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This application note provides a step-by-step guideline to start a long stroke, usually longer than +/- 15mm?,
linear application with stray-field immunity design in combination with main stream Triaxis® sensors
MLX90423.

This design of the magnetic angle measurement system is based on the needs of the particular application,
such as the available airgap, accuracy requirements, temperature range and properties of the Triaxis® Hall
sensor.

A thorough understanding of the Triaxis® Linear Legacy sensing and Linear Stray-field Immune (SFI) sensing?
is required to continue reading this document.

1 Check Application Note Dual-disk Stray field Robust Position Sensing
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2 Related Melexis Products

MLX90423 Triaxis® Linear Stray-field Immune position sensor featuring Analog/ PWM/ SENT

3 Points of attention

Although stray-field immunity is obtained in the Linear Stray-field Immune
sensing mode, with the same magnet design in the linear application, there
are two major concerns in the Linear SFIl mode compared to Linear Legacy
mode:

1. Performance reduction due to less Signal strength?

2. ThetaR2P? over 360 degrees, period roll-over

Figure 1 - Linear Stray-field Immune (SFI) mode

The concerns are illustrated below by use one two-pole magnet as Figure 1 shows:
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Figure 2 - Linear Legacy mode useful signal & ThetaR2P Figure 3 - Linear SFI mode useful signal & ThetaR2P

In Figure 2&Figure 3, the useful signals for both sensing modes are indicated as solid curves as Bx/Bz or
dBx/dBz. The signal strength and calculated ThetaR2P are highlighted in dotted curve and dashed curve.
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Figure 4 - Linear Legacy mode limitation Figure 5 - Linear SFI mode limitation

2 Legacy mode: Field Strength; Linear SFI mode: Gradient
3 Legacy mode: atan2(Bz/IMC_gain, Bx); Linear SFI mode: atan2(dBx, dBz/IMC_gain)

REVISION 001 — 18 January 2024 Application note Page 2 of 16
DOCSERVER#3901190423 MLX90423 - Long Stroke Linear Application



Application note Mel exie

MLX90423 - Long Stroke Linear Application INSPIRED ENGINEERING

The performance limitations from the signal strength are shown in Figure 4&Figure 5 in Dashed Orange
curves, as the minimum 10mT field strength requirement for Linear Legacy mode and 3mT/mm gradient for
Linear SFI mode, which determines respectively the stroke length not longer than +/- 177mm or +/-14mm.

In spite of the signal strength limitation, the exact useful stroke length for Linear SFI mode is even shorter as
in Figure 5 Dashed Red curves show. Theoretically, sensor output angle can’t exceed 360 degrees period,
otherwise a roll-over in the output occurs. This phenomenon might be more severe than less accuracy due to
lack of signal strength.

Consequently, the actual max stroke length for Linear SFI mode is limited to +/-10 mm in this example in Fi-
gure 5 and typically +/- 15mm? as a concrete performance limitation in all cases by using only one two-pole
magnets.

mm MAX stroke length | Magnet length Magnet Complexny

Linear Legacy 2-pole 50 mm 30 mm
Linear SFI + 30 mm 20 mm + +

Table 1 - Summary of existing linear motion solutions

MAX stroke length stated in Table 1 considers both concerns, the performance limitation from signal
strength and the period roll-over. In addition, there’s no actual limit for Linear Legacy 2-pole, as long as
there’s sufficient field and no IMC saturation.

Furthermore, compared to the typical Triaxis® Linear Legacy mode used for linear motion where Bx and Bz
signal are from one disk, MLX90423 has performance improvement on this mode.

