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(57) Abstract: The invention relates to a sensor device (20)
for determining rotational speed of a rotatable object (26;
2), comprising a sensor housing (21) with a sensor segment
(6), a mounting segment (5) and a connector segment (7),
the sensor segment (6) and the connector segment (7) being
arranged on opposite sides of the mounting segment (5),
wherein a sensing element (15) is arranged at the sensor tip
(37) of the sensor segment (6), characterized in that sensor
electronics (9) are arranged inside the sensor segment (6),
the sensor electronics (9) comprising an integrated silic-
on-on-insulator circuit (10). The integrated silicon-on-insu-
lator circuit (10) is embedded between flexible polymer sub-
strates (24). The invention further relates to a turbocharger
(28) with such a sensor device (20). The sensor device (20)
is designed to operate continuously at a temperature of at
least 200°C.



10

15

20

25

30

35

WO 2015/027348 PCT/CH2014/000124

Sensor device for determining rotational

speed of a rotatable object and turbocharger with such a

sensor device

Cross-reference to related applications

This application claims priority of Swiss pa-
tent application No. 1471/13 filed on August 29, 2013,

which is incorporated herein by reference in its entirety.

Field of the invention

The invention relates to a sensor device for
determining rotational speed of a rotatable object, and to
a turbocharger with such a sensor device according to the
preambles of the independent claims. A rotatable object
may e.g. be a compressor wheel of a turbocharger as for
example used in automobiles, but shall not be limited
thereto.

Background of the invention

A turbocharger converts waste energy in the
exhaust gas of an automotive engine into compressed air,
which is then forced back into the automotive engine. This
results in the engine burning more fuel and thus producing
more power, while less energy is consumed, thereby improv-
ing the overall efficiency of the combustion process. A
turbocharger typically comprises a turbine wheel and a
compressor wheel, which are connected by a common shaft
supported on a bearing system. The turbine wheel is driven
by the exhaust gas which in turn drives the compressor
wheel, the compressor wheel drawing in and compressing am-
bient air which is then fed into the engine’s cylinders.
By means of turbocharging the performance level of smaller

engines can be increased up to the performance level of
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bigger engines without turbocharging, with lower fuel con-
sumption and emissions. Consequently, turbochargers are
increasingly employed with diesel and gasoline engines in
passenger, commercial, off-road and sport vehicles.

Determining rotational speed of the compressor
wheel of a turbocharger is important for optimizing its
efficiency, and for ensuring that a turbocharger and engine
stay within their respective safe operational ranges. To-
day’s turbochargers need to operate reliably and continu-
ously with increasingly higher exhaust gas temperatures
and compressor inlet temperatures. Compared with its diesel
counterpart, a modern gasoline turbocharger has to operate
in a much higher underhood temperature environment, with
temperatures at the compressor wheel being around 200°C or
above. Modern turbocharger compressor wheels are typically
constructed from strong, lightweight conductive materials
such as aluminum, titanium or magnesium which can tolerate
high stresses. Rotational speed of such compressor wheels
can be measured, preferably by means of an active eddy
current principle, wherein a magnetic field is generated
by an oscillating system and a sensing coil is used to
detect compressor blades when they pass through the mag-
netic field in front of the sensor tip.

Electronic circuits, components and intercon-
nections which are commonly used in automotive applications
are typically unable to withstand continuous exposure to
temperatures above 150°C. Consequently, turbocharger speed
sensors are often realized by connecting the sensor
head/sensor tip with the sensing element that is located
close to the compressor wheel via a cable to the sensor
electronics, which are located in a separate housing at a
distance from the turbocharger in a cooler environment
within the engine compartment.

However, the separation of sensing element and
sensor electronics may lead to higher vulnerability with
respect to disturbances from other electronic devices used

within the automobile, larger space requirements, higher
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instability, lower overall performance, decreased signal
quality, and higher manufacturing costs. Also packaging,
housing, and sealing are duplicated, once for the sensing
element and once for the sensor electronics. I.e., manu-
facturing complexity is increased.

Often sensor electronics are placed inside the
same part of the housing segment which is used for con-
necting the speed sensor to an on-board electronic network
of the automobile and/or an engine control unit, which
might however have a strong negative impact on signal qual-
ity. Also, depending on the particular application the
separately located sensor electronics might be increas-
ingly subjected to vibrations, shocks or similar, which
might damage the sensor electronics and/or cause their
malfunctioning.

