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A magnetic-field-based angle sensor system includes a stator
component and a rotor component rotatable relative thereto,
a magnetic field sensor operating in saturation operation and
a magnetic field sensor operating in linear operation,
wherein the magnetic field sensor operating in saturation
operation is configured to determine a rotation angle of the
rotor component relative to the stator component, and
wherein the magnetic field sensor operating in linear opera-
tion is configured to ascertain an external magnetic stray
field acting on the angle sensor system. The angle sensor
system further includes a control device configured, based
on the ascertained external magnetic stray field, to compen-
sate for a stray-field-dependent measurement deviation in
the determination of the rotation angle carried out.
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MAGNETIC-FIELD-BASED ANGLE SENSOR
SYSTEM WITH STRAY FIELD
COMPENSATION AND METHOD FOR
STRAY FIELD COMPENSATION

FIELD

[0001] The present disclosure relates to a magnetic-field-
based angle sensor system, and in particular to a magnetic-
field-based angle sensor system with integrated stray field
compensation for reducing and/or compensating for mea-
surement deviations in the determination of a rotation angle
between a rotor and a stator.

BACKGROUND

[0002] Angle sensors are used to ascertain rotation angles
between a stator and a rotor rotatable relative thereto. This
can involve a rotation by a few degrees, or else a rotation of
360° or more. By way of example, the rotor may rotate a
number of times, and in some instances at very high angular
velocities, about its own axis or relative to the stator.
[0003] Such angle measuring systems of the generic type
generate a sine component, also referred to as y-component,
and a cosine component, also referred to as x-component.
The rotation angle can then be ascertained using the arc-
tangent function (also referred to as arctan, atan or tan™"), in
accordance with:

[0004] Such magnetic-field-based angle sensors find
application for example in the automotive sector, e.g. in the
electrical commutation of electric motors. The requirement
in respect of the angle accuracy, i.e. the precision of the
angle measurement, is constantly increasing in this case. In
some instances, angle deviations of less than 0.2° are
required in the measurement of the rotation angle. In prac-
tice, however, it is extremely difficult to realize such a small
tolerance range since, in particular, external magnetic stray
fields may lead to undesired measurement deviations that
adversely influence the required precision.

SUMMARY

[0005] In order to lessen or compensate for the adverse
influence of said external magnetic stray fields, magnetic
shields can be used. However, providing and mounting such
magnetic shields results in increased work and costs in the
design and production of the applications.

[0006] In order to comply with the requirement for high
precision in the angle determination, the present disclosure
proposes a magnetic-field-based angle sensor system with
integrated stray field compensation and a corresponding
method for stray field compensation as claimed in the
independent claims. Embodiments and further advantageous
aspects of this angle sensor and of the corresponding method
for stray field compensation are mentioned in the respective
dependent patent claims.

[0007] The magnetic-field-based angle sensor system
described herein includes a stator component and a rotor
component rotatable relative thereto, wherein the rotor com-
ponent includes a multipole magnet. Furthermore, the angle
sensor system includes a magnetic field sensor operating in
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saturation operation and a magnetic field sensor operating in
linear operation, wherein the magnetic field sensor operating
in saturation operation is configured to determine a rotation
angle of the rotor component relative to the stator compo-
nent based on the magnetic field of the multipole magnet. By
contrast, the magnetic field sensor operating in linear opera-
tion is configured to ascertain an external magnetic stray
field acting on the angle sensor system. The angle sensor
system furthermore includes a control device configured,
based on the external magnetic stray field ascertained by
means of the magnetic field sensor operating in saturation
operation, to reduce and/or to compensate for a stray-field-
dependent measurement deviation in the determination of
the rotation angle carried out by means of the magnetic field
sensor operating in saturation operation.

[0008] Moreover, a corresponding method for reducing
and/or compensating for a measurement deviation in the
determination of a rotation angle by means of a magnetic-
field-based angle sensor system is proposed, wherein the
method includes a step of providing a stator component and
a rotor component rotatable relative thereto, wherein the
rotor component includes a multipole magnet. Furthermore,
the method includes providing a magnetic field sensor
operating in saturation operation and a magnetic field sensor
operating in linear operation. A rotation angle between the
rotor component and the stator component can be deter-
mined by means of the magnetic field sensor operating in
saturation operation, specifically based on the magnetic field
of the multipole magnet. An external magnetic stray field
acting on the angle sensor system can be determined by
means of the magnetic field sensor operating in linear
operation. On the basis of this ascertained magnetic stray
field, a stray-field-dependent measurement deviation in the
determination of the rotation angle can then be reduced
and/or compensated for.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 shows a schematic lateral view of an angle
sensor system in a so-called End-of-Shaft (EoF) embodi-
ment in accordance with one exemplary embodiment,

[0010] FIG. 2 shows a schematic plan view of an angle
sensor system in accordance with one exemplary embodi-
ment,

[0011] FIG. 3 shows a schematic block diagram for illus-
trating the concept described herein for stray field compen-
sation in accordance with one exemplary embodiment,

[0012] FIGS. 4A-4C show schematic illustrations for visu-
alizing the effect of magnetic stray fields on the operating
magnetic field of sensors operating in saturation operation
and sensors operating in linear operation,

[0013] FIG. 5A shows a schematic block diagram for
illustrating the concept described herein for stray field
compensation by means of pre-CORDIC in accordance with
one exemplary embodiment,

[0014] FIG. 5B shows a schematic block diagram for
illustrating the concept described herein for stray field
compensation by means of post-CORDIC in accordance
with one exemplary embodiment,

[0015] FIGS. 6A and 6B show functions of angle mea-
surement signals of a simulation of the concept described
herein for stray field compensation in accordance with one
exemplary embodiment,
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[0016] FIG. 7 shows a schematic block diagram for illus-
trating a method for stray field compensation in accordance
with one exemplary embodiment,

[0017] FIG. 8 shows diagrams for elucidating output sig-
nals of a real and an ideal vertical Hall effect sensor for
decision-making about the correct half-plane in the deter-
mination of an electrical angle by means of an AMR-based
sensor in accordance with one exemplary embodiment,
[0018] FIG. 9 shows an amplitude circle for elucidating
the correction of the half-plane in AMR-based sensors in
accordance with one exemplary embodiment,

[0019] FIG. 10 shows a further amplitude circle for elu-
cidating the correction of the half-plane in AMR-based
sensors in accordance with a further exemplary embodi-
ment,

[0020] FIG. 11 shows simulation results with sensor out-
put signals with a correction of the half-plane in AMR-based
sensors in accordance with one exemplary embodiment, and
[0021] FIG. 12 shows simulation results of the residual
angle error after correction of the half-plane in AMR-based
sensors in accordance with one exemplary embodiment.
[0022] Exemplary embodiments are described in greater
detail below with reference to the figures, wherein elements
having the same or a similar function are provided with the
same reference signs.

DETAILED DESCRIPTION

[0023] Method steps which are illustrated in a block
diagram and explained with reference to same can also be
carried out in a different order than that depicted or
described. Moreover, method steps which relate to a specific
feature of a device are interchangeable with precisely this
feature of the device, which likewise holds true the other
way around.

[0024] Insofar as compensation, in particular stray field
compensation, is mentioned within this disclosure, this
should be understood to mean attenuation or reduction.
Stray field compensation is accordingly attenuation or
reduction of a measurement deviation caused by the stray
field. However, the term compensation can also be under-
stood herein to mean complete reduction or elimination of a
measurement deviation.

[0025] Insofar as a multipole magnet is mentioned within
this disclosure, this is taken to mean a magnet, and in
particular a permanent magnet, having at least two different
poles. This can be for example a dipole magnet having one
north pole and one south pole, a quadrupole magnet having
two north poles and two south poles, a sextupole magnet
having three north poles and three south poles, and the like.
The poles of the multipole magnet can be situated opposite,
for example diametrically opposite, one another. The mul-
tipole magnet can have various geometric shapes. By way of
example, the multipole magnet can have a ring-shaped
design. Moreover, everything described herein based on the
example of a dipole magnet equally holds true for multipole
magnets as well. The same also holds true the other way
around.

