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Abstract: This paper reviews the application of Hall position sensors in control and position estima-
tion of permanent magnet synchronous motors (PMSMs). Accurate rotor position and motor speed
data are essential for the high-efficiency control of PMSMs in modern industry. Rotor position and
motor speed can be measured by mechanical position sensors, which are costly and less reliable, or
by rotor position observers, which are sensitive to system models and changes in motor parameters.
This paper examines the benefits, limitations, challenges, and uses of low-resolution Hall position
sensors in PMSM drives, presenting them as a cost-effective solution for achieving a balance between
performance and expense. In addition, the paper discusses recent solutions to issues related to
misplaced Hall position sensors and fault-tolerant control algorithms, and gives an outlook to future
developments in this area.

Keywords: permanent magnet synchronous motor (PMSM); PMSM control; hall position sensor;
rotor position estimation; hall sensor misplacement; fault-tolerant control

1. Introduction

Permanent magnet (PM) motors have gained popularity in many industrial applications
such as electric vehicles, robotics, and high-power applications due to their advantages over
brush-type motors. Brushless DC (BLDC) motors and PMSMs are the two main types of PM
motors, characterized by trapezoidal and sinusoidal back-EMF voltages, respectively. BLDC
motors are traditionally driven using low-resolution Hall-effect position sensors [1-4].

In many applications, acquiring accurate rotor position and speed information is
essential for high-performance drive of PMSMs. Position-acquisition methods for PMSM
control systems fall into two main categories. The first category employs high-precision
mechanical sensors, such as resolvers and photoelectric encoders, to measure motor speed
and rotor position [5]. While these methods offer precise motor control, they increase
system volume and cost, are sensitive to environmental conditions, and have reduced
reliability due to the possibility of failure during motor operation [5].

The second category determines the rotor position and motor speed data without
sensors using methods such as rotor position observers [6], high-frequency signal injection
(HFSI) [7], or Kalman filter (KF) approaches [8]. These sensorless methods, however, are
sensitive to motor parameter variations, temperature changes, and the nonlinear character-
istics of inverters, making accurate speed and position estimation challenging over a wide
speed range [2].

Due to their low cost and ability to provide the required speed and rotor position
information, the low-resolution Hall position sensors have become a popular alternative
to balance performance and cost [9-12]. Lots of extensive research has been performed
on PMSM drives using low-resolution Hall position sensors [13-15]. In [14], different
techniques for estimating rotor position and motor speed using Hall position sensors
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were reviewed. Furthermore, ref. [16] evaluates various torque measurement and estima-
tion methods for PMSMs, focusing on Hall-sensor-based approaches in relation to cost,
sensitivity to parameter variations, computational time, accuracy, and robustness. The
implementation challenges of PMSM control methods utilizing Hall position sensors are
explored in [17]. However, these works often lack a comprehensive integration of various
perspectives and emerging trends.

This paper extends the review conducted in [1], focusing on the application of Hall
position sensors in PMSM drive systems. The organization of the paper is as follows:

*  Section 2 discusses the working principle of Hall-based position sensing and the
potential consequences of misplacing Hall sensors.

*  Section 3 presents various estimation methods for rotor position and speed using very
low-resolution Hall position sensors.

*  Section 4 explores the application of linear Hall signals in PMSM drives.

*  Section 5 reviews fault-tolerant and fault diagnosis methods based on Hall position signals.

*  Section 6 discusses future trends and recent studies, including fault-tolerant control of
PMSMs using Hall position sensors.

¢ Finally, Section 7 provides concluding remarks for this review.

2. Analysis of Hall Position Sensor Signals
2.1. Working Principle of Hall-Based Position Sensing

Figure la depicts the installation positions of three-phase, low-resolution Hall sensors
for a single-pole PMSM, labeled as Hall,, Hallg, and Hallc. As the rotor rotates, these
Hall sensors generate rectangular waves with frequencies that vary with the rotor’s speed.
During one full rotation, three rectangular waves are produced each with a 120° electrical
phase difference and a pulse width of 180°. Each 360° electrical cycle is divided into
six sections of 60° each, corresponding to different states of the three-phase Hall signal.
Figure 1b shows the relationship between these Hall signals and the back-EMF voltages [15].
Continuous rotor position information, derived from these Hall signals, is essential for
precise control of the PMSM.