Nowadays applications for measurement of tur-
bocharger speed are challenging in that impeller/compres-
sor wheels (the target wheels) are typically very thin (a
few tenths of a millimeter; in particular for passenger
cars) and therefore deliver a low signal. Also the sensing
distance/air gap, i.e., the distance between the sensing
element (typically a standard flat coil such as a pancake
coil) and the target (the blades), varies as the coil is
flat while the interior wall of the turbocharger housing
is round/saddle-shaped and the envelope of the impel-
ler/compressor wheel is curved.

Currently, relatively large coils are employed
to obtain a strong enough output signal. However, in tur-
bocharger applications there is a need for small sensing
elements/coils to permit a small/thin sensor device tip to
avoid negative side effects such as hot spots and aerody-
namic disturbances which may have a negative impact on the
turbocharger’s functioning.

With a large flat coil disturbing effects of
varying sensing distance/air gap are even stronger, and
forming such large coils into a saddle shape is technically

difficult. Furthermore, sensor tips with such a large coil
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are too big to be inserted intec small turbochargers of the
new generation. The coil is usually connected to the sensor
device by welding which, however, 1s a complex and critical
production step.

In DE 10 2009 027 853 Al the speed sensor is
arranged in a recess in the wall of the turbocharger hous-
ing with the sensing tip pointing toward the compressor
wheel. However, the sensor tip 1s separated from the inside
of the turbocharger by a heat-resistant element. Further-
more, the sensor electronics are located outside of the
turbocharger.

Similarly, WO 2013/102510 Al discloses a speed
sensor arranged 1in the wall of a turbocharger with the
sensor tip being separated from the inside of the turbo-
charger (i.e. the compressor wheel cavity) by a thin wall
and a gap between the thin wall and the sensor tip, 1i.e.
the sensor tip is located in a closed or “blind” hole
spaced apart from the bottom wall of the blind hole. Elec-
tronics such as an application-specific integrated circuit
(ASIC) are located in the flange of the sensor housing that
is mounted onto the outside wall of the turbocharger hous-
ing. Hence, in both cases the speed sensors need to be
separated by a thin wall/a heat-resistant element from the
inside of the turbocharger, which may however impair signal
quality. Furthermore, the sensor electronics are arranged
outside of the turbocharger housing.

Us 7,378,721 B2 discloses a speed sensor for a
turbocharger, the speed sensor having a cylindrical housing
for incorporation into a turbocharger wall. Inside the cy-
lindrical housing a lead frame substrate is arranged that
supports at least one electronic component. The electronic
component is connected with wire bonds to the lead frame
substrate, with the lead frame being encapsulated by a
thermoset plastic. Conductive epoxy is used to maintain a
connection between the electronic component and the lead
frame. The need for a printed circuit board or a ceramic

substrate is avoided by using the lead frame substrate.
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The electronic component may comprise an application-spe-
cific integrated circuit (ASIC). The speed sensor can with-
stand temperatures of approximately 190°C at the compressor

side of the turbocharger.

Description of the invention

It is an object of the present invention to
provide a sensor device for determining rotational speed
of a rotatable object, in particular the compressor wheel
of a turbocharger, that can withstand temperatures above
180°C, and in particular operate continuously at tempera-
tures of at least 200°C while maintaining adequate signal
quality and with no need to locate sensor electronics out-
side the turbocharger in a cooler environment. It 1is a
further object of the invention to provide a turbocharger
with such a sensor device.

In order to implement this object, and still
further objects of the invention, which will become more
readily apparent as the description proceeds, a sensor de-
vice i1s provided, the sensor device comprising a sensor
housing with a sensor segment, a mounting segment and a
connector segment. The sensor segment and the connector
segment are arranged on opposite sides of the mounting
segment. A sensing element 1s arranged at the sensor tip
of the sensor segment with the expression “sensor tip”
referring to that end of the sensor segment that is fur-
thest away from the mounting segment. Furthermore, sensor
electronics are arranged 1inside the sensing segment, the
sensor electronics comprising a silicon-on-insulator (SOI)
circuit. The integrated silicon-on-insulator circuit 1is
embedded between flexible or semi~flexible polymer sub-
strates. The sensor electronics may serve for providing
input signals to the sensing element and/or to evaluate
and/or amplify output signals/measurement signals provided

by the sensing element.
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Use of a SOI technology has the advantages that
parasitic effects are reduced also at high temperatures,
thereby leading to a higher temperature working range and
improving performance (see http://en.wikipe-
dia.org/wiki/Silicon on insulator).

The integrated SOI circuit is preferably given
by an ASIC constructed using SOI technology. Preferentially
the integrated SOI circuit is a mixed mode integrated SOI
circuit, i.e. an integrated circuit with analogue and dig-
ital parts. The integrated SOI circuit preferentially com-
prises an integrated oscillator, a demodulator, a config-
uration unit and/or some peripheral blocks such as a power
supply and a temperature sensor, if required.