[0026] FIG. 1 shows a magnetic-field-based angle sensor
system 100 in accordance with one exemplary arrangement.
This is a so-called End-of-Shaft (EoS) arrangement, in
which a multipole magnet 101 is arranged at the end of a
rotatable shaft 102. In this non-limiting example, the mul-
tipole magnet 101 can be a two-pole magnet (dipole mag-
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net). In this case, the rotatable shaft 102 is a rotor component
that rotates around the rotation axis 105.

[0027] A package 103 is arranged opposite the multipole
magnet 101. The package 103 can be arranged on a stator
component 104, for example a printed circuit board (PCB).
The package 103 can comprise an angle sensor system. The
angle sensor system can comprise at least one magnetic field
sensor. The magnetic field sensor can be a magnetic angle
sensor configured to ascertain the current rotation angle of
the multipole magnet 101 rotating with the shaft 102 (rotor
component) relative to the stator component 104.

[0028] The magnetic field sensor can be for example a
magnetoresistive magnetic field sensor, and in particular a
magnetic field sensor operating in saturation operation. As
non-limiting examples, mention shall be made in this respect
of AMR sensors, which utilize the anisotropic magnetore-
sistive effect (AMR), or GMR sensors, which utilize the
giant magnetoresistance effect (GMR), or CMR sensors,
which utilize the colossal magnetoresistive effect (CMR), or
TMR sensors, which utilize the tunneling magnetoresistance
effect (TMR). Within the present disclosure here, these types
of magnetoresistive magnetic field sensors operating in
saturation operation are also combined under the abbrevia-
tion XMR sensors.

[0029] Such magnetic field sensors operating in saturation
operation generate a sine component, also referred to as
y-component, and a cosine component, also referred to as
x-component. The rotation angle between the rotor compo-
nent and the stator component can then be ascertained using
the arc-tangent function (also referred to as arctan, atan or
tan™'), in accordance with:

[0030] The xMR sensors have a very good signal to noise
ratio (SNR). AMR sensors furthermore have an excellent
stability vis-a-vis phase drift and errors regarding higher-
order harmonics. However, AMR sensors are limited to an
angle range of 180°, i.e. AMR sensors yield unambiguous
results regarding the rotation angle to be measured only in
a range of 180°. Moreover, AMR sensors may occasionally
exhibit drifts in their output signal amplitude and a discern-
ible offset.

[0031] Alternatively, or additionally, the angle sensor sys-
tem depicted in FIG. 1 can comprise a magnetic field sensor
operating in linear operation. As non-limiting examples,
mentioned shall be made in this respect of Hall sensors or
alternatively xXMR sensors operating in linear operation. Hall
sensors have an excellent linearity. Moreover, Hall sensors
can have offset compensation (e.g. current spinning), which
leads to the reduction and/or compensation of the intrinsic,
i.e. system-inherent, offset.

[0032] Both types of magnetic field sensors mentioned
above are susceptible to external interference fields, so-
called external magnetic stray fields. These stray fields lead
to deviations or errors in the angle measurement. Just the
Earth’s magnetic field can already lead to significant devia-
tions in the determination of the rotation angle between the
rotor component and the stator component. In this regard,
for example in the case of a magnetic field sensor having an
operating magnetic field amplitude of 20 mT, a stray field of
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approximately 100 pT, which corresponds approximately to
the Earth’s magnetic field, can already lead to angle errors
of 0.3° or more.

[0033] In order to improve this problem in existing angle
sensor systems, it is therefore proposed to provide an angle
sensor system with integrated stray field compensation. An
excerpt from such an angle sensor system is shown by way
of example in FIG. 2.

[0034] FIG. 2 shows a schematic plan view of a magnetic-
field-based angle sensor system 100 in accordance with the
concept described herein. The angle sensor system 100, as
described above with reference to FIG. 1, can be arranged in
a package 103. The package 103, or the angle sensor system
100, can be arranged on a substrate 104, such as a PCB, for
example. The substrate 104 can be part of a stator compo-
nent.

[0035] The angle sensor system 100 can comprise at least
one magnetic field sensor 110 operating in saturation opera-
tion. The magnetic field sensor 110 operating in saturation
operation can optionally comprise one or more sensor
bridges, which here are illustrated using dashed lines and are
provided with the reference signs 111, 112, . . ., 118.
[0036] The angle sensor system 100 can furthermore com-
prise at least one magnetic field sensor 120 operating in
linear operation. Optionally, however, the angle sensor sys-
tem 100 can also comprise a plurality of magnetic field
sensors operating in linear operation, wherein here a further
magnetic field sensor of this type is illustrated using dashed
lines and is provided with the reference sign 121. Only the
at least one magnetic field sensor 120 operating in linear
operation will be explained in greater detail below, although
all the explanations are, of course, likewise also applicable
to all other magnetic field sensors operating in linear opera-
tion 121 etc.

[0037] The magnetic field sensor 110 operating in satura-
tion operation can be an xXMR sensor. xMR-based angle
sensors 110 are usually operated in saturation. They measure
the (cosine and sine of the) angle of the resulting magnetic
field. This measuring method is particularly well suited to
determining a rotation angle with high resolution.

[0038] xMR-based sensors can indeed have means for
intrinsic offset compensation, i.e. for the compensation of
offsets caused for example by the sensor elements them-
selves or the electron signal path. However, xMR-based
sensors are susceptible to magnetic interference fields, e.g.
to external magnetic stray fields. On account of saturation
operation, the quantification of the magnetic offset caused by
the external magnetic stray fields is not possible without
restriction in xXMR-based sensors and this magnetic offset
results directly in a finite angle error. Moreover, xMR-based
sensors generally lack the possibility of magnetic offset
compensation, i.e. the compensation of an offset caused by
external magnetic stray fields. However, these magnetic
offsets limit the achievable measurement accuracy for stan-
dard End-of-Shaft (EoS) applications.

[0039] Inthe linear angle sensors used here, or in magnetic
field sensors operating in linear operation generally, such a
magnetic offset propagates linearly. Consequently, the mag-
netic offset can be quantified particularly well by means of
the magnetic field sensors operating in linear operation. This
holds true particularly if a magnetic field sensor operating in
linear operation additionally also has intrinsic offset com-
pensation (e.g. by means of current spinning). One non-
limiting example of such a magnetic field sensor operating
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in linear operation would be a Hall sensor, or a Hall element.
The magnetic field sensors operating in linear operation thus
have minimal residual offsets. Moreover, magnetic stray
fields can be very accurately ascertained and compensated
for. The magnetic field sensors operating in linear operation
have a low SNR, however, and are additionally sensitive to
changes in mechanical stresses, in particular of shear
stresses.

[0040] The concept proposed herein provides, then, for
providing a magnetic-field-based angle sensor system 100
(FIG. 2), wherein this angle sensor system 100 comprises at
least one magnetic field sensor 110 operating in saturation
operation and in addition at least one magnetic field sensor
120 operating in linear operation.

[0041] The magnetic field sensor 110 operating in satura-
tion operation can be configured to determine a rotation
angle of the rotor component 102 relative to the stator
component 104 based on the magnetic field of the multipole
magnet 101 (FIG. 1). The magnetic field sensor 120 oper-
ating in linear operation can be configured to ascertain an
external magnetic stray field acting on the angle sensor
system 100.

[0042] The angle sensor system 100 can furthermore com-
prise a control device 130 configured, based on the external
magnetic stray field that can be ascertained by means of the
magnetic field sensor 120 operating in linear operation, to
reduce and/or to compensate for a stray-field-dependent
measurement deviation in the determination of the rotation
angle, wherein the determination of the rotation angle can in
turn be carried out by means of the magnetic field sensor 110
operating in saturation operation.

[0043] In other words, information about the magnetic
stray field that is ascertained by means of the magnetic field
sensor 120 operating in linear operation can be used to
reduce or to compensate for measurement errors or mea-
surement deviations of the magnetic field sensor 110 oper-
ating in saturation operation.

