = 0.00661/K [42],
PCu * PNi

powt = YNi * PCu Tt YCu * PNi
1.26 - pcy(20°C)  for T =20°C
_ ) 1.29 pca(250°C) for T =250°C
2.44 - pca(20°C)  for T = 250°C
21.3n02-m for T =20°C
- {41.3 nQ-m for 7T =250°C. (1

(The conductivity of the wire is further affected by diffusion
of nickel into the copper core. After 500 h of operation at 600 °C,
the resistivity increases by another 25% for a wire with a fraction
of 27% nickel [43].)

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

The 30% increase of the winding resistance of the nickel clad
copper wire compared to pure copper [see (11)], the expected
lower fill factor (only 10% are assumed using the ceramic coated
wire due to the mentioned mechanical properties limiting the
winding area utilization) and the mentioned aim towards very
small ohmic loses make the choice of a comparably low current
density of in this case only 1 A/mm? necessary.

B. Stator Iron Sheet Package

The minimum bending radius of the ceramic coated wire (see
Section III-A) means for the stator iron sheet package, that the
tooth width has to be equal or larger than 2 mm. As higher
numbers of teeth with a width of 2 mm would drastically reduce
the winding area, the package is designed with six teeth (see
Fig. 3). 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 iron with silicon (FeSi), nickel iron
(NiFe), or iron cobalt (FeCo). FeSi is the cheapest material but
has a lower saturation flux density and higher losses. Lowest
losses and highest permeabilities offer NiFe. Highest flux den-
sity and, thus, highest torque and power density are possible
with FeCo which makes it the favorable material for the high
temperature fan.

“Vacoflux 48” by Vacuumschmelze shows a very narrow hys-
teresis loop (H¢ < 40 1%) and a high saturation flux density of
Bg = 2.35T. The Curie temperature is 7 = 950 °C and the co-
efficient of linear thermal expansion is actg = 9.5 - 1(1);0 . For
this setup, 100 individual 0.1 mm thick sheets are used leading
to an axial length of the machine of 10 mm. The sheets are lam-
inated together for easier manufacturing. The adhesive used by
Vacuumschmelze is only specified up to 190 °C, at higher tem-
peratures it loses its adhesive effect and transforms into carbon
which influences the behavior of the package: the temperature
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of the material causes the hysteresis loop to shear so that the
magnetic permeability decreases and the coercivity slightly in-
creases. This leads to slightly higher losses (of about +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 en-
ergetic product include neodymium iron boron (NdFeB) and
samarium cobalt (SmCo; and SmsCo; 7). For high temperature
applications, the only possible material is SmCo. (Aluminum
nickel cobalt (AINiCo) is also possible, but has got a much
lower energy product than SmCo.) Arnold Magnetics offers
“Recoma” main grades as “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 0.9 T and
an intrinsic coercive force of 1100 % at 250 °C are employed.
The maximum demagnetization force applied to the magnets is
290 54

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

The magnet segments can be fit into the yoke and are fixed
only by their magnetic force. Alternatively, they can be lami-
nated 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 lower than
the actual 1 mm in order to make sure they do not break during
manufacturing. If smaller thicknesses need to be realized, the
magnets can be mounted into the yoke and then milled down 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 reluctance of the magnetic path. Furthermore,
the yoke’s CTE should be close to that of the rotor as the yoke is
directly fit into the rotor. The aforementioned cobalt iron alloy
“Vacoflux 48” 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 bear-
ing case (see Section IV-B). Otherwise for certain temperatures
within the operating temperature range, either the bearing clear-
ance 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 steel and austenitic steel), e.g., chromium, nitrified or
hard-chromium plated steel, or hard metal. Not suited is alu-
minum and its alloys or nonferrous metal. The roughness of the
material should be lower than 1 ym for low friction. 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 mechanical 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 coefficient of linear thermal expansion of the material is
13.7 x 1071/K for a temperature rise from 20 °C to 300 °C.
The diameter of the pin is 3m6, i.e., 3 mm with a fit of m6 which
is in absolute numbers 3 mm (18883), and it is 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

5The choice of the bearing is crucial for the fan operation
under high temperature conditions and is identified as the main
impact factor on the lifetime of the fan. Generally, the bearings
can be realized as:

1) roller bearing;

2) static or dynamic air bearing;

3) magnetically levitated bearing; or

4) 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 tem-
peratures below 200 °C. Some special greases are available up
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to 260 °C and very rarely greases for higher temperatures are
applicable.