The MLX90423 Linear Legacy mode (with -4xx order code) features in using the sum signal of Bx and Bz from
two disks, to achieve a better drift performance under same signal strength.

mmmm

Linear Legacy 2-pole Al 20mT
-0.8 0.8 10mT

697T_XZ 04 0.4 Deg 202]‘ 160 °C
MLX90423 Linear Legacy 0 ‘55 0 -55 o

Table 2 - Drift performance improvement in MLX90423 Linear Legacy mode

4 Long Stroke Methodology

In order to resolve the mentioned two concerns and to achieve an even longer stroke with stray-field im-
munity, there are mainly 3 possible approaches:

1. Magnet Threshold Output Clamping?

2. Nonius Magnet®

3. Long thin magnet®

4.1 Magnet Threshold Output Clamping

In some applications, the output is requested as partially linear and partially clamped.

4 Company proprietary technology
> Company proprietary technology and magnets
6 Company proprietary technology
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Figure 6 - Long stroke output with clamping range

Figure 6 shows a simulated example of how the output will look like if the Magnet Threshold Output Clamp-
ing method is applied or not. The output roll-over from period roll-over is prevented by the clamping, hence
the total stroke range can be extended from 24mm to 36mm, until Fieldtoolow diagnostic.

4.1.1 Principle
This method introduces a new parameter EXTENDED _RANGE_THRESHOLD.

Similar to other diagnostic field threshold parameters, such as DIAG_FIELDTOOLOWTHRES, this 4-bit parame-
ter EXTENDED_RANGE_THRESHOLD sets output into CLAMPHIGH? level, if the field magnitude is below the
threshold. Therefore, the rapid output change from the ThetaR2P period roll-over is avoided.

4.1.2 Implementation

Below is a comparison among different field threshold parameters.

I T S

FIELD_STRENGTH [0, 6553.5] mT/mm 0.1 mT/mm
EXTENDED_RANGE_THRESHOLD 4 [0, 7.5] mT/mm 0.5 mT/mm
DIAG_FIELDTOOLOWTHRES 4 [0, 7.5] mT/mm 0.5 mT/mm

Table 3 - Field threshold parameters

The EXTENDED_RANGE_THRESHOLD should be selected carefully to guarantee the period roll-over stays in
the clamped output range, meanwhile the value is above the DIAG_FIELDTOOLOWTHRES to ensure the func-
tionality of field too low reporting.

Here are two examples from a typical 2-pole magnet measurements, with either Analog/PWM or SENT out-
put protocol. In both examples, the output clamping method are applied, where EX-
TENDED_RANGE_THRESHOLD = 5mT/mm and DIAG_FIELDTOOLOWTHRES = 1.5mT/mm. Besides, the default
sensor configuration includes DP = 0 and without output linearization calibration, which means output will
be proportional to the ThetaR2P value.

7 ACA version
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Figure 7 - Output clamping method example in Analog/PWM output protocol®
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Figure 8 - Output clamping method examples in SENT output protocol®
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As shown Figure 7&Figure 8, though a period roll-over occurs between stroke range [27, 28.5] mm, output
remains CLAMPHIGH. Moreover, if the magnet moves to stroke position larger than 33mm, FIELDTOOLOW

diagnostic

in the output or the diagnostic bit in the slow channel is successfully set.

In this case, the stroke length is “extended” from originally 24mm to 33mm, consisting of 24mm linear out-
put and 9mm clamping output.

Additionally, there’s an added feature only in SENT output protocol, where fast channel 1 remains at
CLAMPHIGH if FIELDTOOLOW diagnostic is reported, as shown in Figure 8.

8 ThetaR2P values are scaled to match the plot
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4.2 Nonius Magnet

In addition to clamp the period roll-over output with field threshold, MLX90423 also develops a brand-new
technique in generating a linear output by crossing up to 3 period roll-overs, or 4 periods as up to 1440 de-
grees, with Melexis proprietary multipole Magnet®.

The benefit of using this technique and the magnet is not only to reach a longer stroke (feasible max length
around 50mm), but also to optimize the accuracy of the full stroke.

4.2.1 Nonius concept

Nonius concept is used to determine a unique accurate absolute position by means of two periodic signals,
master signal and Nonius signal, with different period length. The master signal is used to provide the accu-
rate position and the Nonius signal to provide the absolute position.