[0044] FIG. 3 shows a schematic block diagram for elu-
cidating a conceivable configuration for reducing or com-
pensating for external magnetic stray fields. Insofar as
magnetic stray fields are mentioned herein, this can be
understood to mean that quasi-static magnetic stray fields
are involved, i.e. stray fields which change significantly
more slowly than the rotational frequency of the magnetic
field used for angle measurement. Such magnetic stray fields
can lead to a kind of constant offset that is added to the
magnetic field used for angle measurement.

[0045] The magnetic field sensor 120 operating in linear
operation can generate output signals 310 that can have a
dependence on such an external magnetic stray field. By way
of example, the output signals 310 can have, inter alia, a
dependence on the strength of such an external magnetic
stray field, i.e. the stronger the stray field, the greater the
effect on the output signals 310. An autocalibration 320 can
then in turn be applied to the output signals 310. The
autocalibration 320 can be for example a calibration in
which an amplitude offset caused by the stray field and/or a
phase offset and/or an offset of the output signals 310 are/is
ascertained.

[0046] Stray field information 330 can thus be ascertained
in the autocalibration 320. The stray field information
describes as it were the stray field. Said stray field informa-
tion can then be applied to the output signals 340 of the
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magnetic field sensor 110 operating in saturation operation
in order to reduce and/or compensate for measurement
deviations.

[0047] In other words, the magnetic field sensor 110
operating in saturation operation generates output signals
340 that can be used for angle measurement between the
rotor component 102 and the stator component 104. The
output signals 340—representing the rotation angle—of the
magnetic field sensor 110 operating in saturation operation
have a dependence on the external magnetic stray field. The
stray field information 330 ascertained by means of the
magnetic field sensor 120 operating in linear operation, or
during the autocalibration 320 of said sensor, can then be
used to reduce or to compensate for this dependence of the
output signals 340 of the magnetic field sensor 110 operating
in saturation operation on the external magnetic stray field.
In other words, the stray field information 330 can contain
stray-field-dependent parameters that can be used for com-
pensating for or reducing the measurement error of the
magnetic field sensor 110 operating in saturation operation.
For this reason, the stray field information 330 can also be
referred to as stray-field-dependent compensation param-
eters.

[0048] As has already been mentioned in the introduction,
the external magnetic stray field can add a kind of constant
offset to the output signals 340 of the magnetic field sensor
110 operating in saturation operation. In order to reduce or
to compensate for this offset, the stray-field-dependent com-
pensation parameters 330 can contain offset information that
was ascertained from the output signals 310 of the magnetic
field sensor 120 operating in linear operation, e.g. during the
autocalibration 320. Alternatively, or additionally, the stray-
field-dependent compensation parameters 330 can contain
amplitude information (e.g. an amplitude deviation) that was
ascertained from the output signals 310 of the magnetic field
sensor 120 operating in linear operation, e.g. during the
autocalibration 320.

[0049] This will be explained in greater detail below with
reference to FIGS. 4A-4C. The figures schematically show
the above-discussed effect of a quasi-static magnetic stray
field on the output signals 310, 340 of a magnetic-field-
based angle sensor system 100 comprising a magnetic field
sensor 110 operating in saturation operation and a magnetic
field sensor 120 operating in linear operation in an EOS
application, as shown in FIG. 1.

[0050] FIG. 4A shows a magnetic field vector B, result-
ing from the multipole magnet 101, and associated angle
information ¢, under the influence of a quasi-static mag-
netic stray field B,,,,,,.. The resulting effective magnetic field
B, contains deviating angle information ¢ 4, As is illus-
trated by the circle 401 shown using solid lines, the effective
magnetic field as a function of the angle describes a circle
that is offset relative to the origin by the absolute value of the
offset.

[0051] FIG. 4B shows the system response of an ideal
magnetic field sensor 110 operating in saturation operation
(here: a GMR sensor) with a signal amplitude S, to the
effective magnetic field. The magnetic field sensor 110
operating in saturation operation normalizes the amplitude
of the magnetic field vector with respect to its own signal
amplitude S, . For this reason, the output of the magnetic
field sensor 110 as a function of the angle describes a circle
whose center lies at the origin. However, any information
about the external magnetic stray field is lost in this case.
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However, the output signal @, representing the rotation
angle nevertheless contains an angle error (measurement
deviation) on account of the magnetic stray field.

[0052] FIG. 4C shows the system response of an ideal
magnetic field sensor 120 operating in linear operation
(here: a Hall effect sensor) with a signal sensitivity S, to
the effective magnetic field. The magnetic field sensor 120
operating in linear operation scales as it were the effective
magnetic field vector on account of its sensitivity S;;,;;- For
this reason, the output of the magnetic field sensor 120 as a
function of the angle describes a circle whose center is offset
relative to the origin by the magnetic stray field. As has
already been explained above with reference to FIG. 3, stray
field information 330 can be ascertained, for example by
means of an autocalibration 320, and the undesired effects
thereof on the sensor output signal 340 of the magnetic field
sensor 110 operating in saturation operation can be reduced
or compensated for in order thus to obtain the original angle
information @,,,,,,.

[0053] Possible exemplary embodiments for reducing or
compensating for stray-field-dictated measurement devia-
tions in the angle determination will be explained below by
means of mathematical proofs:

[0054] Generally, the effective magnetic field in an EOS
application under the influence of an external magnetic stray

field B,,,,,=(Bsx, Bsy)” is given by:
Bocos(@mag) + Bsx [¢8]
Bery(Omag) = Brag(Pmag) + Butray = [ Busin(gmeg) + By ] .

[0055] An ideal magnetic field sensor operating in linear
operation responds to such an effective magnetic field by
simply scaling it with its sensitivity, in accordance with:

( Xvnau SvHatt * Bocos(@mag) + Svhau - Bsx 2)

] = Svhalt * Ber (Pmag) = (
Yyau

Sytiat * BoSIN@mag) + Svpiau - Bsy |

[0056] An autocalibration (e.g. a min/max search), such as
has been described above with reference to FIG. 3, for
example, results in the stray-field-dependent compensation
parameters 330. The stray-field-dependent compensation
parameters 330 can contain for example offset information
(Ox, Oy) and/or amplitude information (Ax, Ay) of the
output signals of the magnetic field sensor 120 operating in
linear operation:

Ax=4y=SppairBo. OX=SpprarBsx, Oy=SyparBsy. 3

[0057] Here Ax=(max(Xz,;)-min(X,;,.»))/2 denotes the
amplitude and Ox=(max(X,z,;,)+min(X,,..1)/2 denotes
the offset of the x-channel. Ay and Oy denote the amplitude
and the offset of the y-channel. For the purpose of carrying
out the autocalibration, it is advantageous if at least one
interval of at least 360° is swept over between the rotor
component and the stator component. The quasi-static mag-
netic stray field B,,,,, (normalized by means of the ampli-
tude of the magnetic field B,) can be quantified from these
compensation parameters, in accordance with:
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Bitray _(OX/ Ax] )
By ~\oy/ay/
[0058] The stray-field-dependent compensation param-

eters 330 can thus have for example a ratio between the
offset information Ox, Oy and the amplitude information
Ax, Ay, in accordance with:

offset information (x)/amplitude information (x)=0Ox/
Ax, and

offset information (y)/amplitude information (y)=0y/
Ay.

[0059] As will be shown below, this stray field informa-
tion, or the offset information (Ox, Oy) and/or amplitude
information (Ax, Ay) contained therein, is already sufficient
for determining the effect of the quasi-static magnetic stray
field and for applying corresponding stray field compensa-
tion to the output signals 340 of the magnetic field sensor
110 operating in saturation operation.

[0060] An ideal magnetic field sensor operating in satu-
ration operation responds to the effective magnetic field in
accordance with equation (1) by generating the cosine and
sine components of the effective angle, in accordance with:

(XXMR ] cos(Numr * efr) (5)
TOME sin(Noa Pefr)

Yimr
s (BocoS(NxMR * Pmag) + BSX) [ | Befr (0mag)|

MR * . .
U (Bosin(Nug - @mag) + Bsy) /1B (o)

[0061] The factor N,,,~ has been introduced in equation
(5) in order to distinguish between the various xXMR tech-
nologies. N, =1 for GMR and TMR technologies, which
yield unambiguous output signals over a full period of 360°,
and N, ,-=2 for AMR technologies, which yield unambigu-
ous output signals only over an interval of 180°.