Stator

(>R 4

A R N~—— SN~
0° 60° 120° 180° 240° 300° 360°
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Hallg >
Hallg [¢]
Rallc 4
c >

(a) (b) 0

Figure 1. (a) Low-resolution square-wave Hall position sensors for a single-pole PMSM (6: rotor
position, w: rotor speed). (b) Diagram showing the correspondence between Hall signals and motor
back-EMF voltages.

2.2. Consequences of Misplacement of Hall Sensors

Figure 2 illustrates a misplaced installation of the Hall position sensors. This misplace-
ment results in three unequal misplacement angles, denoted as y,, ¥, and ¢, correspond-
ing to the three phases of the PMSM. Consequently, the inaccurate positioning of the Hall
sensors leads to distorted rotor position estimation (see Figure 2c). To prevent harmonic
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currents, an algorithm is required to correct this distortion. Without such correction, the
PMSM will experience low-frequency torque ripples, noise, and vibrations, which affect
the performance of the motor [18].
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Figure 2. Impact of Hall sensor installation: (a) Well-placed Hall sensors, (b) Misplaced Hall sensors,
(c) Diagram illustrating the signals from misplaced Hall position sensors for a PMSM, leading to
three unequal misalignment angles [18].

Numerous studies have addressed the problems caused by the misplacement of
Hall position sensors in PMSMSs. For instance, in [19], a phase-locked loop (PLL) was
employed to improve the transient response of a PMSM controlled based on Hall position
sensors. However, the design of such observers is intricate and heavily reliant on precise
motor parameters.
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3. Estimation Methods of Motor Speed and Rotor Position

Figure 3 presents the schematic of a PMSM drive system utilizing the field-oriented
control (FOC) method with low-resolution Hall position sensors [20]. According to [14],
there are three primary methods for estimating speed and position using these sensors: the
interpolation method [21], the observer method [22], and the filter method [23].
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Figure 3. Schematic of a PMSM drive using low-resolution Hall-position sensors [20].

Although the interpolation and filter methods are straightforward to implement, they
can introduce phase lag and noise in a closed-loop speed control system, limiting perfor-
mance in many PMSM applications. The observer method, on the other hand, allows for
more precise estimation of rotor position and speed based on the motor parameters. How-
ever, it is also sensitive to variations in these parameters [14]. In addition, several nonlinear
position control algorithms have been developed to enhance standstill stability [24,25].

3.1. Interpolation Method

The interpolation method is based on using a discrete function approximation to
estimate rotor speed and position by dividing the entire rotational space into six sectors
based on the Hall signal states. Within each sector, the rotor speed is assumed to be
constant, and continuous rotor position information is derived through interpolation
technique [21,26].

According to [14], common Hall signal interpolation methods include the average
speed method, the average acceleration method, and the least squares method. The average
speed method predicts the rotor position in the subsequent Hall sector using the average
velocity determined from the previous Hall sector. Therefore, the method can be expressed
based on (1) [20]:

T AT 1)
0 =0(s) +nTeOy_q,

here, AT is the period of the previous Hall state, 6(s) is the measured absolute position in the
current Hall sector, # is the number of past sampling points since the start of the current Hall
sector, and T; is the sampling period. It should be mentioned that 8(s) < § < 6(s) + 77/3.

Considering the fact that the electrical time constant of the motor is much lower
than its mechanical time constant, the speed within each sector is assumed to be constant,
despite variations between sectors. However, this method is limited by the deviation in
the Hall sensor installation location. Consequently, the motor speed derived from this
method can fluctuate significantly, and consequently impacting the accuracy of the rotor
position estimation.
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To address this issue, average acceleration and moving average interpolation methods
have been introduced. The average acceleration method assumes that angular acceleration
within each Hall sector remains constant and does not change abruptly when transitioning
between sectors [27-29]. Also, the process of estimating speed and position from Hall
sensor signals using the moving average method is illustrated in Figure 4 and can be
calculated by:

o O) = O(ti)
alth) = Tran (t;) 1
O(tix) = O(t) +alty) - (kg — 1) &)

—_

~

fo(tix) = Oo(t;) + Qt:) - (tix — 1) + za(ty) - (i — 1),

N

where a(t;) denotes the average acceleration at time t;, and 6y (t; ;) indicates the estimated
position at the Hall commutation moment ¢;.