4.2.2 Reference Magnet
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This reference magnet has a length of 28mm (starts from X axis Omm) and consists of 6 magnets in total,
with different length Lx and varying gaps spx and toggling magnetization magnetized from Z direction.
MLX90423 is placed underneath the magnet in the centre position on Y axis with a certain airgap on Z axis,
and magnet or sensor moves along the X axis.

Legacy linear stroke with Nonius magnet Linear SFI stroke with Nonius magnet
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9 Reference Melexis proprietary magnet can be provided on request.
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4.2.3 MLX90423 Nonius sensing Principle

In MLX90423, one periodic signal is the ThetaR2P over the stroke, measured by the Linear SFl sensing tech-
nique, used as master signal.
The plot below shows the ThetaR2P over stroke with the reference magnet at the airgap of 2.4mm.

ThetaR2P over stroke with Nonius magnet
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Without Nonius technique, the 3 period roll-overs in measurement will result in 3 rapid changes in the out-
put. Due to the new feature of toggling sensing mode between Linear Legacy and Linear SFl, MLX90423 is
capable of measuring both Field Strength |B| and Gradient |AB|, at the same position in two measuring
slots. Hence the Ratio of the Field Strength and Gradient, |B|/|AB| can be calculated.

This |B|/|AB| Ratio plays the role of the Nonius signal.

Linear SFI stroke with Nonius magnet
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In combination of the two signals, an accurate absolute position can be calculated.

4.2.4 Output accuracy benefit from Nonius principle

The Triaxis® accuracy specification is always defined by Error in degrees per angular period or 360 degrees.
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Due to the new feature of crossing multiple period (360 degrees) roll-over, there’s an additional benefit to
implement the Nonius principle in the design to optimize the accuracy performance.

Total Error over 24mm stroke with Nonius
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This example is based on an extreme error condition in a 24mm linear stroke application, where the total
error has a ratio of 1% of full span of 360 degrees period. With the original Linear SFl sensing principle, the
total error is 0.24mm in 24mm as the grey dash-dotted line indicates.

By implementing the Nonius Magnet and sensing principle, with crossing 3 angular periods among 4, 8 and
12mm, the total error per period will be reduced to 0.04mm, 0.08mm and 0.12mm as the green line indi-
cates — maximum reduced to 50% of original one. Meanwhile a higher accuracy in the beginning of stroke
(0.17% in the first 4mm stroke and 0.33% in the 8mm stroke) can be achieved.

4.2.5 Implementation??

There are 8 parameters in total to configure this new feature.

Enables extended range for linear stray field immune

CodeSENSING_MODE_EXTENDED_RANGE_EN R/W .
sensing mode
CodeEXTENDED_THETA_MIN R/W Threshold ThetaR2P value where the extended range
starts, range between [0, 1440] degrees
CodeEXTENDED_THETA_MAX R/W Threshold ThetaR2P value where the extended range
ends, range between [0, 1440] degrees
CodeEXTENDED_CO R/W Configuration parameter for angle calculation in Ex-
tended Range sensing mode, CO, range between [-8, 8]
CodeEXTENDED_C1 R/W  C1, range between [-3.13e-2, 3.13e-2]
CodeEXTENDED_C2 R/W  C2, range between [-2.44e-4, 2.44e-4]
CodeEXTENDED_C3 R/W  C3, range between [-9.54e-7, 9.57e-7]
CodeEXTENDED_C4 R/W  C4, range between [-9.31e-10, 9.31e-10]
10 Contact Melexis for technical support. If the implementation is faulty or incompatible, a large error may occur. The design should always be tested
and verified during the design validation and the user assumes full responsibility for any consequences of their design choices.
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Below shows how to implement the parameters in the Nonius sensing algorithm step by step.