[0062] For GMR and TMR (N,,,z=1), a Taylor series
expansion of equation (5) up to the first order of (B,,,,,/B,)
results in:

(XxMR ] S [[ COS(@rmag) ]_Cl(%mg) . ( Ox/Ax ]] . 6)
Yarr SIN(Qnag) Oy /Ay
a{(%)z], for Neyr = 1.
By

[0063] The correction factor C,(¢,,,,)=(1-Ox/Ax-cos
(P nag)~Oy/Ay. sin(¢,,,.)) has been introduced here. Higher-
order terms

)

are subsequently designated by o(stray?). Inverting equation
(6) and disregarding higher-order terms yields:

X4=X2-C2(X2,Y2)-Ox/Ax+0(stray?), for Nzm=1,

Y4=Y2 C2(X2,Y2)-Oy/dy+o(stray?), for N m=1. Q)
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[0064] Here C,(X2, Y2)=(1+0x/AxX2+0y/Ay-Y2)
denotes the inverted correction factor (up to the first order),
and X2 and Y2 denote the AOP-compensated xMR output
signals (with regard to the term AOP compensation, see
below).

[0065] The effect of the external magnetic stray field on
the output signals 340—representing the rotation angle—of
the magnetic field sensor 110 operating in saturation opera-
tion can likewise be determined. The arc-tangent function
(or arctan 2) can be applied to equation (5) for this purpose.
A subsequent Taylor series expansion up to the first order of
(Byyray/Bo) results in:

Yimr ) _ (8)
XM R

a:( SIN(N 1R *Pefs) ]
arct: ——— | = arctan|
COS(NxmR *Pesf)

Oy Ox 2
Nowr -(wmg - o8y~ o -sm(somg>] + ostray).

NimR @eff = arctan(

( Bosin(Npsg - Omag) + Bsy ]
Bocos(Nupy g - ©mag) + Bsx

[0066] In contrast to equation (6), which is not applicable
to AMR sensors without any restriction, equation (8) holds
true for GMR-, TMR- and AMR-based angle sensors. If
equation (8) is then inverted and the higher-order terms are
again disregarded, then this yields the following:

1 Y2 ©
$II= Nor -arctan(ﬁ)
Ox | Oy 5
Pmag = Peff + o -sin(@epp) — Ay -cos(@epp) + ol(stray”) .
[0067] Here X2 and Y2 denote the AOP-compensated

xMR output signals (with regard to AOP compensation, see
below). For AMR-based angle sensors it is advantageous if
the correct half-plane for determining the angle @, is
determined. This can be done for example by picking off
“quadrant information” from the signal path of the magnetic
field sensor 120 operating in linear operation (e.g. Hall effect
sensor), or by internally tracking the respective quadrant.
[0068] As has already been mentioned in the introduction,
the magnetic field sensor 110 operating in saturation opera-
tion can determine the rotation angle between the rotor
component 102 and the stator component 104 by calculation
of the arc-tangent function of the sine and cosine compo-
nents of the output signals, in accordance with:

[0069] The calculation of the rotation angle is also referred
to as CORDIC herein. For TMR- and GMR-based angle
sensors, their AOP-compensated output signals X2=cos(¢,,)
and Y2=sin(¢,,) can be used directly for the calculation of
the rotation angle (CORDIC). For AMR-based angle sen-
sors, by contrast, a preceding further CORDIC implemen-
tation is required in order to calculate the sine and cosine of
the angle @,

[0070] Equations (3), (4), (7) and (9) form the basis for the
autocalibration and stray field compensation described
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herein. The stray field compensation itself can be effected in
various ways here. By way of example, the output signals
340 of the magnetic field sensor 110 operating in saturation
operation can be compensated for using the stray-field-
dependent compensation parameters 330 (ascertained by
means of the magnetic field sensor 120 operating in linear
operation), specifically before the rotation angle is calcu-
lated (so-called pre-CORDIC). As an alternative thereto,
firstly the rotation angle can be calculated from the output
signals 340 of the magnetic field sensor 110 operating in
saturation operation and after that the stray-field-dependent
compensation parameters 330 (ascertained by means of the
magnetic field sensor 120 operating in linear operation) can
be applied to the calculated rotation angle for the purpose of
stray field compensation (so-called post-CORDIC).

[0071] FIG. 5A shows a schematic block diagram for
illustrating one exemplary embodiment for stray field com-
pensation, wherein firstly the output signals 340 of the
magnetic field sensor 110 operating in saturation operation
are compensated for using the stray-field-dependent com-
pensation parameters 330 (ascertained by means of the
magnetic field sensor 120 operating in linear operation) and
subsequently the rotation angle is calculated (pre-CORDIC).
[0072] FIG. 5A schematically illustrates a magnetic field
sensor 110 operating in saturation operation and a magnetic
field sensor 120 operating in linear operation. The signal
path of the magnetic field sensor 110 operating in saturation
operation is divided into a first signal path 110A, which
includes a cosine component of the sensor signal, and into
a second signal path 110B, which includes a sine component
of the sensor signal. The same applies to the magnetic field
sensor 120 operating in linear operation. The signal path of
the magnetic field sensor 120 operating in linear operation is
divided into a first signal path 120A, which includes a cosine
component of the sensor signal, and into a second signal
path 120B, which includes a sine component of the sensor
signal.

[0073] The output signals 340 of the magnetic field sensor
110 operating in saturation operation can optionally be
subjected to a so-called AOP correction 360. The term AOP
stands for amplitude—phase—offset. That is to say that the
output signals 340 can be processed insofar as an amplitude
offset and/or a phase offset and/or a static offset are/is
reduced or compensated for. The AOP correction 360 can
include an AOP calibration 361 and a subsequent AOP
compensation 362, wherein the AOP calibration 361 yields
the corresponding AOP parameters 363, which can then in
turn be applied to the output signals 340 for AOP compen-
sation.

[0074] In accordance with such an exemplary embodi-
ment, the control device 130 can thus be configured, before
applying the stray-field-dependent compensation parameters
330, to carry out an amplitude-phase-offset correction 360 of
the output signals 340 of the magnetic field sensor 110
operating in saturation operation, wherein in the amplitude-
phase-offset correction 360 an amplitude offset compensa-
tion and/or a phase offset compensation and/or an offset
compensation are/is applied to the output signals 340 of the
magnetic field sensor 110 operating in saturation operation.
[0075] Such an AOP correction 360 minimizes linear
irregularities in the xXMR signal path, and e.g. offsets and
amplitude offsets. For the purpose of the AOP correction
360, for example a min/max determination can be applied to
the output signals 340 (X, and Y ,,z), in particular in an

Feb. 24, 2022

interval of at least 360° for GMR- and TMR-based sensors,
or alternatively in an interval of 180° for AMR-based
sensors. From the maxima and minima found, it is then
possible to determine the amplitudes Ax,,», Ay, .,z and the
offsets OX, /%, OV, 0 the respective signal path 110A,
110B.

