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it is difficult to estimate speed and position accurately over large speed range applications based on these methods [START_REF] Muley | Comparative Evaluation of Methods for Continuous Rotor Position Estimation using Low Resolution Hall Sensors[END_REF].

Due to its low cost and the ability to provide certain speed and rotor position information, the low-resolution Hall position sensor has become the ideal choice to balance performance and cost [START_REF] Jung | PMSM control based on edge field measurements by Hall sensors[END_REF]- [START_REF] Wang | Review of Rotor Position and Speed Estimation Method of PMSM with Hall Sensor[END_REF].

Many investigations have been conducted on PMSM drives using Hall sensors in recent years [START_REF] Wang | Review of Rotor Position and Speed Estimation Method of PMSM with Hall Sensor[END_REF]- [START_REF] An | Research on Rotor Position Estimation of PMSM Based on Hall Position Sensor[END_REF]. In [START_REF] Wang | Review of Rotor Position and Speed Estimation Method of PMSM with Hall Sensor[END_REF], different rotor position and motor speed estimation methods using Hall position sensors were reviewed. Various torque measurement and estimation methods for PMSMs have been compared with Hall-sensor-based approaches in regard to cost, sensitivity to parameter variations, computational time, accuracy, and robustness in [START_REF] Alonso | Permanent Magnet Synchronous Machine Torque Estimation Using Low Cost Hall-Effect Sensors[END_REF]. An investigation of implementation issues of PMSM control methods with Hall position sensors is presented in [START_REF] Reigosa | Permanent Magnet Synchronous Machine Drive Control Using Analog Hall-Effect Sensors[END_REF].

The purpose of this paper is to review the application of Hall position sensors for PMSM drive applications. The paper is organized as follows: in section II the working principle of Hall-based position sensing and how misplaced Hall sensors may result in adverse consequences is discussed. In Section III, different estimation methods for rotor position and speed will be presented. Section IV discusses future trends and recent studies, such as fault-tolerant control of PMSMs using Hall position sensors. Conclusion is given in Section V. [START_REF] An | Research on Rotor Position Estimation of PMSM Based on Hall Position Sensor[END_REF]. In order control the PMSM in the desired way, it is required to obtain the continuous position information of the motor rotor based on the motor Hall signals.

II. ANALYSIS OF HALL POSITION SENSOR SIGNALS A. Working principle of Hall-based position sensing
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I. INTRODUCTION

The increasing popularity of hybrid and electric vehicles has made permanent magnet motors more popular in the automotive industry. These motors offer high power density, ease of maintenance, efficiency, and reliable dynamic performance. Brushless DC (BLDC) motors are generally controlled by Hall-effect sensors with a 60-degree electrical angle resolution when used with low-resolution position sensors [START_REF] Muley | Comparative Evaluation of Methods for Continuous Rotor Position Estimation using Low Resolution Hall Sensors[END_REF], [START_REF] Liu | Control of Permanent-Magnet Synchronous Motor Based on Linear Hall Device[END_REF].

In many applications, rotor position and speed acquisition are critical to high-performance PMSM control. In terms of position-measuring methods, the control systems of PMSMs can be divided into two major categories. The first type involves using high-precision mechanical position sensors to determine motor speed and rotor position, such as resolvers and photoelectric encoders [START_REF] El-Refaie | Fractional-Slot Concentrated-Windings Synchronous Permanent Magnet Machines: Opportunities and Challenges[END_REF]. Although these methods provide precise control of the motor, they result in larger volumes and more costs, and they are easily restricted by the room condition. In addition, as the mechanical position sensors may fail during the motor operation, their reliability is an issue.

Alternatively, rotor position and motor speed can be measured without using a sensor, such as using the rotor position observer methods [START_REF] Filho | Observers for High-Speed Sensorless PMSM Drives: Design Methods, Tuning Challenges and Future Trends[END_REF], using high-frequency signal injection methods [START_REF] Wang | Position Sensorless Permanent Magnet Synchronous Machine Drives-A Review[END_REF], or using Kalman filter (KF) approaches [START_REF] Bolognani | Extended Kalman filter tuning in sensorless PMSM drives[END_REF]. These methods are sensitive to motor parameter variation, temperature, and non-linear characteristics of inverters. Consequently, Hence, the imprecise position of the Hall sensors distorts the estimation of the rotor position. In order to avoid harmonic currents, an algorithm is needed to mitigate this distortion. This will also result in low-frequency torque ripples, noise, and vibrations in the PMSM performance [START_REF] Miguel-Espinar | Accurate Angle Representation From Misplaced Hall-Effect Switch Sensors for Low-Cost Electric Vehicle Applications[END_REF]. Several researches have been done to deal with issues resulted by misplacement of Hall position sensors in PMSMs such as in [START_REF] Cortajarena | Influence of the rotor angle precision in control of IPMSM drives and improvement method using sensorless estimator with Hall sensors[END_REF], where a phase-locked loop (PLL) enhances the transient response of PMSM with Hall sensor-based control. However, the observer design is complex and highly dependent on the motor parameters.

