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Abstract: In step with the development of Industry 4.0, research on automatic operation technology
and components related to automobiles is continuously being conducted. In particular, the torque
angle sensor (TAS) module of the steering wheel system is considered to be a core technology owing
to its precise angle, torque sensing, and high-speed signal processing. In the case of conventional
TAS modules, in addition to the complicated gear structure, there is an error in angle detection due to
the backlash between the main and sub-gear. In this paper, we propose a multi-track encoder-based
vehicle steering system, which is incorporated with a TAS module structure that minimizes the
number of components and the angle detection error of the module compared with existing TAS
modules. We also fabricated and tested an angle detection signal processing board and evaluated it
on a test stand. As a result, we could confirm its excellent performance of an average deviation of 0.4◦

and applicability to actual vehicles by evaluating its electromagnetic interference (EMI) environmental
reliability. The ultimate goal of the TAS module is to detect the target steering angle with minimal
computation by the steering or main electronic control unit (ECU) to meet the needs of the rapidly
growing vehicle technology. The verified angle detection module can be applied to an actual steering
system in accordance with the mentioned technical requirements.

Keywords: EPSS (Electric Power Steering System); TAS module; multi-track encoder; self-driving
Car; steering angle sensor

1. Introduction

Recently, research on parts related to automobiles, such as LiDAR, ECU, and advanced
steering control devices, has been advancing along with the development of autonomous vehicle
technology [1–10]. In particular, the steering system plays an important role in timely control of
the traveling direction and turning angle of a vehicle through precise angle detection and fast data
processing as a key system that affects the stability and performance of the vehicle [11–15].

In addition, the torque angle sensor (TAS) module, which is a component of an electronic power
steering system (EPSS) that improves the convenience and stability of operation, is mounted on the
lower end of the steering wheel along with a steering angle sensor (SAS) and steering torque sensor
(STS) to measure the torque applied to the steering shaft.

In this paper, we propose a multi-track encoder (MTE)-based TAS module that can downsize the
module by simplifying its structure and has better angle detection resolution than the existing TAS
modules. The angle detection signal processing module was developed and evaluated. The conceptual
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diagram of a conventional TAS module and TAS with the proposed structure is shown in Figure 1. The
proposed TAS module can miniaturize the detector, and thus, the overall module by directly detecting
the steering angle and torque through magnetic contactless sensing with the MTE, and it is possible to
achieve better angular resolution.

Sensors 2019, 19, x 2 of 13 

 

conceptual diagram of a conventional TAS module and TAS with the proposed structure is shown in 
Figure 1. The proposed TAS module can miniaturize the detector, and thus, the overall module by 
directly detecting the steering angle and torque through magnetic contactless sensing with the MTE, 
and it is possible to achieve better angular resolution. 

In addition, we analyzed the angle detection process applied to the proposed structure through 
MTE through a MATLAB-based signal processing program. In particular, the inter-channel distance 
and pattern are very important factors in the MTE application of the TAS module. According to the 
uniformity of the MTE pattern, the difference signal of the two sine and cosine signals is different, 
and the angle detection data can be influenced. 

 
(a) (b) 

Figure 1. (a) Conventional torque angle sensor and (b) proposed torque angle sensor based on MTE 
schematic. 

In Figure 1, the existing TAS module performs angle detection and calculation through the gear 
ratio when the main and sub- gears rotate, and there is a disadvantage in that an angle detection 
error occurs owing to the backlash generated when the gears are engaged [15]. To overcome this 
drawback, the TAS module of the proposed structure can detect angles and torques according to the 
MTE rotation through a Hall sensor in a non-contact manner. Therefore, the proposed TAS module 
structure does not have backlash because it does not use gears, and angle detection with the MTE is 
possible even at high-speed rotation through the non-contact method. Generally, a conventional 
steering module has a detection speed limit of 2000–3000°/s imposed by gear rotation, but the TAS 
module structure proposed in this paper is not affected by speed [16]. In this study, we implemented 
the signal processing module with built-in MTE and digital Hall sensor to build the proposed TAS 
module, and analyzed the angle detection characteristics, which achieved better performance 
compared with the existing TAS model. 