1. The correlation between the BDB and ThetaR2P to determine the correct extended angle range is:
2 3 4
BDB = CO + Clgextended + C2 gextended + C39extended + C4Qextended

Where
Oextended; = ThetaR2P + i =360 (i = {0,1,2,3})

2. Define the range of O,y tended
eextendedfMIN < gextended < eextendedfMAX

3. Compute BDB[fextended;] for each possible Bextended; from Equation 1

4. Search for the minimum deviation between the measured |B|/|AB| and calculated BDB:

min(abs(% — BDB[fBextended;]))

5. Define output angle as the Oextended; with the smallest error
An example of how to calculate the parameter is explained in the following sections.

4.2.5.1 Define the dextended range

After enabling the Nonius sensing mode by setting SENSING_MODE_EXTENDED_RANGE_EN = 1, the next
step is to define the Bextended range of the long stroke.

Linear SFl stroke with Nonius magnet
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Figure 15 shows the illustration of Nonius magnet BDB and ThetaR2P over the stroke, in combination with
the magnet size, whose first magnet starts from X axis 0 mm.
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To make it more intuitive, the ThetaR2P over stroke can be separated into multiple magnetic angle periods
and different period highlighted in different colours, with alignment to the reference magnet.

BDB and ThetaR2P over the stroke with Nonius magnet BDB over ThetaR2P in different period

BdB Ratio
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The BDB over ThetaR2P is derived from Figure 15, with also different colours respectively as shown in the
left plot of Figure 16.

As indicated in the right plot Figure 16, phase 0 has overlaps with other phases. Considering Equation 4, to
ensure the unique minimum deviation in the entire stroke, overlapping in the BDB over ThetaR2P correlation
should be avoided.

There are mainly two ways to escape from overlaps, and the first one is to locate the last overlapping point
from [0, 360] degrees. In consequence, EXTENDED_THETA_MIN should be bigger than the largest over-
lapped ThetaR2P value, for example 250 degrees. Similar to this, the EXTENDED_THETA_MAX can be de-
fined as 1200 degrees.

BDB and Gradient over ThetaR2P
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The other way is to completely discard the phase 0 and start the long stroke with phase 1, as shown in Figure
17. In this case the EXTENDED_THETA_MIN value can be simply defined to 0 with also sufficient margin to
the overlapping and the stroke starting point is the edge of the second magnet. Though the first two mag-
nets are neglected, or around 3mm on the X axis, more stability and less design complexity is reached. The
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EXTENDED_THETA_MAX will be defined by the gradient strength >6mT/mm (or 3mT/mm for limited perfor-
mance) as the end point of the stroke with some margin, at 900 degrees or 33mm on the X axis.

4.2.5.2 Calculate the Cx

The build-in 5 Cx coefficients can be used to form the line estimation formula up to 4" order polynomial of
the BDB over ThetaR2P curve in Figure 17.

Below show two examples, a monotonic linear curve and a 4™ order polynomial.
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Figure 18 - BDB over ThetaR2P with linear or 4th order trend line

By programming the Cx parameters accordingly, deviation with different i values is calculated with Equation
4 as below, example shows only the linear trend line:

BdB deviation from Equation 4 with different i over ThetaR2P
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Figure 19 - BDB deviation from Equation 4 with different i value

The calculated deviation from Equation 1 remains the minimum over different i values, which guarantees
there will be no sudden jump in the output can occur in the working stroke range.
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4.2.6 50mm stroke feasibility
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The previous example shows the feasibility of using a 28mm Nonius magnet to reach 30mm stroke, with only
2 period roll-overs used and maximum BDB < 5. By extending the Nonius magnets from 6 to 8 (with each

magnet length increasing accordingly), a stroke up to 50 mm can be achieved.
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4.3 Long Thin Magnet

BDB and ThetaR2P over the stroke with 8-pole Nonius magnet
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Another way to achieve long stroke is to use a Melexis proprietary application, with a long but thin magnet,
whose magnetization direction is along the thinnest edge, and slightly rotated away from the moving axis.