III. ESTIMATION METHODS OF MOTOR SPEED AND ROTOR

POSITION

It is also noted in [START_REF] Wang | Review of Rotor Position and Speed Estimation Method of PMSM with Hall Sensor[END_REF] that there are generally three different methods for estimating speed and position based on Hall position sensors, namely the interpolation method [START_REF] Bae | Implementation of sensorless vector control for super-high-speed PMSM of turbocompressor[END_REF], the observer method [START_REF] Yoo | Novel Speed and Rotor Position Estimation Strategy Using a Dual Observer for Low-Resolution Position Sensors[END_REF] and the filter method [START_REF] Zhao | A PMSM rotor position estimation with low-cost Hall-effect sensors using improved PLL[END_REF], which will be discussed in more detail in this section. Despite the fact that the interpolation and filter methods are easy to implement, they result in the phase lag and noise in a closed-loop speed control system that prevent high-performance in many PMSM applications. It is possible to estimate the position and speed of the rotor more precisely with the observer method based on the model parameters of the motor system. It should be noted, however, that the observer method is sensitive to motor parameters [START_REF] Wang | Review of Rotor Position and Speed Estimation Method of PMSM with Hall Sensor[END_REF]. Several nonlinear position control algorithms have been introduced for the purpose of increasing standstill stability [START_REF] Zheng | Position-measuring error analysis and solution of hall sensor in pseudo-sensorless PMSM driving system[END_REF], [START_REF] Ni | A New Position and Speed Estimation Scheme for Position Control of PMSM Drives Using Low-Resolution Position Sensors[END_REF].

A. Interpolation method

The interpolation method employs a discrete function approximation to estimate rotor speed and position. The entire rotating space is divided into six sectors based on the states of the Hall signals. The continuous rotor position information is calculated using the interpolation method, assuming the rotor speed within a sector is constant [START_REF] Bae | Implementation of sensorless vector control for super-high-speed PMSM of turbocompressor[END_REF], [START_REF] Ko | Interpolation error compensation method for look-up table based IPMSM drive[END_REF].

As presented in [START_REF] Wang | Review of Rotor Position and Speed Estimation Method of PMSM with Hall Sensor[END_REF], among the Hall signal interpolation methods, the following method are the most commonly used:

• the average speed method,

• the average acceleration method,

• and the least square method. The average speed method can be used to estimate the position of the rotor in the next Hall sector based on the average velocity in the last Hall sector. Due to the lower electrical time constant of the motor than its mechanical time constant, the speed of each sector is assumed to be constant regardless of speed variations between sectors. The average speed estimation is restricted by the deviation of the Hall installation location. Therefore, the motor speed obtained from it fluctuates greatly, which affects the estimation of the rotor position.

Hence, a motor acceleration and moving average interpolation methods have been introduced to deal with this issue. The average acceleration method assumes that the angular acceleration in each Hall sector is constant, and it does not change abruptly when the sector is switched [START_REF] Giulii Capponi | AC brushless drive with low-resolution Hall-effect sensors for surface-mounted PM Machines[END_REF], [START_REF] Kreindler | PMSM drive using digital hall position sensors for light EV applications[END_REF]. The speed and position estimation from Hall sensors signals based on moving average method is shown in Fig. 3 and can be calculated by:

           ā(t i ) = Ω(t i ) -Ω(t i-1 ) T Hall (t i ) Ω(t i,k ) = Ω(t i ) + ā(t i ).(t i,k -t i ) θ0 (t i,k ) = θ0 (t i ) + Ω(t i ).(t i,k -t i ) + 1 2 ā(t i ).(t i,k -t i ) 2 ,
(1) where ā(t i ) is the average acceleration at moment t i and θ0 (t i,k ) represents the position estimate at Hall commutation moment t i . When the speed fluctuates greatly, the average acceleration method can cause rotor pulsation. This can negatively impact normal motor operation. However, when the speed fluctuates greatly, the system error can be ignored. This method is particularly not suitable in applications with high dynamic performance requirements. As a result of the Taylor series expansion order, the estimation error will be reduced. However, the difficulty of software implementation increases accordingly, resulting in significant lags in the estimation result [START_REF] Kim | Sensorless control of interior permanent magnet machine drives with zero-phase-lag position estimation[END_REF].