As mentioned, the integrated SOI circuit is
embedded between flexible or semi-flexible polymer sub-
strates (such embedding is also called: embedded chip tech-
nology or ECT), in a sandwich-like fashion.

The flexible polymer substrates (also called:
prints) are, in particular, made of a liquid crystal pol-
ymer (LCP) or polyimide. The term “flexible substrate”
shall comprise semi-rigid, in other words semi-flexible,
substrates. Both LCP and polyimide have the advantage of
being resistant to degradation for temperatures above
180°C, in particular above 200°C, and serve to protect the
embedded integrated SOI circuit. Further electronic compo-
nents, such as silicon capacitors, ferrites and/or protec-
tion components, may be embedded between the flexible pol-
ymer substrates leading to a thin (e.g. 200 micrometres or
less) embedded chip module forming the sensor electronics.

Preferentially, the integrated SOI circuit, in
particular the ASIC, further comprises a copper redirection
layer (CuRDL; RDL may also stand for redistribution line)
which provides an interface between the ASIC and one of
the flexible polymer substrates/prints (see
http://www.flipchip.com/bunping-design-options/bump-

heights-130um/sfc-redistribution-spheron-or-bcb) .
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Electrical interconnectivity between the SOI
circuit and/or other electronic components embedded be-
tween the flexible polymer substrates, and (preferably cop-
per) contacts/tracts/pads of the sensor electronics, 1s
provided by vertical electric connections that pass through
one of its flexible polymer substrates (defined as the top
side) and runs through the CuRDL which redirects the in-
terconnections to and from the integrated SOI circuit. The
vertical electric connections may be formed by drilling
laser holes or micro vias followed by a semi-additive or
similar metallization process. In order to increase the
reliability of the interconnections, the use of several
holes or micro vias per pad of the electronic component
and/or integrated SOI circuit 1s preferred.

The other electronic components such as e.g.
capacitors are preferable realized as silicon components
and are preferentially provided with copper connection pads
(or a protective top layer if another metal is used) to
avoid forming of intermetallic compounds (IMC). To minimize
complexity and costs and to improve lifetime and reliabil-
ity all electrical connections are preferably realized on
the same side (the top side) for the integrated SOI circuit
and the other electronic components. As mentioned above,
preferably each pad is provided with several vertical elec-
tric connections to increase interconnection reliability.

Combining embedded chip technology approach
(i.e., sandwiching the integrated SOI circuit and prefer-
ably the other electronic components between flexible pol-
ymer substrates using ECT) with the provision of a CuRDL
provides for placement of electrical contacts in such a
way that they do not overlap with respect to the integrated
SOI circuit/ASIC and other component (die) pads.

Sandwiching the integrated SOI circuit and
preferably also the other electronic components between
the flexible polymer substrates using ECT has the ad-
vantages of low thermal expansion and minimization of

thermo-mechanical stress and shear forces. No additional
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protection layer (e.g. a conformal coating or epoxy pot-
ting) is required.

The sensor device according to the invention
advantageously withstands continuous operation and cycling
temperatures between -40°C and at least 200°C (or above),
and preferably at least 250°C peak temperature. Due to its
heat-resistance the sensor device of the invention may be
used in new generations of turbocharged gas and diesel
engines which as a result of downsizing generate higher
ambient temperatures. Also, distance between sensing ele-
ment and sensor electronics can be minimized, allowing op-
timized signal quality and lower sensitivity to external
disturbances, for example electromagnetic compatibility
(EMC) disturbances. Furthermore, the compact size of the
sensor device, the high integration level with few inter-
connections and no need for a cable connecting sensing
element and sensor electronics leads to relatively low
manufacturing costs. Due to its small size the sensor de-
vice of the invention can be easily integrated into a tur-
bocharger and a turbocharger housing, respectively, or sim-
ilar applications with little redundant space.

Alternatively, it is also possible to mount the
integrated SOI circuit and further electronic components
of the sensor electronics onto a high-temperature printed
circuit board (PCB) by sintering, the high-temperature
printed circuit board being made e.g. from ceramics or
epoxy glass cloth laminates e.g. FR-5, with the contact
pads of the integrated SOI circuit and the further elec-
tronic components being connected through bonding. How-
ever, often the material of available PCBs may not be suf-
ficiently heat-resistant and electronic components, inte-
grated SOI circuit(s) and bonds have to be protected by
covering layers and epoxies, which nevertheless may degrade
rapidly at temperatures above 150°C.