2. Element Technology 

2.1. Fabrication of MTE 

MTEs represent one of the most important components in angle detection; hence, it is important 
to form a measurable stray magnetic field with rotation. In this study, for the MTE design with high 
magnetic field characteristics and optimized specifications, track spacing and material 
characteristics were analyzed using a finite element analysis program (Flux, CEDRAT). A double 
track for angle detection and single track for torque detection were designed as 32-pole, 31-pole, and 
16-pole motors, respectively, and the characteristics were analyzed by changing the gap between 
torque and angle tracks from 1 mm to 3 mm. The MTE structure designed for the analysis is shown 
in Figure 2, and the results are shown in Table 1. 

The material of the encoder magnet used for the analysis was ferrite, and the magnetic field was 
measured at a distance of 1 mm vertically from the center of the two angle tracks. Table 1 shows a 
maximum difference of 6 Gauss for this interval, which does not have considerable effect when 
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In addition, we analyzed the angle detection process applied to the proposed structure through
MTE through a MATLAB-based signal processing program. In particular, the inter-channel distance
and pattern are very important factors in the MTE application of the TAS module. According to the
uniformity of the MTE pattern, the difference signal of the two sine and cosine signals is different, and
the angle detection data can be influenced.

In Figure 1, the existing TAS module performs angle detection and calculation through the gear
ratio when the main and sub- gears rotate, and there is a disadvantage in that an angle detection error
occurs owing to the backlash generated when the gears are engaged [15]. To overcome this drawback,
the TAS module of the proposed structure can detect angles and torques according to the MTE rotation
through a Hall sensor in a non-contact manner. Therefore, the proposed TAS module structure does
not have backlash because it does not use gears, and angle detection with the MTE is possible even
at high-speed rotation through the non-contact method. Generally, a conventional steering module
has a detection speed limit of 2000–3000◦/s imposed by gear rotation, but the TAS module structure
proposed in this paper is not affected by speed [16]. In this study, we implemented the signal processing
module with built-in MTE and digital Hall sensor to build the proposed TAS module, and analyzed
the angle detection characteristics, which achieved better performance compared with the existing
TAS model.

2. Element Technology

2.1. Fabrication of MTE

MTEs represent one of the most important components in angle detection; hence, it is important
to form a measurable stray magnetic field with rotation. In this study, for the MTE design with high
magnetic field characteristics and optimized specifications, track spacing and material characteristics
were analyzed using a finite element analysis program (Flux, CEDRAT). A double track for angle
detection and single track for torque detection were designed as 32-pole, 31-pole, and 16-pole motors,
respectively, and the characteristics were analyzed by changing the gap between torque and angle
tracks from 1 mm to 3 mm. The MTE structure designed for the analysis is shown in Figure 2, and the
results are shown in Table 1.
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Table 1. Magnetic flux of the MTE according to distance between angle and torque tracks.

Distance [mm] Magnetic Flux [Gauss]

1 295.8
2 292.9
3 289.8

The material of the encoder magnet used for the analysis was ferrite, and the magnetic field was
measured at a distance of 1 mm vertically from the center of the two angle tracks. Table 1 shows
a maximum difference of 6 Gauss for this interval, which does not have considerable effect when
considering the minimum input sensitivity of 188 Gauss of the digital Hall sensor. However, if the
distance between the torque track and angle track is narrower than 1–2 mm, the magnetic field formed
along the direction of the polarity may be bridged and the signals cancel each other. Therefore, in this
study, the MTE was fabricated with a distance of 3 mm between the torque and angle tracks, which
was verified by the finite element analysis. An image of the MTE is shown in Figure 3.
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Ferrite, Nitrile-butadiene Rubber (NBR), and SUS304 stainless steel were used in the finite element
analysis model at volume ratios of 89.7, 10, and 0.03%, respectively. The outer diameter was 49 mm,
the inner diameter was 45 mm, and its height was 20 mm. The addition of NBR series rubber, which
acts as an external binder of the MTE, maximizes ferrite sintering and ease of fabrication, and SUS304
is added to optimize corrosion resistance and oxidation resistance. Based on the simulation results, the
magnetic force at the center of the angle track (pore: 1 mm) of the MTE was approximately 260 Gauss,
which was 30 Gauss lower than the simulation results in Table 1, and is 70 Gauss higher than the input
sensitivity of the digital Hall sensor. The detection of data based on the MTE rotation is not an issue.

