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Abstract-Monitoring of brake wear and warning the driver to replace it at the appropriate time is a critical
safety requirement. Recently, basic concept of a new, simple and low-cost Hall-Effect (HE) based angle sensor,
which continuously monitors brake wear, by sensing the angle rotated by the Cam Shaft (CS) with-respect-to the
Slack Adjuster (SA) in the brake assembly has been presented. The sensor has a spiral shaped moving part. It
rotates along with CS, and changes the magnetic field seen by a HE sensor, whose output is directly proportional
to angle between CS and SA, for a wide range. A prototype angle sensor has been developed, and test results
showed a linear range of 220°, which is sufficient for monitoring brake wear. In the sensor, parameters like
positioning of the HE sensor, relative permeability of the materials used, thickness of the moving part, etc. play a
crucial role as far as the linearity of output and sensitivity are concerned. Sensor optimisation based on hard-
ware implementation is time consuming, inefficient and less accurate. Hence, a finite element model of the
sensor has been developed, and various studies have been conducted to optimise the parameters for best
performance of the sensor. This also enables to achieve a linear output without using complex circuitry.

l. Introduction

Sensors find a large number of applications in contemporary automotive vehicles [1]. One such application is to
monitor the amount of wear in an automotive brake shoe/pad unit [2], and provide an indication of the same to
the vehicle operator. This will be very useful as it avoids the need of periodic manual inspection of the brake
assembly, which is a very complex and time-consuming procedure, requiring expert manual intervention.
Different techniques [3]-[11] are in vogue to sense the brake wear. Mechanical brake-lining-wear sensors [3],
[4], which use a metal tab to generate a scraping sound once wear limit of a brake pad is reached, are being
replaced by electronic wear sensors. Electronic wear sensors are developed using various principles. The
variation in resistance/capacitance of a probe, which is embedded in the brake lining such that it wears out along
with lining, was employed to indicate the wear condition in the schemes presented in [5], [6]. The need of brake
pad replacement was detected in [7] by sensing the excessive travel of push-rod. Some of these techniques do not
monitor brake wear continuously, while others require integration of a sensor at some of the jam-packed areas of
the brake unit, which is not preferred.

Alternatively, an angle sensing principle can be used, especially for S-cam type air-brakes, to efficiently estimate
the amount of brake wear. It involves the measurement of angular position of a cam-shaft, present in the brake
assembly. The ends of this shaft are not easily accessible to install a sensor. Angle sensors [8], based on
Magneto-Resistance (MR) or Hall Effect require a magnet to be placed at the center of the target’s end, and
hence cannot be employed for sensing the angle of the cam-shaft. Through-shaft angle sensing using an MR
sensor and a gear unit has been presented in [9] and [10], but have short life-span due to wear associated with the
gears. Also, it may have limited resolution, and requires complex circuitry to get a linear output. A scheme for
continuous indication of cam-shaft position (and hence, brake wear) has been presented in [11]. It provides an
adequate angular range and accuracy (of 1°). However, this scheme requires a magnetically coded circular disc
and seven Hall sensors to resolve the angular position.

The basic idea of a simple, combined reluctance-Hall-Effect based angle sensor that can be used for through-
shaft angle sensing has been reported [12]. It provides a linear output with-respect-to angle with good accuracy
for a range of 220°. The output of the scheme is dependent upon parameters such as the position of the Hall
Effect sensor in relation to other parts of the sensor unit, permeability of the materials employed in the reluctance
part of the sensor, etc. In this paper, we perform an in-depth analysis (using finite element method) about the
dependence of the output on these parameters, and thus optimizes the performance of the sensor. The details of
the sensor unit and its characteristics, the procedure and the results obtained from the finite element analysis of
the sensor are described in the following sections.
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1. Proposed Brake Wear Sensor Unit

A simplified diagram of a typical automotive brake assembly is shown in Figure 1. When the driver applies
brake, the push-rod moves outward; rotating the Slack Adjuster (SA) and Cam-Shaft (CS). This rotates S-cam,
which presses the brake-lining against the drum, causing the vehicle to stop. Brake-lining wears out with usage.
As brake-lining wears, the SA automatically rotates by an angle 9 with-respect-to CS, and retains that angle so
that the driver need not press ahead the push-rod to a greater length (than in a normal case) while applying brake.
Brake-wear can be monitored by measuring this angle, 6.

SM - Sensor Module, a — moving part of the sensor, b — Limbs,
Magnet and Hall Effect IC, SA — Automatic Slack Adjuster.

drum Brake
Lining

Sidg View Front View
Figure 1. Schematic of a typical brake assembly is shown, with the proposed sensor module (SM) attached to
it. Side and front views of SM is also shown. It consists of a rotating part ‘a’ and a fixed part ‘b’. ‘b’, which
is mounted on the slack adjuster, consists of two magnetic limbs, a NdFeB magnet and a Hall Sensor.