In one embodiment the sensing element of the
sensor device of the invention comprises a double D coil

(also called: DD coil), in particular a saddle-shaped DD
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coill, that is preferentially printed on a flexible polymer
substrate (also called: the flexprint approach).

In another embodiment the sensing element of
the sensor device of the invention comprises an L coil
which is preferentially printed on a flexible polymer sub-
strate (also called: the flexprint approach).

By use of a flexible polymer substrate the DD
coll or the L coil can be bent into the required shape,
i.e., a shape fitting to the contour/profile of the inte-
rior wall of a turbocharger housing. Alternatives to the
flexprint approach include the use of low temperature co-
fired ceramic (LTCC) technology or wound coils. Alterna-
tives to a DD coil or an L coil include the use of a pancake
coil.

The sensor device of the invention may be used
for turbocharger compression wheel blade sensing for exam-
ple in automotive, truck, off-highway vehicle, aerospace
or power generation applications. The sensor device of the
invention may furthermore be used in any application where
rotational speed needs to be measured/detected, in partic-
ular in applications of small size and/or with high ambient
temperatures and/or where target/object materials are of
lower conductivity than aluminium (e.g., impeller blades
with thin geometry made of for example titanium).

The invention furthermore relates to a turbo-
charger with a turbocharger housing and a sensor device
according to the invention. A compressor wheel 1s arranged
inside the turbocharger housing. The wall of the turbo-
charger housing is provided with a recess, in particular a
bore hole, in which the sensor segment of the sensor device
is positioned such, that both the sensing element and the
sensor electronics are located within the wall of the tur-
bocharger housing. The recess or bore hole preferably pen-
etrates through the wall of the turbocharger housing. The
sensor segment is in particular positioned such in the
recess that its sensor tip 1s exposed to the compressor

wheel but separated from it by a narrow air gap, the narrow
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alr gap preferably being 0.7£0.4 millimetres. The mounting
segment of the sensor device is connected to the outside
surface of the wall of the turbocharger housing.

As the sensor electronics are positioned within
the turbocharger wall they do not require extra space in
the engine compartment. Furthermore, the position and the
environment of the sensor electronics are known and spec-
ified beforehand, which may increase lifetime of the sensor
device as it 1is presumably not subjected for example to
any unexpected vibrations or temperatures. Moreover, there
is nearly no limitation to the length of the cable harness
connecting the sensor device to an on-board electrical
system, as due to the proximity of sensing element and
sensor electronics there are no significant signal losses
because of the amplified signal. Also, flexibility of cable
routing within the engine compartment is not restricted as
the sensor electronics are integrated in the housing of

the turbocharger.

Short description of the drawings

Further advantageous features and applications
of the invention can be found in the dependent claims, as
well as in the following description of the drawings il-
lustrating the invention. In the drawings like reference
signs designate the same or similar parts/components
throughout the several figures of which:

Fig. 1 shows a cross-sectional top view of the
inside of a sensor device according to the invention,

Fig. 2 shows a perspective view of the inside
of a sensor device according to the invention with the
sensor housing omitted,

Fig. 3 shows an exploded view of the sensor
electronics of a sensor device according to the invention,

Fig. 4 shows a sensing element in form of a DD
coll (Fig. 4a) and corresponding magnetic field curves
(Fig. 4b),
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Fig. 5 shows a sensing element in form of a
pancake coil (Fig. 5a) and corresponding magnetic field
curves (Fig. 5b),

Fig. 6 shows a cross-sectional view of the sen-
sor device according to the invention mounted in a turbo-
charger housing,

Fig. 7 shows a perspective view of the mounted
sensor device according to the invention from the top,

Fig. 8 shows a top view of the mounted sensor
device according to the invention, and

Fig. 9 shows a sensing element in form of a L
coil (Fig. 9a) and corresponding magnetic field curves
(Fig. 9b).

Ways of carrying out the invention

Figure 1 shows a sensor device 20 according to
the invention with a sensor housing 21. The sensor housing
21 comprises a sensor segment 6, a mounting segment 5 and
a connector segment 7 with the mounting segment 5 connect-
ing the sensor segment 6 and the connector segment 7 such
they are on opposite sides of the mounting segment 5. The
mounting segment 5 is preferably formed as flange. The
sensor electronics 9 are arranged inside the sensor segment
6. The sensing element 15 is arranged at the sensor tip
37, i.e., the end further away from the mounting element
5, of the sensing segment 6. In particular the sensing
element 15 1is arranged inside the sensor tip 37 of the
sensor segment 6. The sensing element 15 and the sensor
electronics 9 are connected by contacts 14 which are con-
nected to contact pads 13 of the sensor electronics 9 (see
Figure 2). The sensor electronics 9 and the contacts 14
are preferably mounted on a supporting element 16, in par-
ticular a supporting plate (see Figure 2), which defines
the correct place of the sensor electronics 9, the contacts