Ferrite, NBR rubber, and SUS304 stainless steel were used in the finite element analysis model at
volume ratios of 89.7, 10, and 0.03%, respectively. The outer diameter was 49 mm, the inner diameter
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was 45 mm, and its height was 20 mm. The addition of NBR series rubber, which acts as an external
binder of the MTE, maximizes ferrite sintering and ease of fabrication, and SUS304 is added to optimize
corrosion resistance and oxidation resistance. Based on the simulation results, the magnetic force at
the center of the angle track (pore: 1 mm) of the MTE was approximately 260 Gauss, which was 30
Gauss lower than the simulation results in Table 1, and is 70 Gauss higher than the input sensitivity of
the digital Hall sensor. The detection of data based on the MTE rotation is not an issue.

2.2. Angle Calculation

In general, the TAS module in the steering system of an automobile detects the absolute position
by an output signal based on the ratio of the main and sub-gears in the apparatus through an arctangent
calculation. The operation is relatively simple to implement, and processing time is short [17,18]. The
basic formula of the arctan operation is as follows:

The magnetic flux characteristics of the Hall sensor are shown in Figure 4. A current-carrying
conductive plate crossed by a magnetic field perpendicular to the plane of the hall-plate develops
a crossing potential voltage. This hall-effects is described by the Lorentz force. This is because the
electron that moves the magnetic field generates a force as shown in Equation (1).

F = qv × B (1)

where F is the resulting force, q is the electrical charge of the electron, v is the velocity of motion and B
is the magnetic field. The track of the electron changes because of the resulting force, developing a
potential voltage across the plate shown in Equation (2).

VH =
IBvertical

ρnqt
(2)

where VH is the hall voltage, I is the current passing through the plate, Bvertical is the perpendicular
magnetic field, n is the number of carriers per volume, q is the charge and t is the thickness of the plate.
The magnetic force characteristics acting on the plate points x1 and x2 in the Hall sensor are expressed
by Equation (3). Furthermore, Bx and Bz acting perpendicularly to the plane of the Hall sensor are
expressed by Equation (4).

x1 = SxBx + SzBz, x2 = −SxBx + SzBz (3)

Bx =
(x1 − x2)

2Sx
, Bz =

(x1 + x2)

2Sz
(4)

where Sx, Sz are the respective sensitivity of Hall sensor for the x and z axis, it is generally seen that the
sensitivity is the same. As the impulse ring is rotated, the Hall sensor is detecting the vector of the
magnetic field from the impulse ring and generates signals Vx and Vz that are proportional to the Sin
and Cosine signals respectively as shown in Equation (5).

Vx = Sx × Bx × cos θ, Vz = Sz × Bz × sin θ (5)

The absolute angle θ can be derived from calculating the arctan of the voltages Vx and Vz as
shown in the following Equations (6) and (7) [19,20].

θ1 = 90◦ + tan−1
(

Vx

Vz

)
i f Vz ≥ 0 (6)

θ2 = 270◦ + tan−1
(

Vx

Vz

)
i f Vz < 0 (7)

In Equations (6) and (7), Vx and Vz are cosine and sine signals measured through the pole-pair
MTE, respectively. In this study, based on Equations (6) and (7), the angle data detected when the
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MTE is designed with 31 and 32 pole pairs rotated by 360◦ is qualitatively simulated using MATLAB
software. The results are shown in Figure 5.
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The sine signals provide angular data, which are calculated according to a positive or negative
number and follow a triangular saw tooth waveform as shown in the third graph in Figure 4. The y-axis
angle data (yellow line) are derived from the difference of each data point measured and calculated
from the 31 and 32 pole pairs, as shown in the last graph in Figure 5.

2.3. Fabrication of Angle Detection Circuit

The angle detection module was fabricated for comparison with the simulated angle value
through the law data of the MTE pole pair, and the implemented board is shown in Figure 6.