The more cost effective and easier solution for the high tem-
perature bearing is a plain bearing. Different materials are avail-
able for standard conditions, e.g., metal or solid polymer, mono-,
bimetallic or sintered bearings, fiber-reinforced plastic compos-
ite, bronze or (artificial) carbon. Most materials are not appli-
cable 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 as

v=wr=2r-19000min ' - 1.5mm = 3.0 m/s.  (12)

The dimensions of the bearing are determined by the require-
ments of the technology, i.e., the difference between the inner
and outer 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 7 mm and the axial length of the
bearing is chosen to 4 mm.

The inner diameter of the bearing is given by the outer diame-
ter of the shaft (3m6, i.e., 3mm (:[8:882), 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. Lower
clearances cause higher friction and thus higher losses and lower
lifetime, higher clearance values cause higher vibrations. Also,
the thermal expansion of the shaft (see Section IV-A) and the
bearing has to be taken account when determining the inner
bearing diameter. The bearing has a coefficient of linear ther-
mal expansion of 5 x 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, there-
fore, its thermal expansion is given by the bearing case (see
Section IV-C).

C. Bearing Case

The material for the bearing case is required to have a CTE
similar to the shaft, because 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 nonmagnetic (i.e., should
show a relative permeability p, < 1.0, maintained also after
cold working) in order to make sure that the time varying mag-
netic 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
has to 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 0.5 mm at the inlet
bearing is not widened excessively after shrinking in the bear-
ings. 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 for shrinking in
the bearing.

Titanium is available in many different alloys. The Amer-
ican 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 coefficient of linear thermal expansion
is 9.6 x 10791/K.

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 for the 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 dynamic
requirements (see 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 fa-
tigue cracks because of the high dynamic load caused by the
rotations. The rotor is manufactured of Titanium Grade 5, just
as the bearing case. The wall thickness is chosen to 0.5 mm
as a tradeoff between electrical machine diameter that has to
be maximized and mechanical strength at high temperatures. It
can be seen from the FEM simulations in Fig. 5 that the areas
of highest mechanical load are at the transitions between the
inner cylinder and the blades. The maximum von Mises stress
of 34 MPa at a rotational speed of 19 000 min~! is more than
a factor of 15 below the yield strength of Titanium Grade 5 at
300 °C. The maximum deformation is less than 6 yum at 19
000 min~! at 300 °C and occurs at the blade tips.

E. Fan Housing

The stator guide vanes direct the air flow in a more axial di-
rection 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 bear-
ing 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 shows an axial length of 7 mm, the second part
contains the bore for the rotor. These two parts are laser beam
welded, as can be seen in Fig. 1(b).
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V. EXPERIMENTAL RESULTS

To verify the previous theoretical considerations, experimen-
tal results are given in this section and summarized in Ta-
ble I. The fan is driven by a commercial inverter “CC-75-400”
employing sensorless control for high-speed permanent-magnet
machines as manufactured by the company Celeroton [44]. The
increased ambient temperature of up to 250 °C for the measure-
ments is realized by a climate chamber “FD 53” by the company
Binder [45]. All measurements are taken under stationary con-
ditions, so that it is made sure that the temperature rise inside
the fan due to its mechanical and electrical losses has reached
is final value when measuring.

A. Fluid Dynamic Measurements

First, the fluid dynamic design target for the high temperature
fan (similar characteristic at 120 °C as the Sanyo Denki refer-
ence fan at 20 °C) is validated on the fluid dynamic test bench
of a large fan manufacturer. Fig. 5 shows the measured curve for
20 °C and 19 000 min~!. To assess the design target, the curve
for 120 °C and 19 000 min~! as well as for the reference fan at
20 °C and 16’500 min~! are also shown: The constraint given
in (7) is fulfilled for the largest part of the operational curve the
static pressure of the high temperature fan is significantly higher
than for the reference fan with Apyrp dropping no more than
10% below Apry very close to the region of stall.

It can also be seen, that the increased rotational speed does
not only meet the requirements concerning Ap but also influ-
ences the volume flow according to (9). Measured Vm ax 18 with
0.84m? /min only 4.5% lower than calculated in (9).

B. Power Measurements

The considerations regarding the power rating of the fan are
validated using a Yokogawa WT 3000 power analyzer [46].
Based on the data sheet value for the power of the reference fan
(10.1 W) and (10), the high temperature fan is specified to 15 W
(see Section II-D).

In the first power measurement, the input power of the ref-
erence fan is determined to 8.9 W with 12.0 V applied to its
dc input (corresponding to its rated speed of 16’500 min~") at
25 °C and different operating points in its pressure versus vol-
ume flow curve (see Fig. 5). The difference of 12% to the power
value given in the data sheet is caused by a safety margin of
the specifications of the reference fan. This means according to
(10), that the high temperature fan consumes 14.7 W at —40 °C
and rated speed which is still below the design power consump-
tion of 15 W. Hence, the fan can be operated at rated speed over
the complete temperature range from —40 °C to 250 °C.