14 and thereby also the sensing element 15.
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The connector segment 7 comprises contact pins
8, 1in particular for connecting, via a cable, with an on-
board electrical system of an automobile typically com-
prising control units such as an engine control unit. The
contact pins 8 are connected to the sensor electronics 9,
in particular to contact pads 13 of the sensor electronics
9 (see Figures 2 and 3). The electrical connection between
the contact pins 8 and the sensor electronics 9/contact
pads 13 may be made by soldering, gluing or welding. How-
ever, welding is preferred due to the reliability of welded
connections in an environment of vibration and high tem-
peratures. The same applies to the electrical connection
between the contacts 14 and the sensor electronics 9/the
contact pads 13.

Due to the close integration of sensor elec-
tronics 9 and sensing element 15 there is nearly no limi-
tation in the length of the cables (not shown) connecting
the contact pins 8 of the connector segment 7 for example
to an engine control unit due to the already amplified
output signal of the sensor electronics 9.

For the sensor housing 21, in particular the
sensor segment 6 and the mounting segment 5, to withstand
high temperatures of 200°C and above the sensor housing 21
is preferably made of one or more organic polymer thermo-
plastics/thermoplastic resin, for example PEEK (polyether
ether ketone). The sensor segment 6 and the mounting seg-
ment 5 are preferably formed by directly overmoulding the
sensor electronics 9, the contacts 14, the supporting el-
ement 16 and preferentially also the outer rim of the sens-
ing element 15. The connector segment 7 may be moulded as
a separate piece for insertion into the mounting segment
5. Preferably the sensor segment 6, the mounting segment 5
and the connector segment 7 are moulded together as one
plece. For sealing and electrical insulation of the contact
pins 8 a sealing element 22 is provided in the connector
segment 7 through which the contact pins 8 pass. The seal-

ing element 22 1s made of heat-resistant material such as
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e.g. one or more fluoroelastomers such as FKM (see
http://en.wikipedia.org/wiki/FKM) .

Referring to Figures 2 and 3 the sensor elec-
tronics 9 comprise an integrated SOI circuit 10, in par-
ticular in form of an ASIC. The sensor electronics S may
be given by an ECT board. The sensor electronics 9 may
further comprise protective electronics components 11
(e.g., for protection against electrostatic discharge
(ESD) and noise) and further electronic components 23 such
as for example one or more capacitors.

As outlined above the ASIC 10 1s constructed
using SOI technology and preferably comprises a CuRDL 35.
The ASIC 10 is sandwiched between flexible polymer sub-
strates 24 (also called: prints). Further electronic com-
ponents 11, 23 of the sensor electronics 9 are also pref-
erably sandwiched between the flexible polymer substrates
24. The flexible polymer substrates 24 are preferentially
made of a liquid crystal polymer or polyimide. Other heat-
resistant flexible polymer materials may also be used. The
flexible polymer substrates 24 shall form part of the sen-
sor electronics 9.

The ASIC 10 and the other electronic components
11, 23 of the sensor electronics 9 are preferentially elec-
trically connected by vertical electric connections 36
passing for all components 10, 11, 23 preferably through
the same flexible polymer substrate 24 and further through
the components 10, 11, 23 until they reach a contact pad
(preferably made of copper) of the respective component
11, 23 or (in particular in the case of the ASIC 10) a
CuRDL 35. By sandwiching (pre-moulding) the electronic com-
ponents 10, 11, 23 between the flexible polymer substrates
24 thermal stress is minimized when overmoulding the sensor
electronics 9 with the sensor housing 21.

For configuring/programming the ASIC 10 sev-
eral configuration pads 12 may be provided on top/in one
of the flexible polymer substrates 24 that are electrically

connected with the ASIC 10. By means of the configuration
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pads 12 the ASIC 10 may be configured to meet specific
application criteria, for example with respect to the num-
ber of blades and/or the rotational speed range of the
compressor wheel/impeller of the turbocharger. Addition-
ally or alternatively, the ASIC 10 may be configured via
the pins 8 (see also Figure 8) for example through commands
of an engine control unit. After configuration of the ASIC
10 its configuration is preferably protected against over-
writing. A parity control may be performed for data integ-
rity.