The angle 6 is measured by the proposed sensor unit/module (SM) in the brake assembly, whose location is
shown in Figure 1. It consists of two main parts ‘a’ and ‘b’. As shown in Fig. 1, ‘a’ is a specially designed spiral
shaped structure i. e., the Outer Radius (OD) of ‘a’ decreases with 6. It rotates along with CS. ‘a’ is fabricated
from a Silicon steel sheet (0.3 mm thickness) by a standard wire-cutting process. The dimensions (inner
diameter = 30 mm, minimum OD = 48 mm, maximum OD = 64 mm) of ‘a’ is selected to suit the size of a CS.
Part ‘b’ is firmly fitted to the slack adjuster, SA. It has two parallel magnetic limbs that are separated by a small
air-gap as shown in Figure 1 and also in the magnified view of the sensor in Figure 2. The dimensions of the
limbs used were 30 mm x 10 mm x 3 mm. A rectangular shaped Neodymium magnet (with dimensions
10 mm x 10 mm x 2 mm) and a linear Hall Effect IC (SS49E from Honey Well Corp. [13]) are placed in the air-
gap between the limbs as shown in Figure 2 (front view). ‘a’ rotates above ‘b’ with 0. Due to the spiral shape of
‘a’, portion of ‘a’ covering ‘b’ varies with 6. Thus, the magnetic field seen (and hence its output, vy) by Hall
sensor will change with 6.
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Figure 2. A 3-D view of the

Sensor unit. Figure 3. (a) Photograph of the prototype sensor unit built. Magnified

view of the parts ‘a’ and ‘b’ are shown in inset. (b) Output voltage and
Error characterisitics obtained from the sensor unit.
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A prototype of the sensor was developed. A photograph of the same is given in Figure 3 (a). Tests done on this
unit showed that output vy changes linearly with 6 for a range of about 220°. This signal, vy was given to a
simple signal conditioning circuit, which subtracts the fixed bias voltage of the Hall sensor and filter out the high
frequency disturbances present in vy. Worst-case error observed in the resultant signal, v, with-respect-to the
sensing angle was less than 1.1 %. This is shown in the plot in Figure 3 (b).

A. Studies and Optimisation based on Finite Element Analysis (FEA) of the Sensor Model

A finite element model of the proposed sensor was developed to study and optimise its performance. The model
was developed using COMSOL Multi-physics. A snap-shot of the model is shown in Figure 4. The directions of
X, Y and Z axes are also shown in Figure 4. Limbs of part ‘b’ were realised using rectangular blocks having a pr
(relative permittivity) of 50. Dimensions of limbs and the magnet used in FEA were chosen to match with the
corresponding parts employed in the prototype sensor. Eight rectangular blocks (Ai—Asg) of width 1 mm was used
to emulate the rotation of part ‘a’ above ‘b’ with 6. pr of individual blocks (A1—As) were initially set to a higher
value than that of part ‘b’ (ur = 500) to model & = 0. A typical streamline plot of the magnetic flux density (say,
Bsen) seen by the Hall sensor for 6 = 0° is also shown in Figure 4. Then, pr of A; is set to 1 to model an increase
in 0. A further rotation of part ‘a’ is emulated by sequentially changing the permeability of these blocks (from A,
to Ag) to 1. Hence, for § = 360°, ur of all these blocks (A1—Asg) will be set to 1. This basic model can be used to
compute Bsen for 8 €[0, 360°]. Details of the FEA conducted using the above model, to analyse the effect of
various parameters on the sensor output, is given below.
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Figure 4. Comsol Model of the proposed sensor.
Reference axes (X, Y and Z) are indicated, with

the dimensions marked in mm. Rotation of part R R
‘a’ is emulated by varying the permeability of Angular Displacement, ¢

the blocks Ai-As. A typical streamline plot of
Bsen for 8 = 0° is also shown.
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Figure 5. Family of magnetic flux density (Bsen)
vs angle @ characteristics obtained at z =5 mm for
x € [0, 10 mm]. Bsen has best linearity at x = 5mm.

(1) Position P(x, y, z) of Hall Effect sensor: As in Figure 2, the Hall sensor is located between the limbs, below
the part ‘a’. The linearity of the signals vy and v, with respect to sensing angle 8, can change with the position of
the Hall sensor. Hence, the best position (say, Psst), at which best linearity is present, has to be determined for
finalizing the Hall sensor position. To find Pgst, Bsen Was computed by the aforementioned procedure for
0 € (0-360°), at z =5 mm, y = 0 mm for every x from 0 to 10 mm in steps of 0.2 mm, i. e., Xe (0, 10 mm). A
family of Bsen vs. 0 curves obtained from this study is shown in Figure 5. Limited number of curves (better
clarity) is shown in Figure 5. It can be seen from Figure 5 that Bsen has best linearity when x =5 mm.