[0076] Once the AOP autocalibration 361 has ended, i.e.
as soon as sufficiently good estimated values for the AOP
parameters 363 have been attained, these AOP parameters
363 can be used for the AOP compensation 362, such that
AOP-compensated output signals X2, Y2 result therefrom,
in accordance with:

X2=(Xprr~ O%pgr) A¥agr and Y2=(Yam—O¥,aqr)/
Ayam

[0077] The AOP autocalibration 361 can be carried out
continuously in order to improve the result in the determi-
nation of the AOP parameters 363 derivable therefrom over
time.
[0078] In parallel therewith it is possible to carry out the
autocalibration 320 of the output signals 310 of the magnetic
field sensor 110 operating in saturation operation, said
autocalibration already having been explained above with
reference to FIG. 3. The stray-field-dependent compensation
parameters 330 can thereby be ascertained. The stray-field-
dependent compensation parameters 330 can be ascertained
for example in accordance with equation (4) above. In
particular, the stray-field-dependent compensation param-
eters 330 can contain amplitude information and/or offset
information of the output signals 310, for example the ratios
Ox/Ax and Oy/Ay presented above in equation (4).
[0079] The stray-field-dependent compensation param-
eters 330 can then be used to subject the (optionally AOP-
compensated) output signals 340 or X2, Y2 of the magnetic
field sensor 110 operating in saturation operation to stray
field compensation. By way of example, stray field com-
pensation using equation (7) above results in stray-field-
compensated output signals X4, Y4, which can then in turn
be used to calculate the stray-field-compensated rotation
angle ¢, ~arctan(Y4/X4) (see angle calculation CORDIC
in block 370).
[0080] Optionally, the output signals 310 of the magnetic
field sensor 120 operating in linear operation can be sub-
jected to further compensation 380, whereby quadrant infor-
mation can be derived specifically for AMR-based sensors.
Said information can then be taken into account in the
calculation of the stray-field-compensated rotation angle
cpma *
[00§71] In summary, therefore, in the pre-CORDIC
approach shown in FIG. 5A, the control device 130 can be
configured, based on the output signals 340 of the magnetic
field sensor 110 operating in saturation operation, to carry
out an angle calculation indicating the rotation angle of the
rotor component 102 relative to the stator component 104,
and the control device 130 can furthermore be configured,
before the angle calculation, to apply the stray-field-depen-
dent compensation parameters 330 to the output signals 340
of the magnetic field sensor 110 operating in saturation
operation in order thereby to compensate for the measure-
ment deviation in the determination of the rotation angle.
[0082] FIG. 5B shows an alternative approach for deter-
mining the stray-field-compensated rotation angle @,
This is the abovementioned post-CORDIC approach, in
which firstly the effective rotation angle ¢, is calculated
from the (optionally AOP-compensated) output signals 340



US 2022/0057189 Al

or X2, Y2 of the magnetic field sensor 110 operating in
saturation operation and after that the stray-field-dependent
compensation parameters 330 (ascertained by means of the
magnetic field sensor 120 operating in linear operation) are
applied to the calculated rotation angle @, for the purpose
of stray field compensation (so-called post-CORDIC), in
order thereby to ascertain the stray-field-compensated rota-
tion angle @,

[0083] Identical function blocks having the same function
as in FIG. 5A are provided with the same reference numbers,
for which reason a repeated explanation shall be dispensed
with at this juncture and instead reference shall be made to
the explanations concerning FIG. 5A.

[0084] One difference with respect to FIG. 5A is, inter alia,
that here in block 370 firstly an angle calculation (CORDIC)
of the effective magnetic angle ¢, is carried out based on
the (optionally AOP-compensated) output signals 340 or X2,
Y2 of the magnetic field sensor 110 operating in saturation
operation. The angle calculation (CORDIC) can be carried
out in accordance with the first line from equation (9), for
example, wherein the correct half-plane should concomi-
tantly be taken into consideration for AMR-based sensors.
Subsequently, in block 390, for the purpose of stray field
compensation, the stray-field-dependent compensation
parameters 330 can then be applied to the previously cal-
culated effective magnetic angle @, €.g. as indicated in the
second line of equation (9). The stray-field-compensated
rotation angle ¢,,,. is then accordingly obtained as the
result.

[0085] In summary, therefore, in the post-CORDIC
approach shown in FIG. 5B, the control device 130 can be
configured, based on the output signals 340 of the magnetic
field sensor 110 operating in saturation operation, to carry
out an angle calculation indicating the rotation angle of the
rotor component 102 relative to the stator component 104,
and the control device 130 can furthermore be configured,
after the angle calculation, to apply the stray-field-dependent
compensation parameters 330 to the result of the angle
calculation in order thereby to compensate for the measure-
ment deviation in the determination of the rotation angle.
[0086] For confirmation of the method described herein,
two simulations were carried out, which shall be described
in greater detail with reference to FIGS. 6 A and 6B. FIG. 6A
shows the result of a measurement in which a Hall effect
sensor 120 operating in linear operation was combined with
a GMR-based sensor 110 operating in saturation operation.
FIG. 6B shows the result of a measurement in which a Hall
effect sensor 120 operating in linear operation was combined
with an AMR-based sensor 110 operating in saturation
operation.

[0087] An operating magnetic field having an amplitude of
By=20 mT was assumed in both measurements. In addition,
magnetic stray fields B, =(100uT, 30 uT)? were assumed.
Both pre-CORDIC and post-CORDIC stray field compen-
sations in accordance with the principles described herein
were applied in order to compensate for or reduce the
measurement error in the determination of the rotation angle.
As can be discerned in the figures, the concept described
herein reduces the effects of the magnetic stray field on the
calculation of the rotation angle ¢,,,, by two orders of
magnitude.

[0088] In this regard, FIGS. 6A (Hall effect sensor+GMR
sensor) and 6B (Hall effect sensor+ AMR sensor) reveal a
measurement error 610 in the determination of the rotation
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angle which fluctuates in a range of between +0.3° and —-0.3°
over a full angle interval of 360°. In other words, the
external magnetic stray field results in a systematic error or
deviations in the angle measurement of up to 0.6° effective.
Using the concept described herein, this measurement error
can be reduced or completely compensated for, which is
illustrated by the depicted function 620.

[0089] The concept described herein also relates to a
corresponding method for stray field compensation in angle
sensor systems 100. In this regard, FIG. 7 shows one
exemplary embodiment of such a method for reducing
and/or compensating for a measurement deviation in the
determination of a rotation angle by means of a magnetic-
field-based angle sensor system 100.

[0090] In block 701, a stator component 104 and a rotor
component 102 rotatable relative thereto are provided,
wherein the rotor component 102 comprises a multipole
magnet 101.

[0091] Inblock 702, a magnetic field sensor 110 operating
in saturation operation and a magnetic field sensor 120
operating in linear operation are provided.

[0092] In block 703, a rotation angle between the rotor
component 102 and the stator component 104 is determined,
specifically by means of the magnetic field sensor 110
operating in saturation operation based on the magnetic field
of the multipole magnet 101.

[0093] In block 704, an external magnetic stray field
acting on the angle sensor system 100 is determined by
means of the magnetic field sensor 120 operating in linear
operation, and a stray-field-dependent measurement devia-
tion is compensated for in the determination of the rotation
angle, specifically based on the ascertained magnetic stray
field.

[0094] In summary, it can thus be stated that a magnetic-
field-based angle measuring system or angle sensor system
100 with integrated stray field compensation is proposed in
accordance with the concept described herein. For the pur-
pose of stray field compensation, the angle sensor system
100 comprises a combination of a magnetic field sensor 110
operating in saturation operation with a magnetic field
sensor 120 operating in linear operation. Accordingly, the
linear properties of the signal path of a magnetic field sensor
120 operating in linear operation (e.g. a Hall effect sensor)
can be combined with the saturated behavior of the signal
path of a magnetic field sensor 110 operating in saturation
operation (e.g. an XMR sensor). This affords an effective and
at the same time cost-effective technical solution for the
reduction or compensation of measurement deviations
caused by external magnetic stray fields, without this neces-
sitating expensive additional shields.

[0095] By means of the concept described herein, the
effect of quasi-static external magnetic stray fields on a
sensor circuit of an angle sensor system 100 can advanta-
geously be compensated for by sensors 110 (e.g. xXMR)
operating in saturation operation being combined with sen-
sors 120 (e.g. based on vertical Hall plates) operating in
linear operation. The sensors 110 operating in saturation
operation measure the effective rotation angle, which may be
beset by measurement errors on account of the magnetic
stray field. The sensors 120 operating in linear operation
determine the magnetic offset established on account of the
magnetic stray field. This information can then be used for
compensation of the output signals of the magnetic field
sensor 110 operating in saturation operation.
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[0096] Promising candidates for achieving highly precise
angle measurements are afforded by the combination of
sensors 110 operating in saturation operation with sensors
120 operating in linear operation. In addition, this combi-
nation of sensors 110, 120 offers redundant and diverse
measurement technologies for functional safety applica-
tions. The combination of sensors 110, 120 unites as it were
the advantages of both sensor technologies: quasi-static
magnetic stray fields are compensated for, good SNR, and
excellent phase stability for AMR-based sensors.