The magnetic flux according to the rotation of the MTE is measured through a digital Hall sensor
(IC-MU, IC-Haus). The angle binary data converted through the built-in arctan operation protocol is
sent to the signal processor MCU (ATmega328, Atmel, San Jose, CA, USA) and is then calculated as an
angle value. The digital Hall sensor is set to a resolution of 15 bits, which has an angular resolution of
approximately 0.01◦. Furthermore, the circuit was designed considering a standard shaft axis so that it
could be applied to real automobiles, and it was designed to be driven by the standard automobile
battery input voltage of 12 V.
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2.4. Angle Sensor Module Experiments

In this study, a test stand was fabricated and evaluated for the quantitative evaluation of the
proposed angle detection module. The test stand is shown in Figure 7.
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Conventional automotive steering modules have an angular deviation of about 0.6–1.0◦ [12,13,16].
The angle detection module implemented in this study has a maximum angular resolution of 0.01◦. To
evaluate the implemented module, the test stand was fabricated and verified through a step motor
and encoder with maximum resolution of 0.01◦. The angular data measured by the encoder and the
manufactured angle detection module were compared by running the motor at intervals of 10◦. The
test environment block diagram of the angle detection module is shown in Figure 8. The step motor
(A15K-S5, Autonics, Pusan, Korea) used in the evaluation is set to be driven at 0.01◦ resolution, and the
encoder for reference angle detection (E60H-20-8192, Autonics, Pusan, Korea) has a resolution of 0.01◦.

Also, to analyze the characteristics according to the rotation speed of the proposed module,
the angle detection performance was evaluated at 3000◦/s, 4000◦/s, and 5000◦/s. The TAS module
3000◦/s has a speed of 500 rpm when converted to rpm as a unit representing the maximum rotation
angle per second. (ex. 3000◦/s = 500 rpm, 4000◦/s = 666 rpm, 5000◦/s = 833 rpm, 6000◦/s = 1000 rpm).
In general, conventional commercial TAS modules have a rotation speed of 2000–3000◦/s. On the other
hand, unlike the existing TAS module, the proposed module is not in the state of being engaged with
sub-gears, so it is a floating type and has a great advantage in steering wheel rotation speed.
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A PC-based signal generating and collecting system and motor driver (MD5-HF14, Autonics)
were used to drive the pulse-width modulated (PWM) signal using a stepping motor, and the shaft
was rotated according to the set angle with the motor running. At this time, a hollow encoder for
detecting the reference angle, built-in MTE, and digital Hall sensor composing the angle detection
module implemented at a distance of 1 mm between the MTE and air gap were placed on the shaft
axis. The angle data of rotation of the shaft were then obtained through the reference angle detection
encoder and the manufactured angle detection module.

3. Experimental Results

3.1. Evaluation of Angle Detection

The experimental results and conventional TAS module obtained through the test stand are shown
in Figure 9. The reference angle was measured using a commercial encoder to verify the angle driven
by the step motor and the angle was compared with the measurement data of the signal processing
board for the implemented TAS module.
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In Figure 9, deviations of the fabricated angle detection module and reference encoder data
were measured for 0–360◦ in 10◦ intervals for angle detection. The measurements produced an
average deviation of approximately 0.4◦ compared with the reference encoder. It shows improved
characteristics over 5–8dB compared with commercial TAS modules. Most commercial TAS modules
are multi-gear types with an average accuracy of about 0.6 to 1.0◦ [12,13,16].

In Figures 10 and 11, the angle detection characteristics according to the rotational speed of the
fabricated module were measured at intervals of 20◦ from 0 to 360◦. As a result, the mean deviations
were measured as 0.370◦, 0.357◦, 0.434◦ and 0.537◦ respectively at 3000◦/s, 4000◦/s, 5000◦/s and
6000◦/s, and the deviation increases in the section where the rotation speed is high. However, the
maximum rotational speed characteristic of the conventional commercial TAS module is 3000◦/s,
and the proposed module has a relatively stable angle detection characteristic of about 0.5◦ standard
deviation up to 6000◦/s. Conventional TAS modules are multi-gear type gears. Therefore, it has a
limitation on the rotation speed, and the performance is usually 2000 to 3000◦/s. In particular, it causes
a backlash phenomenon caused by gears, which can affect accuracy.
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3.2. EMI Evaluation of Angle Sensor Module