This cost-efficient method suits the design targeting simple long stroke application with less magnet mate-

rial, as well as less full stroke accuracy is acceptable.

4.3.1 Principle

The typical linear stroke application with a single two-pole magnet looks like below:

- Moving direction

Application note
MLX90423 - Long Stroke Linear Application
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The sensor is usually placed underneath the magnet, whose movement is aligned with the requested stroke.
The two dots indicate the two hall plates in the Linear SFI.

As mentioned in Chapter 3, the two concerns limit the maximum stroke length to a typical length of +/-
15mm. Instead of only extending the magnet length along the stroke moving direction, the new approach is
to convert the long stroke into an equivalent shorter stroke, which is perpendicular to the original moving
direction (EP_S).

- Moving direction j

Equivalent
perpendicular
stroke
(EP_S)

v

With the help of EP_S, the complex long stroke situation is brought back to the familiar typical length where
the satisfactory stray-field immunity and performance of the Linear SFI mode is empirically known.

This principle can also be applied in Linear Legacy Sensing mode or combining stray-field immune mode with
the Nonius Magnet principle as well, in order to achieve a longer stroke with relatively less material.

4.3.2 Implementation

As Figure 22, the top view shows, the magnet design is very straight forward and easy to implement. Com-
pared to the typical single two-pole magnet design, the only two changes are the magnetization direction
and a slight rotation.

A recommendation for the length of EP_S and magnet dimension are as follows:

EP_S [6, 12]
Magnet Width (1, 6]
Magnet Height [5, 10]
Stroke Length [30, 60]
Magnet Length \/EP_SZ + Stroke_length?

A rotation of the magnet to the stroke moving direction is required. The rotation angle is calculated with the
ATAN2 formula:
Rotation Angle = ATAN2(EP_S, Stroke_length)

With this magnet dimension, the useful angle range of the Linear SFI sensing mode can go up to 200 degrees,
meaning the resolution of this application is [0.15, 0.3] deg/mm.

Last but not least, the study and measurement are done with Neodymium magnet. The other magnet mate-
rial can also be selected but airgap is required to be adjusted accordingly.
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4.3.3 Eccentricity performance

In general, the eccentricity on the XY plane is equivalent to the stroke movement along the original stroke or
the EP_S. The study of eccentricity in this Application Note is only focusing on the Z axis, or in other words,
dynamic airgap.

The reference magnet used for this study is a Neodymium magnet with magnet length of 50mm, 5mm in
height and 2mm width. It's magnetized in width direction. The dynamic airgap is between [-0.5, 0.5] mm and
the different airgaps are studied within {3, 3.5, 4, 4.5, 5} mm.

Angle error with dynamic airgap over different airgap

8

— Airgap = 3mm

= Airgap = 3.5mm

0 01 02 03 ola o5 T Airgap=4mm
——— Airgap = 4.5mm

Angle grur/ degrees
©

Airgap = 5mm

-8
Dynamic Airgap/ mm

Figure 23 - Angular error from dynamic airgap in different airgaps

The smaller the airgap, or the closer the dynamic eccentricity to the magnet, the bigger the angular error is.
The worst case, when there’s 3mm airgap, the maximum dynamic airgap impact can be 1.2 degrees per
0.1mm dynamic airgap, which is 0.6% of the full span.