[0097] The concept described herein describes, in other
words, an autocalibration of and compensation for quasi-
static magnetic stray fields for combined linear and saturated
angle sensors 110, 120.

[0098] It has already been mentioned a number of times
that AMR-based sensors (as one non-limiting example of a
sensor 110 operating in saturation operation) yield unam-
biguous results only within an angle interval of 180°. After
a rotation of the rotor relative to the stator by 180°, the angle
signal is repeated. Ambiguities in the interpretation of the
measurement result can thus occur. In order that the concept
proposed herein is expediently applied to AMR-based angle
sensors as well, a solution approach for this is proposed
below.

[0099] Firstly, in this regard, it shall be mentioned once
again that, in the case of magnetoresistive measurement
principles in comparison with Hall effect sensor technology,
the signal amplitudes are generally not field-size-dependent,
since magnetoresistive sensors operate in saturation opera-
tion. AMR-based sensors, in particular, do indeed yield
measurement results with the smallest possible angle error
(e.g. less than 0.2°). However, they exhibit unambiguous
measurement results only in an angle interval of 180°.
[0100] In order to counter this circumstance, it is proposed
to combine an AMR-based sensor 110 operating in satura-
tion operation with at least one Hall effect element 120, and
in particular with a vertical Hall effect element 120 operating
in linear operation. In this case, the term “vertical” relates to
the chip plane of the AMR-based sensor 110.

[0101] For further explanation, reference shall be made to
FIG. 2 again at this juncture. FIG. 2 shows one exemplary
embodiment of an angle sensor system 100 comprising an
AMR-based sensor 110. The AMR-based sensor 110, as
depicted purely by way of example here, can comprise a
plurality of sensor bridges 111, 112, . . ., 118. The AMR-
based sensor 110 is arranged in a main plane of extent, the
so-called chip plane (here: parallel to the plane of the
drawing in the plan view illustrated). The angle sensor
system 100 furthermore comprises a first vertical Hall effect
sensor 120. The first vertical Hall effect sensor 120 is
arranged vertically with respect to the chip plane of the
AMR-based sensor 110. Optionally, the angle sensor system
100 can comprise a second vertical Hall effect sensor 121.
The second vertical Hall effect sensor 121 is likewise
arranged vertically with respect to the chip plane of the
AMR-based sensor 110.

[0102] The first and/or second Hall effect sensor 120, 121
can be arranged laterally next to the AMR-based sensor 110,
or above or below the AMR-based sensor 110. However, the
first and/or second Hall effect sensor 120, 121 can also be
arranged anywhere else on the substrate 104.

[0103] In accordance with one conceivable exemplary
embodiment, the first vertical Hall effect sensor 120 can be
arranged perpendicularly, i.e. at an angle of 90°, relative to
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the second vertical Hall effect sensor 121. Since the vertical
Hall effect sensors 120, 121 each have a specific preferred
direction 140, 141 for determining the magnetic field, the
respective preferred directions 140, 141 of the respective
vertical Hall effect sensor 120, 121 can thus also be oriented
perpendicularly, i.e. at an angle of 90°, relative to one
another. The first vertical Hall effect sensor 120 can thus be
sensitive in an x-direction, for example, while in contrast the
second vertical Hall effect sensor 121 can be sensitive in a
y-direction. Consequently, the correct half-plane for unam-
biguously determining the output signals (angle measure-
ment results) of the AMR-based sensor 110 can be deter-
mined particularly advantageously.

[0104] This 90° arrangement thus makes it possible to use
the first and/or second vertical Hall effect sensor 120, 121
for unambiguously determining the corresponding half-
plane in the angle measurement results of the AMR-based
sensor 110. The angle sensor system 100, despite the use of
an AMR-based sensor 110, can thereby yield unambiguous
measurement results over an angle interval of 360°.

[0105] Since AMR-based sensors 110 thus output two
ambiguous angle values within an angle interval of 360°, the
first and/or second vertical Hall effect sensor 120, 121 can
be used to distinguish the half-plane in which the AMR
sensor 110 is currently operating.

[0106] FIG. 8 depicts the signals over a full 360° rotation
of the shaft 102 (FIG. 1). It should be mentioned at this
juncture that for the explanation described herein, a distinc-
tion is drawn between a so-called mechanical angle and a
so-called electrical angle. The mechanical angle describes
the actual real rotation of the rotor component 102. The
electrical angle describes the angle signal of the sensor, i.e.
the calculated angle output by the sensor. In other words,
while the rotor component can really rotate by a mechanical
angle of 360°, the electrical angle that was measured by
means of an AMR-based sensor 110 is unambiguous only
within an angle interval of 180°.

[0107] FIG. 8 (1st column from the top) shows the elec-
trical angle, that is to say the measured angle, on the y-axis
and the real mechanical angle of the rotor component on the
x-axis. It can be discerned that two identical signals between
0° and 180° and between 180° and 360° are present here.
The diagrams arranged underneath illustrate the ideal output
signals of an ideal first vertical Hall effect sensor (2nd
column from the top) and of an ideal second vertical Hall
effect sensor (3rd column from the top) arranged offset by
90° with respect thereto. The diagrams arranged underneath
illustrate the output signals of a real first vertical Hall effect
sensor (4th column from the top) and of a real second
vertical Hall effect sensor (S5th column from the top)
arranged offset by 90° with respect thereto.

[0108] The sensor signals depicted here are discretized,
e.g. by means of a comparator function, wherein positive
signals yield a logic 0 and negative signals yield a logic 1 at
the output.

[0109] Since Hall effect sensors have a measurement
signal deviation, the output signals of both Hall effect
sensors 120, 121 (X and Y) are used to determine the correct
half-plane. The bottommost column in FIG. 8 shows a
decision diagram that is taken as a basis for making a
decision as to which half-plane is intended to be used for the
angle measurement. In this case, a decision is taken as to
whether or not 180° are added to the output signal of the
AMR -based sensor. The following logic can be applied here:
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DXO0 Add +180° if the output signal (VHX) in the X-direction is
equal to O (positive) —> is applied between 270° and 360°
(electrical angle)

DX1 Add +180+ if the output signal (VHX) in the X-direction is
equal to 1 (negative) —> is applied between 0° and 90°
(electrical angle)

DY1 Add +180° if the output signal (VHY) in the Y-direction is
equal to 1 (negative) —> is applied between 90° and 270°
(electrical angle)

[0110] This method yields reliable results provided that
the point of intersection of the output of the Hall sensor
comparator function is situated within the Hall sensor ampli-
tude circle. This will be explained in greater detail below
with reference to FIG. 9.

[0111] FIG. 9 shows a circle with limits (VHX and VHY)
of a real Hall sensor comparator function including offset
deviations. As long as the point of intersection 190 is
situated within the defined Hall sensor amplitude circle 191,
the decision about the correct half-plane can be made
reliably.

[0112] FIG. 10 shows an alternative exemplary embodi-
ment for determining the correct half-plane. Here the full
mechanical 360° rotation of the rotor component 102 is
divided into a total of eight octants. Here, too, the 180° angle
correction is carried out by means of the Hall effect sensor
signals (Xhall, Yhall), which can likewise be generated by
means of a comparator function (only the coordinate system
is different in comparison with FIG. 9).

[0113] FIG. 10 shows the fundamental four octants of the
half unit circle for which AMR-based sensor signals can be
reconstructed without any problems. In this regard, the Hall
effect sensor signal (Xhall) of the Hall effect sensor arranged
in the X-direction can be considered for example within the
2nd octant (between 0° and —45°) and within the 3rd octant
(between 0° and +45°). If said signal Xhall is less than O,
then 180° are added thereto. On the other hand, the Hall
effect sensor signal (Yhall) of the Hall effect sensor arranged
in the Y-direction can be considered for example within the
1st octant (between —45° and -90°) and within the 4th octant
(between +45° and +90°). If said signal Yhall is less than O,
then 180° are added thereto. In order to reconstruct the full
360°, additional information can be used, for example from
a minimal vertical Hall-effect-based angle sensor or mag-
netic switches.