To evaluate the environmental reliability of the angle detection board for the implemented TAS
module, an electromagnetic radiation test was performed according to the CISPR25 standard for
electronic parts. The experimental environment and measured test results are shown in Figure 12.Sensors 2019, 19, x 9 of 13 
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In general, electromagnetic interference (EMI) certification for automotive components is essential
and complies with the CISPR25 standard. An automotive module can emit electromagnetic waves into
the line or module itself connected to it during operation, which can have an electrical effect on the user
or other components. Therefore, to regulate this problem to a certain level or less, EMI certification
is performed. In the case of radiated tests, it is classified into the conducted emission (CE) emitted
through the line of module and the radiation emission (RE) test, which measures the emission from the
module itself. An electromagnetic radiation test was carried out in a sealed electromagnetic shielded
room at an authorized testing laboratory, and the measuring distance was 10 m from the implemented
module. When the operating voltage of 12V or 5V is applied, the CE measures electromagnetic waves
through the line of module, it has 80, 58, and 40 dBuV standards in the range of 0.15 to 0.3 MHz, 0.5 to
2 MHz, and 25 to 108 MHz, respectively. In the CE test of the fabricated angle detection module, the
average was measured to be 20–30 dBuV, which is in accordance with the standard. The RE emitted
by the module itself has standard values of 35, 40 and 45 dBuV/m in the range of 0.03 to 0.25 GHz,
0.3 to 1 GHz and 1.5 to 2.5 GHz, respectively. In the RE test of the proposed module, the average was
measured to be 10–25 dBuV, which is in accordance with the standard. The test measurements were
less than 40 dBuV/m over the entire test band, which complied with the actual automobile electronic
parts specification.

4. Discussion

The angle detection signal processing board implemented and evaluated in this study proved to
achieve excellent angular resolution and detection accuracy based on experimental results. However,
additional research and verification are required. First, it is necessary to optimize the torque detection
function and specifications required for existing steering modules for automobiles. A detection method
using a torque track in the designed MTE should be implemented and application of a linear Hall sensor
standard is required to detect torque. Second, low power consumption and detailed standardization of
automotive electronic components are required through application of automotive integrated circuits
(ICs) based on the AEC-Q100 standard.

In the case of angular resolution, it is necessary to select the optimum range considering the
power consumption of the signal processing module. The commercial TAS module has an angular
resolution of 0.1–0.2◦. In the case of the angle detection signal processing board implemented in
this study, the angle detection deviation is approximately 0.4◦, which is better than that of current
commercial products. However, it is necessary to further improve performance by improving the
test evaluation environment and through module optimization. In particular, the performance of the
proposed angle detection module will allow for more accurate detection by optimizing the motor
coupling structure of the test stand. This will lead to an accurate conclusion by minimizing the error
on the vertical axis besides the rotary axis through the correction of the shaft center axis between the
motor and the encoder. Therefore, the performance of the proposed angle detection module will allow
for more accurate detection by optimizing the motor coupling structure of the test stand. This will lead
to an accurate conclusion by minimizing the error on the vertical axis besides the rotary axis through
the correction of the shaft center axis between the motor and the encoder.

The correction of the rotation direction axis and the vertical axis in the module angle detection
is a very important factor because the magnetic flux collected by the hall sensor changes due to the
vertical axis error. This causes the nonlinearity of the hall sensor output signal and may further affect
the arctan-based angle detection. In future research, it is necessary to supplement the performance of
the proposed board with more precise verification by applying optical precision encoder in addition to
the 0.01 resolution motor and encoder used in this experiment.

The proposed angle detection module has an average deviation characteristic of 0.4◦, which is
about 5~8 dB higher than conventional commercial products. Such a performance can be applied
to an environment requiring precise angle detection, such as to an automatic parking system rather
than to a steering angle detection function to implement an actual autonomous driving application.
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In particular, the active parking system requires high-precision steering angle information that can
be used to optimize steering wheel turning by calculating the optimum steering angle by sensing the
surrounding obstacles at a point set by the driver [21].