With this measurement, (10) can now be verified. The ex-
pected value for the power of the high temperature fanis 13.6 W,
and the measured value is 11.5 W. The difference of 15% is due
to the fact, that first the measured power for the high tempera-
ture fan does not include the power loss of the inverter driving
the fan. Second, the design of the electrical machine for both
fans varies significantly and a higher efficiency of the machine
used for the high temperature fan compared to the reference fan

TABLE II
WEIGHTED TOTAL SOUND PRESSURE LEVELS MEASURED AT 25 °C

66.6 dBA
65.0 dBA

High Temperature Fan
Sanyo Denki San Ace 40 GV

can be assumed due to the use of magnets with a higher energy
density and a three-phase design.

Measurements at higher temperatures proof (3): At 120 °C,
a power consumption of 8.2 W is measured, which is 71% of
the power measured at 20 °C (compared to 75% calculated). At
250 °C, 6.3 W are 55% of the power needed at 20 °C (compared
to 56% calculated).

C. Current and Voltage Waveforms

Figs. 6 and 7 show the phase voltages and currents, respec-
tively, at 25 °C and at 250 °C under closed loop speed control.
The 120 ° block shaped BLDC modulation scheme leads to
clamped phase voltages during the short interval when all three
phases conduct current due to nonzero phase inductance as can
be seen from these figures. The amplitude of the phase volt-
ages decreases slightly with temperature due to the decreasing
remanence induction of the permanent magnets.

The current level is with an rms value of 0.8 A on the expected
level, but shows a slight imbalance in phases A and C. This is
due to small winding asymmetries leading to a slightly higher
phase resistance in phase B. At high temperatures, the power
level and, thus, the required torque and current decrease as has
also been shown in Section V-B. Furthermore, it can be directly
seen from the time base, that the period of a phase current is
0.79 ms leading to a rotational speed of 19 000 min~" for this
machine having four pole pairs.

D. Acoustic Measurements

As mentioned in Section II-A, the acoustic noise level of the
high temperature fan is also of interest in this paper, especially
as the rotational speed of the high temperature fan is increased
by 15% compared to the commercial reference fan due to fluid
dynamic requirements (see Section II-D).

The sound pressure level emitted by commercially available
fans is usually measured according to the Japanese industry
standard “JIS B 8330”: A noise meter is placed in a distance
of 1 m from the inlet side of the fan under test operated at its
rated speed in an anechoic room [47]. Fig. 8 shows the sound
pressure level over the audible frequency range measured at
25 °C for the high temperature fan and for the Sanyo Denki San
Ace 40 GV fan. Due to the physical dimensions of the anechoic
chamber used for this measurement, the microphone was placed
in a distance of 0.2 m from the fan. To be able to compare the
measurement result with the data sheet value of 58 dBA for the
Sanyo Denki fan [28], the sound pressure level (declining with
the inverse of the distance) has been scaled such as it would
have been measured at 1 m distance.

Table I lists the total sound pressure levels for both fans which
are calculated from Fig. 8 using a weighting of the different
frequency components in order to take the properties of human
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Fig. 8. Measured sound pressure level over the audible frequency range at
25 °C for the high temperature fan and the Sanyo Denki San Ace 40 GV fan
(see Table II for calculated total sound pressure level).

hearing into account. The reason for the deviation is the air
moving around the microphone in the test setup due to its small
physical dimensions and the nonideality of the sound absorption
at the chamber walls. The important result for this research is
the difference in the weighted sound pressure level between the
high temperature fan and the reference fan of only 1.6 dBA.
This difference cannot be easily recognized by humans [48].

VI. 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 tempera-
ture 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 was shown how the pressurization of the fan decreases
at elevated temperatures and how the rotational speed can be
increased to 19 000 min~—! to compensate this decline. Then,
special focus was put on the design of the integrated BLDC ma-
chine for an ambient temperature of 250 °C, including magnetic
material selection (SmsCo;7 permanent magnets for the rotor
and FeCo sheets for the stator package) and choice of ceramic
coated CuNi 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 m/min with
plain bearings is conducted. The selection of the materials for
the different fan components has been done based on the eval-
uation of the material stresses, the material strength at 250 °C
and the thermal expansion in an operating temperature range of
almost 300 K, from —40 °C to 250 °C.

Finally, experimental results are given and are in good agree-
ment with the theoretical considerations: the fluid dynamic

characteristics, the power consumption, the voltage and current
waveforms at room temperature, and an elevated temperature of
250°C as well as the acoustic noise generation of the fan are
measured.
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