In particular, the ASIC may be configured for
the following parameters/features: number of blades (di-
vider), double pulse suppression, debouncer, output pulse
width, maximum frequency range of the output signal, error
detection fregquency range, detection threshold and hyste-
resis, short circuit detection time, over temperature shut-
down threshold, oscillator trimming, demodulator trimming,
bandgap trimming, and/or error flagging disabling and en-
abling. Error flagging disabling and enabling may espe-
cially concern: coilbreak (breaking of the sensing element
15), overtemperature detection (regarding sensor device
environment), data-integrity detection, overvoltage and
undervoltage detection (e.g. to protect an engine control
unit which the sensor device 20 is connected to), frequency
error (e.g., whether compressor wheel speed is too low).

Thus, a diagnosis function/system may be in-
corporated into the ASIC 10 and configured in an applica-
tion dependent way, the diagnosis system monitoring over-
voltage and undervoltage, overtemperature, data integrity,
frequency error, coil/sensing element 15 breakage, and/or
short circuits.

Also, through appropriate configuration of the
ASIC 10 the sensor device 20 of the invention is even more
suitable for thin targets, e.g. thin impeller/compressor
wheel blades with low conductivity. Furthermore, through
appropriate configuration the ASIC 10 and thus the sensor

electronics 9 may be matched to the sensing element 15 and
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its output signal. By appropriately configuring the ASIC
10 it can be adjusted to different applications (e.g.,
different compressor wheels) and also to different types
of sensing elements 15.

In that diagnosis functions can be directly
implemented in the ASIC 10, the engine control unit of the
customer, to which the sensor device 20 shall be connected,
can be designed more simply since diagnosis functionality
is shifted to the ASIC 10. The ASIC 10 can then send rel-
evant diagnostic information directly to the engine control
unit.

For measuring rotational speed of a rotatable
object such as a compressor wheel blade, the sensing ele-
ment 15 is part of an oscillator tank formed by this coil,
a capacitor and the integrated SOI circuit/ASIC 10. This
leads to the generation of an electromagnetic field around
the sensing element 15, whose magnetic flux lines “step
out” of the plane of the sensing element 15. If an elec-
trically conducting target/object such as an impeller/com-
pressor blade 26 approaches the sensing element 15, the
magnetic flux lines pass through the blades 26 and induce
eddy currents therein. The eddy currents within the blades
26 also generate an electromagnetic field counteracting
the electromagnetic field generated by the sensing element
15, thereby affecting the impedance of the sensing element
15, and therefore the oscillation frequency. The eddy cur-
rent effect increases when a blade 26 approaches the sens-
ing element 15. The changing impedance of the sensing el-
ement 15 is reflected in modulating the oscillation fre-
quency. Evaluating this frequency by the sensor electronics
9 and/or an engine contrel unit results in current or volt-
age signals that correspond to the rotational speed of the
impeller/ compressor wheel blades 26, such that the rota-
tional speed can be determined.

Referring to Figures 2 and 4 the sensing ele-
ment 15 is realized by a coil, in particular by a double D

coil 57 (also called: DD coil) in the embodiment according



10

15

20

25

30

35

WO 2015/027348 PCT/CH2014/000124
16

to Fig. 4. Other coil configurations/shapes are also pos-
sible. Preferred coil types will be described below in
connection with Fig. 5 and 9. The material of the DD coil
57 is preferably low resistivity one like copper or silver.
The spacings of the lines (curved and uncurved) are in
particular chosen such that the DD coil 57 has a small
size/diameter with a diameter of for example 3.6 millime-
tres, considering the required physical properties of the
DD coil 57. With such a small diameter of the DD coil 57 a
small/thin sensor device tip (a small distal end of the
sensor device 20), and a thin sensor segment 6, may be
realized, for example with a diameter of not more than 4.5
millimetres at the sensor tip 37 and 8.2 millimetres for
the shaft of the sensor segment 6. Consequently, the recess
(e.g., a bore hole) in the turbocharger housing, in which
the sensor segment 6 shall be inserted, needs also only to
be small in diameter, for example having an inner diameter
of slightly more than 4.5 millimetres. The smaller such
recess/bore hole, the better the performance and efficiency
of the turbocharger.