5. Conclusions

In this paper, we proposed an MTE-based TAS module which achieves better angular detection
resolution than the existing main and sub-gear-based steering modules. The proposed MTE-based TAS
module does not include the gear backlash error induced in existing commercial products as it does not
use gears. The fabricated angle detection module uses a digital hall sensor and has a 15-bit resolution of
about 0.01◦ and an average deviation of 0.4◦. The experimental results show that the average deviation
is 5-8 dB better than that of the commercial TAS module. Also, the proposed module showed an
average deviation of about 0.35~0.57◦ at a rotation speed of 3000~6000◦/s, through experiments, it was
confirmed that the detection characteristics were satisfied at high speed. In addition, we conducted an
EMI environment assessment based on vehicle specifications. Through the test results, we confirmed
that it conforms to electromagnetic wave standards in all directions.

In this paper, we believe that the qualified angle detection module can be used in the rapidly
growing market for automotive steering parts.

Author Contributions: Study design, measurements, data analysis, and discussion by S.T.W., Y.B.P., J.H.L., C.S.H.,
S.N., C.W.P., J.Y.K., all authors have approved the submitted manuscript, the manuscript has not been submitted
elsewhere nor published.

Funding: This work was supported by the Korea Technology & Information Promotion Agency (TIPA)
through a grant funded by the Korea Institute for Advancement of Technology (KIAT) (No. S2521249)
and by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIP)
(No. NRF-2017M3A9E2065284).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Roy, D.; Krishnamurthy, A.J.; Heragu, S.S.; Malmborg, C.J. Performance analysis and design trade-offs in
warehouses with autonomous vehicle technology. IIE Trans. 2012, 44, 1045–1060. [CrossRef]

2. Falcone, P.; Borrelli, F.; Asgari, J. Predictive Active Steering Control for Autonomous Vehicle Systems.
IEEE Trans. Control Syst. Technol. 2007, 15, 566–580. [CrossRef]

3. Choo, S.J.; Kim, J.Y. LiDAR Sensors for Autonomous Driving Car. Sci. Technol. J. 2007, 1, 14–18.
4. Hutchison, D.N.; Sun, J.; Doylend, J.K.; Kumar, R.; Heck, J.; Kim, W.; Phare, C.T.; Feshali, A.; Rong, H.

High-resolution aliasing-free optical beam steering. Optica 2016, 3, 887–890. [CrossRef]
5. Sun, J.; Timurdogan, E.; Yaacobi, A.; Hosseini, E.S.; Watts, M.R. Large-scale nanophotonic phased array.

Nature 2013, 493, 195–199. [CrossRef] [PubMed]
6. Sun, J.; Timurdogan, E.; Yaacobi, A.; Su, Z.; Hosseini, E.S.; Cole, D.B.; Watts, M.R. Large-scale silicon photonic

circuits for optical phased arrays. IEEE J. Sel. Top. Quantum Electron. 2014, 20, 1–15. [CrossRef]
7. Poulton, C.V.; Byrd, M.J.; Raval, M.; Su, Z.; Li, N.; Timurdogan, E.; Coolbaugh, D.; Vermeulen, D.; Watts, M.R.

Large-scale silicon nitiride nanophotonic phased arrays at infrared and visible wavelengths. Opt. Lett. 2017,
42, 21–24. [CrossRef] [PubMed]

8. Ye, L.; Zhang, G.; You, Z. 5 V compatible two-axis PZT driven MEMS scanning mirror with mechanical
leverage structure for miniature LiDAR Application. Sensors 2017, 17, 521. [CrossRef] [PubMed]

9. Zhang, X.; Koppal, S.J.; Zhang, R.; Zhou, L.; Butler, E.; Xie, H. Wide-angle structured light with a scanning
MEMS mirror in liguid. Opt. Express 2016, 24, 3479–3487. [CrossRef] [PubMed]

10. Ye, L.; Zhang, G.; You, Z. Large-aperture kHz operating frequency Ti-alloy based optical micro scanning
mirror for LiDAR application. Micromachines 2017, 8, 120. [CrossRef]