[0114] An implementation of this corrected angle calcu-
lation in Python code is indicated below:

[0115] def cordic(vec_AMR, vec_VHall):

[0116] ‘“““Reconstruct the magnetic angle from AMR

and minimal vertical Hall sensor signals.

[0117] inputs:
[0118] vec_AMR . . . output from AMR-based angle
sensor
[0119] vec_VHall . . . output from vertical Hall-based
angle sensor (0=Xhall, 1=Yhall)

[0120]

[0121] angle_ AMR=np.rad2deg(np.arctan 2(vec_AMR

[1], vec_AMRJO0])) #[°]; from -180° to 180°

[0122] octantl=(angle_ AMR/2<-45) # rely on VHallY,
add 180° if positive

[0123] octant2=(-45<=angle_ AMR/2) & (angle_AMR/
2<0) # rely on VHallX, add 180° if negative

[0124] octant3=(0<=angle AMR/2) & (angle_AMR/
2<45) # rely on VHallX, subtract 180° if negative

Feb. 24, 2022

[0125] octantd=(45<=angle_ AMR/2) # rely on VHallY,
subtract 180° if negative

[0126] angle out=angle AMR/2

[0127] angle_out[octant] & (vec_VHall[1]>0)]+=180

[0128] angle_out[octant2 & (vec_VHall[0]<0)]+=180

[0129] angle_out[octant3 & (vec_VHall[0]<0)]-—=180

[0130] angle_out[octant4 & (vec_VHall[1]<0)]-—=180
[0131] return angle_out

[0132] Provided that an initial rotation can be ensured,
which for example is also used for a start-up calibration for
amplitude and offset, the second channel (VHX) of the Hall
effect sensor can be disregarded. The decision point for the
half-plane is here if the AMR intersects its 180° angle point.
[0133] A corresponding numerical simulation was carried
out for the verification of this method proposed herein, in
order to prove the implementability of this concept. For this
purpose, the sensor architecture proposed herein was simu-
lated in Python.

[0134] Firstly, a rotating magnetic field with a typical
amplitude was generated. This magnetic field was measured
with two analytical sensor models (FIG. 11), a highly precise
AMR-based angle sensor (0.05° angle noise and 180° peri-
odicity of the output signals), and vertical Hall-effect-based
switches (error corresponding to 10° angle noise, 360°
periodicity of the output signals, 1-bit output for each of the
two output channels). FIG. 11 (top) shows the output signals
of'the AMR-based angle sensor, and FIG. 11 (bottom) shows
the output signals of the vertical Hall effect switches as a
function of the true mechanical angle of a rotating magnetic
field.

[0135] These output signals were processed with the gen-
eralized CORDIC function (vec_AMR, vec_VHall), see
above. The reconstructed angles were plotted in FIG. 12.
The angle error 151 of the angle reconstructed by means of
the vertical Hall effect switch can be seen here, as can the
angle error 152 of the combination of the AMR-based sensor
and the vertical Hall effect switches. Despite the imperfect
output signal of the vertical Hall effect switches, the recon-
struction of the correct octant was correct for each sample
point.

[0136] The concept described herein can be used for any
system solutions which use discrete Hall effect sensors in
combination with AMR-based sensors. In this case, it is
advantageous if the Hall effect sensor chip is arranged as
near as possible to the AMR sensor chip.

[0137] With this concept, therefore, the correct 180° half-
plane of the angle output signal of an AMR-based angle
sensor can be determined unambiguously, specifically using
at least one, and preferably two vertical Hall effect sensors
120, 121 arranged orthogonally to one another in combina-
tion with an AMR-based sensor 110.

[0138] The exemplary embodiments described above
merely represent an illustration of the principles of the
concept described herein. It goes without saying that modi-
fications and variations of the arrangements and details
described herein will become apparent to others skilled in
the art. Therefore, the intention is for the concept described
herein to be restricted only by the scope of protection of the
patent claims hereinafter, and not by the specific details that
have been presented based on the description and the
explanation of the exemplary embodiments herein.

[0139] Although some aspects have been described in
association with a device, it goes without saying that these
aspects also constitute a description of the corresponding
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method, such that a block or a component of a device should
also be understood as a corresponding method step or as a
feature of a method step. Analogously thereto, aspects that
have been described in association with or as a method step
also constitute a description of a corresponding block or
detail or feature of a corresponding device.

[0140] Some or all of the method steps can be carried out
by a hardware apparatus (or using a hardware apparatus),
such as, for example, a microprocessor, a programmable
computer or an electronic circuit. In some exemplary
embodiments, some or a plurality of the most important
method steps can be performed by such an apparatus.

[0141] Depending on specific implementation require-
ments, exemplary embodiments can be implemented in
hardware or in software or at least partly in hardware or at
least partly in software. The implementation can be effected
using a digital storage medium, for example a floppy disk,
a DVD, a Blu-ray disk, a CD, a ROM, a PROM, an EPROM,
an EEPROM or a FLASH memory, a hard disk or some
other magnetic or optical storage unit on which are stored
electronically readable control signals which can interact or
interact with a programmable computer system in such a
way that the respective method is carried out. Therefore, the
digital storage medium can be computer-readable.

[0142] Some exemplary embodiments thus comprise a
data carrier having electronically readable control signals
which are able to interact with a programmable computer
system in such a way that one of the methods described
herein is carried out.

[0143] Generally, exemplary embodiments can be imple-
mented as a computer program product comprising a pro-
gram code, wherein the program code is effective for car-
rying out one of the methods when the computer program
product runs on a computer.

[0144] The program code can for example also be stored
on a machine-readable carrier.

[0145] Other exemplary embodiments comprise the com-
puter program for carrying out one of the methods described
herein, wherein the computer program is stored on a
machine-readable carrier. In other words, one exemplary
embodiment of the method described herein is therefore a
computer program having a program code for carrying out
one of the methods described herein when the computer
program runs on a computer.

[0146] A further exemplary embodiment of the method
described herein is therefore a data carrier (or a digital
storage medium or a computer-readable medium) on which
is recorded the computer program for carrying out one of the
methods described herein. The data carrier or the digital
storage medium or the computer-readable medium is typi-
cally tangible and/or nonvolatile.

[0147] A further exemplary embodiment of the method
described herein is therefore a data stream or a sequence of
signals which constitutes the computer program for carrying
out one of the methods described herein. The data stream or
the sequence of signals can be configured for example to the
effect of being transferred via a data communication con-
nection, for example via the Internet.