Preferentially, the DD coil 57 is printed onto
a flexible polymer substrate 25 (also called: print) -
instead of being wound - to further ensure small size. By
use of the flexible polymer substrate 25 the DD coil 57
can be easily bent into an appropriate shape, i.e., a shape
corresponding to the shape of the interior wall of the
turbocharger housing at the location where the sensing el-
ement 15 shall be arranged. The flexible DD coil 57 may
thus be bent into a three-dimensional shape, preferably
into a saddle-shaped form. The material for the flexible
polymer substrate 25 is chosen to be highly heat-resistant,
in particular to withstand temperatures at least up to
200°C, preferably at least up to 230°C. Suitable materials
are for example liquid crystal polymers or polyimides. The
flexible polymer substrate 25 also protects the DD coil
against breakage as it may otherwise break due to its in-

herent fragility.
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The flexible polymer substrate 25 may be real-
ized by one of the flexible polymer substrates 24 of the
sensor electronics 9 which simplifies the connection be-
tween the sensing element 15 and the sensor electronics 9
and may reduce internal connections.

In addition to printing the DD coil 57 onto the
flexible polymer substrate 25 various technologies may be
used for integration of the DD coil 57, such as for example
LTCC (low temperature co-fired ceramic) technology. This
allows for flexible adoption of coil integration depending
on the particular ambient conditions such as very high
temperature applications and mechanical strength.

Due to its shape/geometry (see Figures 2 and
4) the DD coil 57 is especially well suited to detect/meas-
ure changes of its magnetic field caused by thin blades 26
(in particular with a thickness below 1 millimeter). The
shape of the output signal of the DD coil 57 is also well
suited for further analysis and evaluation for example by
the sensor electronics 9 and/or an engine control unit.

Because of the preferred saddle-shaped form of
the DD coil 57 it must be adequately oriented to the
blades/targets 26 such that the magnetic field generated
by the DD coil 57 is influenced by (“senses”) a larger
effective target/blade surface, thereby increasing the
modulation of the impedance and thus the output signal of
the DD coil 57 through retroaction of higher eddy currents
induced into the blades 26.

Figures 4, 5 and 9 show a comparison of the
DD coil 57 , a typically employed pancake coil 27 and an L
coil 47 respectively, and the magnetic fields B generated
by them. “X”, “Y”, and “Z” denote the respective direc-
tions. The dashed arrows indicate the direction of tar-
get/blade 26 movement. In the diagrams in Figures 4b), 5b)
and 9b) the black areas/parts of the targets/blades 26 are
the areas/parts of the targets/blades 26 “sensed” and thus

most influenced by the respective components BY (in the Y-
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direction) and BZ (in the Z-direction) of the magnetic
field of the coils 57, 27, 47.

For the pancake coil 27 there is a “dip” (i.e.,
a valley within a double pulse) in the output signal when
the target/blade 26 is located at the middle of the coil
27 where there is no magnetic field component BZ in the Z-
direction. The magnetic field component BY in the Y-direc-
tion cannot compensate for this due to the small effective
area/parts seen by the magnetic field BY in the Y-direc-
tion.

For the L coil, the field of the left side of
Fig. 9b) is strongly reduced, thereby reducing the signal
delivered by this part and therefore reducing the “dip”
effect, whilst retaining the signal amplitude

On the other hand, for the DD coil 57 the mag-
netic field <component BZ in the Z-direction af-
fects/”senses” a large area/part of the blades 26 when they
are in the middle or on the sides of the DD coil 57. The
magnetic field component BY in the Y-direction is only
slightly affected by the corresponding small effective ar-
eas/parts of the blades 26. Thus, the particular geometry
of the DD coil 57 strongly decreases or may even entirely
suppress the dip/valley in the output signal observed with
conventional pancake coils 27, also when used for detecting
thin blades 26. Hence, use of the DD coil 57 results in a
sharper signal shape for stable signal processing (compared
with use of the pancake coil 27), but with drawback of a
lower signal amplitude

The DD coil 57 may be provided with a supple-
mental layer, which may be realized as a 2-layer coil in
order to strengthen the magnetic field it generates and to
increase signal strength.

The three-dimensional, in particular saddle-
shaped, form of the sensing element/DD coil 57 and the
resulting three-dimensional, in particular saddle-shaped

form, of the tip/head of the sensing element 6 of the
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device 20 can follow the inside/inner contour of the tur-
bocharger housing. Thereby air flow vortexes/swirls caus-
ing hot spots that would increase the temperature on the
sensor tip (the distal end of the sensor device 20) can
advantageously be avoided, which otherwise might impact on
the efficiency of the turbocharger.

Furthermore, a more constant air gap/sensing
distance can be achieved between the DD coil 57 and the
target/blade 26 over the entire surface of the DD coil 57
which leads to strengthening and increased accuracy of the
output signal of the DD coil/sensing element 57.