The least squares method considers the influence of the mechanical installation error of Hall position sensor on the angle correction [START_REF] Brown | Analysis of algorithms for velocity estimation from discrete position versus time data[END_REF]. A least-squares method is used for correcting the effect of the misplaced Hall sensors in [START_REF] Zhang | An improved rotor position estimation in PMSM with low-resolution hall-effect sensors[END_REF] by using second-order Taylor linear interpolation. It is proposed in [START_REF] Dan | An Improved Position and Speed Estimation Scheme for Permanent Magnet Synchronous Motor with Low-cost Hall Sensors[END_REF], to combine non-model-based least square algorithms with model-based sliding mode observers (SMOs) for estimating position and speed, as illustrated in Fig. 4. [START_REF] Kovudhikulrungsri | Precise Speed Estimation From a Low-Resolution Encoder by Dual-Sampling-Rate Observer[END_REF], [START_REF] Scelba | Fault-Tolerant Rotor Position and Velocity Estimation Using Binary Hall-Effect Sensors for Low-Cost Vector Control Drives[END_REF].

In [START_REF] Zhao | A PMSM rotor position estimation with low-cost Hall-effect sensors using improved PLL[END_REF], an improved orthogonal PLL is proposed that reduces speed ripple. Among its main advantages are the small position error and the dynamic performance. Variable electrical frequency poses significant drawbacks such as the variation of the low-pass filter cutoff frequency and the need to adjust adaptive controller parameters. Hall sensors installation error in filter method control of PMSM is analyzed in [START_REF] Liu | High-Precision Speed and Position Estimation Based on Hall Vector Frequency Tracking for PMSM With Bipolar Hall-Effect Sensors[END_REF]. In this reference, the fundamental signals are extracted via synchronous frequency tracking filters (SFTF) as shown in Fig. 5. Fig. 5. Block diagram of SFTF [START_REF] Liu | High-Precision Speed and Position Estimation Based on Hall Vector Frequency Tracking for PMSM With Bipolar Hall-Effect Sensors[END_REF].

A deadbeat predictive current control method was developed to improve the accuracy of the estimation of rotor speed and position with Hall position sensors. The output signals from Hall sensors are transformed by Clark transformation into Hall vectors containing high-order harmonics. In order to extract the fundamental waves of the Hall vector, an adaptive vectorial filter (AVF) is introduced. An improved PLL structure estimates the rotor speed and position from fundamental waves [START_REF] Yao | Pseudo Sensorless Deadbeat Predictive Current Control for PMSM Drives With Hall-Effect Sensors[END_REF].

C. Observer method

Implementation of the previous methods, based on signal processing, is relatively straightforward. There is, however, the problem of time delay and an increase in speed estimation that cannot be avoided, resulting in slower, inefficient, and sometimes even unstable motions. There are other solutions, such as state observers [START_REF] Yoo | Novel Speed and Rotor Position Estimation Strategy Using a Dual Observer for Low-Resolution Position Sensors[END_REF], [START_REF] Scelba | Fault-Tolerant Rotor Position and Velocity Estimation Using Binary Hall-Effect Sensors for Low-Cost Vector Control Drives[END_REF], [START_REF] Donato | Low-Cost, High-Resolution, Fault-Robust Position and Speed Estimation for PMSM Drives Operating in Safety-Critical Systems[END_REF], and Kalman filters [START_REF] Shi | Speed Measurement Error Suppression for PMSM Control System Using Self-Adaption Kalman Observer[END_REF], which are model-based technologies that require information about the motor. In [START_REF] Kovudhikulrungsri | Precise Speed Estimation From a Low-Resolution Encoder by Dual-Sampling-Rate Observer[END_REF], the Luenberger state observers based on the motor's mechanical parameters were introduced.

As proposed in [START_REF] Batzel | Commutation torque ripple minimization for permanent magnet synchronous machines with Hall effect position feedback[END_REF], rotor position estimation can be obtained using a back-EMF observer combining low-resolution Hall position signals. Unlike conventional speed observers, the back-EMF speed observer uses no external parameters such as the moment of inertia, which eliminates the problem caused by the moment of inertia error in influencing estimation accuracy. Therefore, it has good robustness to mechanical parameters and is insensitive to the moment of inertia and actual torque. However, it is difficult to fully determine the real rotor position at low speed applications because the amplitude and frequency of the back-EMF voltages are relatively low. In addition, the observer is greatly affected by the current sampling accuracy, and the signal-to-noise ratio, which is relatively low at light load operation [START_REF] Liu | Model Reference Adaptive Control-Based Speed Control of Brushless DC Motors With Low-Resolution Hall-Effect Sensors[END_REF].