5 Conclusion

The 3 methodologies mentioned above provide a starting point of stray-field immune long stroke design.
Below we list again the typical magnet length vs stroke length and essential characteristics per design, com-
pared to the reference Linear Legacy 2-pole and Linear SFI design.

mm MAX stroke length | Magnet length Magnet Complexnty

Linear Legacy 2-pole 50 mm 30 mm
MLX90423 Linear Legacy - 50 mm 30 mm + ++
Linear SFI + 30 mm 20 mm + +
Output Clamping + 40 mm1! 30 mm -12 +13
Nonius Magnet + 50 mm 50 mm --- +++
Long thin magnet + 50 mm 50 mm® + +

Table 6 - Long stroke methodology summary

1 Including clamping output range
12 Usually two magnets

13 Excluding clamping output range
14 Magnet length in moving direction
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7 Disclaimer

The content of this document is believed to be correct and accurate. However, the content of this document is furnished "as is" for
informational use only and no representation, nor warranty is provided by Melexis about its accuracy, nor about the results of its im-
plementation. Melexis assumes no responsibility or liability for any errors or inaccuracies that may appear in this document. Customer
will follow the practices contained in this document under its sole responsibility. This documentation is in fact provided without war-
ranty, term, or condition of any kind, either implied or expressed, including but not limited to warranties of merchantability, satisfac-
tory quality, non-infringement, and fitness for purpose. Melexis, its employees and agents and its affiliates' and their employees and
agents will not be responsible for any loss, however arising, from the use of, or reliance on this document. Notwithstanding the fore-
going, contractual obligations expressly undertaken in writing by Melexis prevail over this disclaimer.

This document is subject to change without notice, and should not be construed as a commitment by Melexis. Therefore, before plac-
ing orders or prior to designing the product into a system, users or any third party should obtain the latest version of the relevant
information.

Users or any third party must determine the suitability of the product described in this document for its application, including the level
of reliability required and determine whether it is fit for a particular purpose.

This document as well as the product here described may be subject to export control regulations. Be aware that export might require
a prior authorization from competent authorities. The product is not designed, authorized or warranted to be suitable in applications
requiring extended temperature range and/or unusual environmental requirements. High reliability applications, such as medical life-
support or life-sustaining equipment or avionics application are specifically excluded by Melexis. The product may not be used for the
following applications subject to export control regulations: the development, production, processing, operation, maintenance, stor-
age, recognition or proliferation of:

1. chemical, biological or nuclear weapons, or for the development, production, maintenance or storage of missiles for such weapons;
2. civil firearms, including spare parts or ammunition for such arms;

3. defense related products, or other material for military use or for law enforcement;

4. any applications that, alone or in combination with other goods, substances or organisms could cause serious harm to persons or
goods and that can be used as a means of violence in an armed conflict or any similar violent situation.

No license nor any other right or interest is granted to any of Melexis' or third party's intellectual property rights.

If this document is marked “restricted” or with similar words, or if in any case the content of this document is to be reasonably under-
stood as being confidential, the recipient of this document shall not communicate, nor disclose to any third party, any part of the doc-
ument without Melexis’ express written consent. The recipient shall take all necessary measures to apply and preserve the confiden-
tial character of the document. In particular, the recipient shall (i) hold document in confidence with at least the same degree of care
by which it maintains the confidentiality of its own proprietary and confidential information, but no less than reasonable care; (ii)
restrict the disclosure of the document solely to its employees for the purpose for which this document was received, on a strictly need
to know basis and providing that such persons to whom the document is disclosed are bound by confidentiality terms substantially
similar to those in this disclaimer; (iii) use the document only in connection with the purpose for which this document was received,
and reproduce document only to the extent necessary for such purposes; (iv) not use the document for commercial purposes or to the
detriment of Melexis or its customers. The confidentiality obligations set forth in this disclaimer will have indefinite duration and in
any case they will be effective for no less than 10 years from the receipt of this document.

This disclaimer will be governed by and construed in accordance with Belgian law and any disputes relating to this disclaimer will be
subject to the exclusive jurisdiction of the courts of Brussels, Belgium.

The invalidity or ineffectiveness of any of the provisions of this disclaimer does not affect the validity or effectiveness of the other pro-
visions.

The previous versions of this document are repealed.

Melexis © - No part of this document may be reproduced without the prior written consent of Melexis. (2023)

IATF 16949 and I1SO 14001 Certified

Happy to help you! www.melexis.com/technical-inquiry
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