Figures 6, 7 and 8 show (part of) a turbo-
charger 28 with a turbocharger housing 1, a compressor
wheel 2 and a compressor inlet 29 inside the housing, the
compressor wheel 2 1s connected to a turbine wheel by a
shaft (not shown). The turbocharger housing 1 is provided
with a recess in form of a hole 30, in particular a cylin-
drical hole such as a bore hole, that preferably passes
entirely through the wall of the turbocharger housing 1 in
the direction toward (the blades 26 of) the compressor
wheel 2.

The sensor device 20 of the invention is in-
serted into the cylindrical hole 30 with its preferably
shaft-like sensor segment 6 until its mounting segment 5
abuts on the wall of the turbocharger housing 1 from the
cutside. The connector segment 7 points away from the tur-
bocharger housing 1. The distal end of the sensor segment
6 with the sensing element 15 is located at the inside
opening of the cylindrical hole 30 such that the rotating
blades 26 pass by it at a short distance.

The outer diameter of the sensor segment 6 ba-
sically corresponds to the inner diameter of the cylindri-
cal hole 30 such that the sensor segment 6 tightly fits
into the cylindrical hole 30. For secure placement within
the cylindrical hole 30 an annular sealing element 4 sur-
rounds the sensor device 6 inside the cylindrical hole 30

to provide a secure and tight fit of the sensor device 20
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within the cylindrical bore 30. The annular sealing element
4 is preferably provided at the transition from the sensor
segment 6 to the mounting segment 5. The annular sealing
element 4 is preferably given by a heat-resistant fluoro-
elastomer O-ring seal that can withstand temperatures of
at least 200°C.

The mounting segment 5 is preferably formed as
a flange with an insert hole 32 through which a bolt 3 or
other securing means can be passed for secure attachment
of the sensor device 20 on the outside of the turbocharger
housing 1. The sensing element 15 and the sensor electron-
ics 9 are integrated into the shaft 6 of the sensor device
20 and thus located inside the wall of the turbocharger
housing 1.

It is to be understood that while certain em-
bodiments of the present invention have been illustrated
and described herein, it 1is not to be limited to the spe-
cific embodiments described and shown. Therefore, terms
like “preferred” or “in particular” or “particularly” or
“advantageously”, etc. signify optional and exemplary em-

bodiments only.
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Claims

1. Sensor device for determining rotational
speed of a rotatable object (26; 2), comprising a sensor
housing (21) with a sensor segment (6), a mounting seg-
ment (5) and a connector segment (7), the sensor segment
(6) and the connector segment (7) being arranged on oppo-
site sides of the mounting segment (5), wherein a sensing
element (15) is arranged at the sensor tip (37) of the
sensor segment (6), characterized in that sensor elec-
tronics (9) are arranged inside the sensor segment (6),
the sensor electronics (9) comprising an integrated sili-
con-on-insulator circuit (10), such that the sensor de-
vice (20) can withstand continuous operating temperatures
of at least 200°C, wherein the integrated silicon-on-in-
sulator circuit (10) is embedded between flexible polymer
substrates (24).

2. Sensor device according to claim 1,
wherein the integrated silicon-on-insulator circuit (10)

further comprises a copper redirection layer (35).

3. Sensor device according to claim 1,
wherein the material of the flexible polymer substrates

(24) comprises liquid crystal polymer and/or polyimide.

4. Sensor device according to one of the pre-
ceding claims, wherein the integrated silicon-on-insula-
tor circuit (10) is provided with vertical electric con-
nections (36) passing through one of the flexible polymer
substrates (24).

5. Sensor device according to one of the pre-
ceding claims, wherein the integrated silicon-on-insula-

tor circuit (10) 1s given by an ASIC.
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6. Sensor device according to one of the pre-
ceding claims, wherein the sensor housing (21) is made of

an organic polymer thermoplastic.

7. Sensor device according to one of the pre-
ceding claims, wherein the sensing element (15) comprises
a double D coil (57), in particular a saddle-shaped dou-
ble D coil.

8. Sensor device according to one of the
claims 1 to 6, wherein the sensing element (15) comprises
an L coil (47).

9. Sensor device according to claim 7 or 8,
wherein the double D coil or the L coil is printed on a

flexible polymer substrate (24).

10. Turbocharger with a turbocharger housing
(1) and a sensor device (20) according to one of the pre-
ceding claims, wherein a compressor wheel (2) is arranged
inside the turbocharger housing (1) and the wall (1) of
the turbocharger housing is provided with a recess (30)
in which the sensor segment (6) of the sensor device (20)
is positioned such that both the sensing element (15) and
the sensor electronics (9) are located within the wall of
turbocharger housing (1), wherein the mounting segment
(5) of the sensor device (20) is connected to the outside

surface of the wall of the turbocharger housing (1).
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