Position vector tracking observer for control of PMSM with the Hall sensor has been proposed in [START_REF] Giulii Capponi | AC brushless drive with low-resolution Hall-effect sensors for surface-mounted PM Machines[END_REF]. The position vector tracking observer can not only realize the smooth start of the motor at low speed, but also the observation result is less affected by the installation error of the Hall sensor. However, the parameter setting of the observer system is complicated. Excessively high controller bandwidth can lead to significant fluctuations in the observed instantaneous speed and estimated position. If the bandwidth is set too low, the stability of the observer cannot be guaranteed [START_REF] Harke | Implementation Issues and Performance Evaluation of Surface-Mounted PM Machine Drives with Hall-Effect Position Sensors and a Vector-Tracking Observer[END_REF]. A vector tracking observer based on Fourier decoupling feedback of Hall signal is proposed in [START_REF] Harke | Implementation Issues and Performance Evaluation of Sinusoidal, Surface-Mounted PM Machine Drives With Hall-Effect Position Sensors and a Vector-Tracking Observer[END_REF], which decouples the position vector into fundamental and high-order harmonic components. The overall block diagram of the observer with Hall signal feedback decoupling is shown in Fig. 6. Choosing the appropriate expansion terms of the discrete Fourier series is the challenge of this method. While this method can ensure that the motor runs in its full speed range, the problem lies in extending the speed loop bandwidth at low speeds [START_REF] Harke | Implementation Issues and Performance Evaluation of Sinusoidal, Surface-Mounted PM Machine Drives With Hall-Effect Position Sensors and a Vector-Tracking Observer[END_REF], [START_REF] Scelba | Hall-Effect Sensor Fault Detection, Identification, and Compensation in Brushless DC Drives[END_REF]. Fig. 6. Block diagram of rotor position estimation of vector tracking observer [START_REF] Harke | Implementation Issues and Performance Evaluation of Sinusoidal, Surface-Mounted PM Machine Drives With Hall-Effect Position Sensors and a Vector-Tracking Observer[END_REF].

In order to improve the accuracy of the estimation and reduce the lag of the rotor speed and position of PMSMs, cascaded observers have been proposed in some articles [START_REF] Comanescu | Speed, rotor position and load torque estimation of the pmsm using an extended dynamic model and cascaded sliding mode observers[END_REF]. A dual observer method is proposed in [START_REF] Yoo | Novel speed and rotor position estimation strategy using a dual observer for low resolution position sensors[END_REF] . This method is composed of two cascaded observers as shown in Fig. 7. The first observer is used to estimate rotation speed, and the second observer is used to estimate rotor position.

Compared to the filter method, this technique uses torque feedforward and exhibits superior frequency characteristics. Cascade observers, unlike feedback decoupling, can estimate Fig. 7. Control block diagram of cascade observer to estimate speed and rotor position [START_REF] Yoo | Novel speed and rotor position estimation strategy using a dual observer for low resolution position sensors[END_REF].

instantaneous rotor speed and position. However, due to the complex coordination required between the parameters of cascade observers, motor ratings, and control system parameters, its use in current industries is limited [START_REF] Ahmed-Ali | Cascade high gain observers for nonlinear systems with delayed output measurement[END_REF], [START_REF] Ni | State Estimation Error Suppression for PMSM Speed Observer Based on Hall Position Sensor[END_REF]. A cascaded Luenberger observer combined by using a feedback decoupling block is proposed in [START_REF] Zhao | Observer Based Improved Position Estimation in Field-Oriented Controlled PMSM with Misplaced Hall-Effect Sensors[END_REF] to mitigate the low-order noises resulted by the deviation of Hall position signals as depicted in Fig. 8. Fig. 8. Cascaded dual Luenberger observer [START_REF] Zhao | Observer Based Improved Position Estimation in Field-Oriented Controlled PMSM with Misplaced Hall-Effect Sensors[END_REF]. IV. FUTURE TRENDS It is critical to note that interpolation and filtering are nonmodel position and speed estimation methods that can only provide stable motor control within a limited range of speed operation as discussed in [START_REF] Wang | Review of Rotor Position and Speed Estimation Method of PMSM with Hall Sensor[END_REF]. These estimation methods can only be applied in situations where the speed remains relatively constant, such as in fans and water pumps, since these methods include higher frequency harmonic components. As long as the observer method has closed-loop characteristics, it is not affected by the fixed error of Hall sensor installation. Electric vehicles and home appliances have popularized this technique due to its ability to have a balance in accuracy and cost. The main factors to consider when implementing these methods in real microcontrollers, especially when applied to massproduction applications, are cost, required memory, burden time, speed estimation error during steady state, and transient periods.