Similar FEA was performed for positions P lying in the plane belonging to [xe (0, 10 mm), y = 0, ze (0,
10 mm)]. Worst-case Non-Linearity (WNL) of Bsen vs. 6 curve, for each P, has been calculated from FEA
results, and is given in Figure 6(a). A 2-D projection of the Figure 6(a) is given in Figure 6(b) for better
understanding. From Figure 6, we can generalize that the best linearity, in v,, is observed near x = 5 mm, and
lowest WNL is noted for z <4 mm. Thus, for best performance, the Hall IC should be positioned at point Pgst
(X=5 mm, y—»0 mm, z <4 mm).
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Figure 6. (a) Variation of Worst-Case Non-linearity of the sensor output for different positions of Hall
sensor. (b) A 2-D plot showing the projection of (a) on XZ plane. Position at which Hall IC has to be placed
to get minimum non-linearity (over the required range) in v, can be ascertained from these plots.

(2) Thickness of ‘a’: The effect of thickness (ta) of part ‘a’ on the non-linearity of v, with-respect-to the sensing

angle has been analysed for different sensor positions. First, Bsen Was computed by FEA for various ta and for
different positions P [xe (0, 10 mm), y=0, z =5 mm]. Worst case Non-Linearity (WNL) was calculated for
each case and given in Figure 7(a). It can be inferred from Figure 7(a) that, regardless of ta, Pest (best position)
is near x =5 mm. A similar FEA was conducted to compute WNL for different ta and for sensor positions P
[x=3mm,y=0,z (0, 10 mm)]. The resulting plot of WNL with respect to ta and z is given in Figure 7. From
Figure 7, it can be seen that, for all ta € [0.3 mm, 0.9 mm], Pgst occurs for z < 5. Thus, from Figure 7 (a) and (b),
we can infer that the point Pgst of best linearity is not much dependent on ta. Shape of WNL curves, in Figure 7,
does not alter much with ta. Thus, for the sensor configuration analysed, the part ‘a’ can be fabricated from a

material of thickness ta, where ta [0.3 mm, 0.9 mm]. The resultant change in non-linearity of Bsen (Or Vo) is
very small.
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Figure 7. (a) Plot of Worst-case Non-Linearity (WNL) for diferent thickness (ta) of ‘a’ and different sensor
positions P along X direction. (b) Variation of WNL w.r.t. ta and P along Z direction.

(3) Relative Permeability (ur) of ‘a’ The pr of the material, used to realise ‘a’ in the prototype shown in

Figure 3 (a), was around 400. However, it varies with the material selected. An analysis has been carried out to
ascertain the effect of different values of pr of ‘a’, where pr < (40, 4000) on the non-linearity in output. The
procedure is similar to that used in case (2). Figure 8(a) shows corresponding WNL pattern obtained for different
values of pr and various sensor positions P [x e (0, 10 mm), y =0, z=5 mm]. It can be seen from Figure 8 (a)
that Pgst do not vary much with pr. The WNL plot obtained for different pr and different P along Z axis i.e.
Pe[x=3mm,y =0,z < (0,10 mm)] is given in Figure 8 (b). From this plot, we can see that the region at which
lowest WNL occurs is z <4 mm. This is similar to the results obtained in (1) and (2). The effect of ta and pr on
WNL is similar as they play a similar role in determining the reluctance offered by part ‘a’.
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Figure 8. (a) Plot of Worst-case Non-Linearity (WNL) for diferent permeability (ur) of ‘a’ and different
sensor positions P along X direction. (b) Variation of WNL w.r.t. ur and P along Z direction.

I11. Conclusions

A new sensor that measures angular position of a through shaft has been analysed. The proposed sensor can be
used for brake-wear monitoring. The sensor analysed has a linear range of about 220°. The effect of position of
Hall IC on linearity of the final output was studied using extensive finite element analysis, and the optimal
region of placement of Hall IC for attaining best linearity was obtained. Similarly, the effect of variation in
thickness and permeability of rotating part of the sensor unit was analysed. Based on these studies, the influence
of these factors on the optimal position of Hall sensor and non-linearity in the output has been found. This
information helps to substantially simplify the complexity of signal conditioning circuit employed, which is
unavoidable otherwise, to obtain a linear output with respect to the sensing angle.
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