11. Xu, L.; Cheng, W. Torque and reactive power control of a doubly fed induction machine by position sensorless
scheme. IEEE Trans. Ind. Appl. 1995, 31, 636–642. [CrossRef]

12. Zabler, E.; Marx, K.; Jost, F.; Abendroth, M.; Braun, H. Method and Device for Angular Measurement of a
Rotatable Body. U.S. Patent 5,930,905, 3 August 1999.

http://dx.doi.org/10.1080/0740817X.2012.665201
http://dx.doi.org/10.1109/TCST.2007.894653
http://dx.doi.org/10.1364/OPTICA.3.000887
http://dx.doi.org/10.1038/nature11727
http://www.ncbi.nlm.nih.gov/pubmed/23302859
http://dx.doi.org/10.1109/JSTQE.2013.2293316
http://dx.doi.org/10.1364/OL.42.000021
http://www.ncbi.nlm.nih.gov/pubmed/28059212
http://dx.doi.org/10.3390/s17030521
http://www.ncbi.nlm.nih.gov/pubmed/28273880
http://dx.doi.org/10.1364/OE.24.003479
http://www.ncbi.nlm.nih.gov/pubmed/26907006
http://dx.doi.org/10.3390/mi8040120
http://dx.doi.org/10.1109/28.382126


Sensors 2019, 19, 526 13 of 13

13. Kim, T.W.; Na, B.C.; Shin, J.K.; Jung, T.H.; Choi, Y.M. Steering Angle Detecting Apparatus. U.S. Patent
15/803,987, 10 May 2018.

14. Yoo, K.; Seo, J.; Ban, J.; Lee, H.; Kim, J.; Kim, W. Study on Development of Torque and Angle Sensor for EPS.
SAE Int. J. Passeng. Cars Electron. Electr. Syst. 2012, 5, 292–296. [CrossRef]

15. Lagerberg, A.; Egardt, B. Backlash Estimation with Application to Automotive Powertrains. IEEE Trans.
Control Syst. 2007, 15, 483–493. [CrossRef]

16. Shin, S.C. Angle Sensor. U.S. Patent 8,810,239, 19 August 2014.
17. Kejik, P.; Reymond, S.; Popovic, R.S. Purely CMOS angular position sensor based on a new hall microchip.

In Proceedings of the 2008 34th Annual Conference of IEEE Industrial Electronics, Orlando, FL, USA,
10–13 November 2008; pp. 1777–1781.

18. Benammar, M.; Khattab, A.; Saleh, S.; Bensaali, F.; Touati, F. A Sinusoidal Encoder-to-Digital Converter Based
on an Improved Tangent Method. IEEE Sens. J. 2017, 17, 5169–5179. [CrossRef]

19. Metz, M.; Häberli, A.; Schneider, M.; Steiner, R.; Maier, C.; Baltes, H. Contactless angle measurement using
four Hall devices on single chip. In Proceedings of the International Solid State Sensors and Actuators
Conference (Transducers ’97), Chicago, IL, USA, 16–19 June 1997; pp. 385–388.

20. Popovic, R.S. Integrated Hall Magnetic Angle Sensors. In Proceedings of the 50th International Conference
on Microelelctronics, Devices and Materials, Ljubljana, Slovenia, 8–10 October 2014; pp. 1–6.

21. Heo, J.H.; Lee, S.B. Study on Parking Guideline Generation Algorithm. J. Korea Acad.-Ind. Coop. Soc. 2015, 16,
3060–3070. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4271/2012-01-0941
http://dx.doi.org/10.1109/TCST.2007.894643
http://dx.doi.org/10.1109/JSEN.2017.2723619
http://dx.doi.org/10.5762/KAIS.2015.16.5.3060
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Element Technology 
	Fabrication of MTE 
	Angle Calculation 
	Fabrication of Angle Detection Circuit 
	Angle Sensor Module Experiments 

	Experimental Results 
	Evaluation of Angle Detection 
	EMI Evaluation of Angle Sensor Module 

	Discussion 
	Conclusions 
	References