For robust dynamic prediction performance across all speed ranges, parameter identification modules can be supplemented by closed-loop observers. To achieve high-performance PMSM control, enhanced speed estimation methods can also be used to minimize system error and estimate rotor position accurately in applications with a wide speed-range operation of the motor.

There are several factors that can damage a Hall sensor, including temperature changes, pollution, vibrations, and strong magnetic fields [START_REF] Dong | Fault Diagnosis and Signal Reconstruction of Hall Sensors in Brushless Permanent Magnet Motor Drives[END_REF]. A malfunctioning Hall sensor can cause speed fluctuations, position errors, and mechanical system failures. In order to increase the reliability of the position estimation method, fault tolerance methods have been developed using failed Hall position sensors [START_REF] Zhao | Fault diagnosis of low-cost hall-effect sensors used in controlling permanent magnet synchronous motor[END_REF], [START_REF] Mousmi | Binary Diagnosis of Hall Effect Sensors in Brushless DC Motor Drives[END_REF]. In [START_REF] Guo | Fault Tolerance Method of Low-Resolution Hall Sensor in Permanent Magnet Synchronous Machine[END_REF], a hybrid position observer is proposed for online fault detection and fault tolerant control of PMSM. In order to accomplish this, a fault detection variable based on the three adjacent Hall states is formulated to determine the fault type. Authors in [START_REF] Huang | The Hall Sensors Fault-Tolerant for PMSM Based on Switching Sensorless Control With PI Parameters Optimization[END_REF] proposed a fault detection scheme for Hall sensors based on the encoded signals of Hall jump edges. A fault-tolerant control switching scheme is designed to detect faults and to make switching possible in the event of a fault. Additionally, the state switching of the controller is used to produce a fault-tolerant control method for Hall sensors. It uses a sensorless scheme based on SMO, which is a fault tolerance mechanism for medium and high speeds. Consequently, it may be useful to consider sensorless control of three-phase PMSM at low speed, sensorless start-up at zero speed, and faulttolerant control of three-phase PMSM at full speed in various industrial environments [START_REF] Huang | The Hall Sensors Fault-Tolerant for PMSM Based on Switching Sensorless Control With PI Parameters Optimization[END_REF].

V. CONCLUSION

In this paper, the use of Hall position sensors in PMSM drives is explored. Various methods for estimating rotor position and motor speed, such as the interpolation method, filter method, and observer-based methods, are discussed and reviewed in terms of their benefits, limitations, challenges, and applications. Moreover, recent research has focused on addressing the issues related to incorrect installation of Hall sensors and implementing fault-tolerant control for PMSMs that rely on Hall position sensors.
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 1 Figure 1(a) shows the position of three-phase Hall sensor's installation for a one-pole PMSM. Hall A , Hall B , and Hall C are three-phase position Hall sensors. When a rotor rotates, the Hall position sensor produces a rectangular wave with a variable frequency. During one cycle of the rotor, three rectangular waves are generated with a phase difference of 120°electrical angle and 180°pulse width. There are six Hall sections with 60°electrical angles for each cycle of 360°e lectrical angles. Each section corresponds to one state of the three-phase Hall signal. Fig. 1(b) shows this relation between the phase Hall signal and the back electromotive force (back-EMF)[START_REF] An | Research on Rotor Position Estimation of PMSM Based on Hall Position Sensor[END_REF]. In order control the PMSM in the desired way, it is required to obtain the continuous position information of the motor rotor based on the motor Hall signals.
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 1 Fig. 1. (a) The Hall position sensors for a one-pole PMSM. (b) Correspondence diagram of Hall position signals and motor back-EMF voltages.
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 2 Fig. 2. Diagram of misplaced Hall sensors signals for PMSM resulting in three unequal misplacement angles [16].

Fig. 3 .

 3 Fig. 3. Speed and position estimation from Hall sensors signals based on moving average method [25].
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 4 Fig. 4. The control block diagram of PMSM based on combining least square algorithm and SMO method [29].