[0148] A further exemplary embodiment comprises a pro-
cessing device, for example a computer or a programmable
logic component, which is configured or adapted to the
effect of carrying out one of the methods described herein.
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[0149] A further exemplary embodiment comprises a
computer on which the computer program for carrying out
one of the methods described herein is installed.
[0150] A further exemplary embodiment comprises a
device or a system designed to transmit a computer program
for carrying out at least one of the methods described herein
to a receiver. The transmission can be effected electronically
or optically, for example. The receiver can be, for example,
a computer, a mobile device, a memory device or a similar
device. The device or the system can comprise for example
a file server for transmitting the computer program to the
receiver.
[0151] In some exemplary embodiments, a programmable
logic component (for example a field programmable gate
array, an FPGA) can be used to carry out some or all
functionalities of the methods described herein. In some
exemplary embodiments, a field programmable gate array
can interact with a microprocessor in order to carry out one
of the methods described herein. Generally, in some exem-
plary embodiments, the methods are carried out on the part
of an arbitrary hardware device. The latter can be universally
usable hardware such as a computer processor (CPU) or
hardware specific to the method, such as an ASIC, for
example.
[0152] The exemplary embodiments described above
merely represent an illustration of the principles of the
concept described herein. It goes without saying that modi-
fications and variations of the arrangements and details
described herein will become apparent to others skilled in
the art. Therefore, the intention is for the concept described
herein to be restricted only by the scope of protection of the
patent claims hereinafter, and not by the specific details that
have been presented on the basis of the description and the
explanation of the exemplary embodiments herein.
1. A magnetic-field-based angle sensor system, compris-
ing:
a stator component; and
a rotor component rotatable relative to the stator compo-
nent, wherein the rotor component comprises a multi-
pole magnet;
a first magnetic field sensor operating in a saturation
operation;
a second magnetic field sensor operating in a linear
operation,
wherein the first magnetic field sensor operating in satu-
ration operation is configured to determine a rotation
angle of the rotor component relative to the stator
component based on the magnetic field of the multipole
magnet, and
wherein the second magnetic field sensor operating in
linear operation is configured to ascertain an external
magnetic stray field acting on the magnetic-field-based
angle sensor system; and
a controller configured, based on the external magnetic
stray field ascertained by means of the second magnetic
field sensor operating in linear operation, to compen-
sate for a stray-field-dependent measurement deviation
in the determination of the rotation angle carried out by
the first magnetic field sensor operating in saturation
operation.
2. The magnetic-field-based angle sensor system as
claimed in claim 1,
wherein the first magnetic field sensor operating in satu-
ration operation is a magnetoresistive sensor which
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utilizes an anisotropic magnetoresistive effect, a giant
magnetoresistance effect, a colossal magnetoresistive
effect, or a tunneling magnetoresistance effect.
3. The magnetic-field-based angle sensor system as
claimed in claim 2,
wherein the second magnetic field sensor operating in
linear operation is a Hall effect sensor.
4. The magnetic-field-based angle sensor system as
claimed in claim 3,
wherein the Hall effect sensor is configured as a vertical
Hall effect plate arranged vertically with respect to the
first magnetic field sensor operating in saturation opera-
tion.
5. The magnetic-field-based angle sensor system as
claimed in claim 1,
wherein the controller is configured to perform an auto-
calibration on output signals of the second magnetic
field sensor operating in linear operation in order
thereby to ascertain stray-field-dependent compensa-
tion parameters corresponding to the external magnetic
stray field,
wherein the stray-field-dependent compensation param-
eters include at least one of offset information or
amplitude information of the output signals of the
second magnetic field sensor operating in linear opera-
tion.
6. The magnetic-field-based angle sensor system as
claimed in claim 5,
wherein the stray-field-dependent compensation param-
eters have a ratio between the offset information and the
amplitude information, in accordance with:
offset information/amplitude information.
7. The magnetic-field-based angle sensor system as
claimed in claim 5,
wherein the controller is configured, based on output
signals of the first magnetic field sensor operating in
saturation operation, to carry out an angle calculation
indicating the rotation angle of the rotor component
relative to the stator component, and
wherein the controller is configured, prior to Performing
the angle calculation, to apply the stray-field-dependent
compensation parameters to the output signals of the
first magnetic field sensor operating in saturation opera-
tion in order thereby to compensate for the stray-field-
dependent measurement deviation in the determination
of the rotation angle.
8. The magnetic-field-based angle sensor system as
claimed in claim 5,
wherein the controller is configured, based on the output
signals of the first magnetic field sensor operating in
saturation operation, to carry out an angle calculation
indicating the rotation angle of the rotor component
relative to the stator component, and
wherein the controller is configured, after performing the
angle calculation, to apply the stray-field-dependent
compensation parameters to the result of the angle
calculation in order thereby to compensate for the
stray-field-dependent measurement deviation in the
determination of the rotation angle.
9. The magnetic-field-based angle sensor system as
claimed in claim 7,
wherein the controller is configured, before applying the
stray-field-dependent compensation parameters to the
output signals of the first magnetic field sensor oper-
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ating in saturation operation, to carry out an amplitude-
phase-offset correction of the output signals of the first
magnetic field sensor operating in saturation operation,

wherein in the amplitude-phase-offset correction at least
one of an amplitude offset compensation or a phase
offset compensation is applied to the output signals of
the first magnetic field sensor operating in saturation
operation.

10. A method for compensating for a measurement devia-
tion in the determination of a rotation angle by means of a
magnetic-field-based angle sensor system, wherein the
method comprises:

providing a first magnetic field sensor operating in satu-

ration operation and a second magnetic field sensor
operating in linear operation;

determining a rotation angle between a rotor component

and a stator component by means of the first magnetic
field sensor operating in saturation operation based on
the magnetic field of the multipole magnet, wherein the
rotor component is rotatable relative to the stator com-
ponent and the rotor component comprises a multipole
magnet;

ascertaining an external magnetic stray field acting on the

magnetic-field-based angle sensor system by means of
the second magnetic field sensor operating in linear
operation; and

compensating for a stray-field-dependent measurement

deviation in the determination of the rotation angle
based on the ascertained external magnetic stray field.

11. The method as claimed in claim 10, further compris-
ing:

performing an autocalibration of the output signals of the

second magnetic field sensor operating in linear opera-
tion in order thereby to ascertain stray-field-dependent
compensation parameters corresponding to the external
magnetic stray field,

wherein the stray-field-dependent compensation param-

eters contain at least one of offset information or
amplitude information of the output signals of the
second magnetic field sensor operating in linear opera-
tion.

12. The method as claimed in claim 11, further compris-
ing:

performing an angle calculation indicating the rotation

angle of the rotor component relative to the stator
component, based on the output signals of the first
magnetic field sensor operating in saturation operation,
and

applying the stray-field-dependent compensation param-

eters to the output signals of the first magnetic field
sensor operating in saturation operation, temporally
before the angle calculation, in order thereby to com-
pensate for the stray-field-dependent measurement
deviation in the determination of the rotation angle.

13. The method as claimed in claim 11, further compris-
ing:

performing an angle calculation indicating the rotation

angle of the rotor component relative to the stator
component, based on the output signals of the first
magnetic field sensor operating in saturation operation,
and

applying the stray-field-dependent compensation param-

eters to the result of the angle calculation, temporally
after the angle calculation, in order thereby to compen-



US 2022/0057189 Al

sate for the stray-field-dependent measurement devia-
tion in the determination of the rotation angle.

14. The method as claimed in claim 12, further compris-

ing:

performing an autocalibration of the output signals of the
first magnetic field sensor operating in saturation opera-
tion, temporally before applying the stray-field-depen-
dent compensation parameters to the output signals of
the first magnetic field sensor operating in saturation
operation,

wherein, in the autocalibration, at least one of an ampli-
tude offset compensation or a phase offset compensa-
tion is applied to the output signals of the first magnetic
field sensor operating in saturation operation.

15. A non-transitory computer-readable medium compris-
ing a computer program having a program code for causing
a programmable hardware device to execute a method for
compensating for a measurement deviation in the determi-
nation of a rotation angle by means of a magnetic-field-
based angle sensor system, the method comprising:

providing a first magnetic field sensor operating in satu-
ration operation and a second magnetic field sensor
operating in linear operation;

determining a rotation angle between a rotor component
and a stator component by means of the first magnetic
field sensor operating in saturation operation based on
the magnetic field of the multipole magnet, wherein the
rotor component is rotatable relative to the stator com-
ponent and the rotor component comprises a multipole
magnet;

12
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ascertaining an external magnetic stray field acting on the
magnetic-field-based angle sensor system by means of
the second magnetic field sensor operating in linear
operation; and

compensating for a stray-field-dependent measurement
deviation in the determination of the rotation angle
based on the ascertained external magnetic stray field.

16. The magnetic-field-based angle sensor system as

claimed in claim 8,

wherein the controller is configured, before applying the
stray-field-dependent compensation parameters to the
to the result of the angle calculation, to carry out an
amplitude-phase-offset correction of the output signals
of the first magnetic field sensor operating in saturation
operation,

wherein in the amplitude-phase-offset correction at least
one of an amplitude offset compensation or a phase
offset compensation is applied to the output signals of
the first magnetic field sensor operating in saturation
operation.

17. The method as claimed in claim 12, further compris-

ing:

performing an autocalibration of the output signals of the
first magnetic field sensor operating in saturation opera-
tion, temporally before applying the stray-field-depen-
dent compensation parameters to the to the result of the
angle calculation,

wherein, in the autocalibration, at least one of an ampli-
tude offset compensation or a phase offset compensa-
tion is applied to the output signals of the first magnetic
field sensor operating in saturation operation.
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