QY Thaa-n * Thaug ETHall(i+él)
: > 3 = —— Real Speed(£)
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.............. Qs | T
Qi—z
t
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e o s e me e s s s e e e e e s s e e e s e e s gHall
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ti ti—1 ti Ggtin
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tix—t

Figure 4. Estimating speed and position using the moving average method [29].

When speed fluctuations are significant, the average acceleration method can cause
rotor pulsation, which negatively impacts system performance. Consequently, this method
is unsuitable for applications requiring high dynamic performance. Even though using
a higher order of Taylor series expansion can reduce estimation errors, it also complicates
software implementation, leading to considerable delays in the estimation results [30].

The least squares method addresses the mechanical installation errors of Hall position
sensors [31]. In [32], second-order Taylor linear interpolation is employed to correct the
effects of misplaced Hall sensors using the least squares method. Additionally, ref. [33]
proposes combining a non-model-based least squares algorithm with a model-based sliding
mode observer (SMO) to estimate position and speed, as illustrated in Figure 5.
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Figure 5. Block diagram of PMSM drive using Hall position sensors based on incorporating least
square algorithm and SMO method [33].

In this case, six consecutive Hall states are chosen as fitting points, as illustrated in
Figure 6. By calculating the continuous position before generating the next Hall state,
and adjusting the fitting window as the state changes, the algorithm effectively calculates
the continuous position before generation of the next Hall state. Moreover, a continuous
position value is constrained to fall between two adjacent Hall states. In [33], a quadratic
degree of fitting was selected to strike a balance between efficiency and accuracy. Therefore,
the position can be estimated using the polynomial expressed in (3).
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Figure 6. Least square fitting of discrete Hall signals [33].
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where, a9, a1, and a; are the polynomial coefficients that can be calculated based on (4).

6 6 6
6 Yt Xk Y. Ok
k=1 k=1 ; k=1
6 6 ) 6 3 0 6
Yt LH L H| - |m| = | X tbk 4)
k=1 k=1 k=1 p k=1
6 6 6 2 6
DD I D AR D 5 Y H20k
k=1 k=1 k=1 k=1

One of the challenges of the least-squares method is the lack of sufficient information
at start-up.

3.2. Filter Method

The filter method is introduced as an alternative to interpolation, as it does not
rely on a function derived from the motion equation of the PMSM. This method utilizes
coordinate transformations to convert Hall signals into a Hall rotation vector, containing
essential information about the rotor position. Through Fourier decomposition, discrete
signals can be analyzed as a combination of sine wave signals. Filtering is subsequently
applied to extract fundamental signals from the Hall vectors acquired through coordinate
transformations [34].

In [23], improved orthogonal PLLs are proposed that reduce speed ripple, as shown
in Figure 7. However, varying electrical frequency in this method can lead to notable
drawbacks, such as fluctuations in the low-pass filter (LPF) cutoff frequency and the
necessity to adjust adaptive controller parameters. In [35], authors introduce a method
that utilizes the harmonic-decomposition complex-coefficient filter-based PLL method.
Their approach aims to extract the fundamental Hall vector, facilitating the estimation of
the rotor position using a PLL. This method involves adjusting a single parameter, which
incorporates an online self-adjustment technique for enhanced performance.

COs
abc

a ™)y, 1 A
X &
+
Hy, O Speed
> Estimation Positi Positi ’9‘
Z osition osition
H Hﬁr | Estimation Compensation ¢
C
—
B LPF T _
sin

Figure 7. Block diagram of a filter-based improved PLL based on Hall signals [23].

The impact of Hall sensor installation errors on the filter method control of PMSMs
is examined in [36]. It utilizes a synchronous frequency tracking filter (SFTF) to extract
fundamental signals, as illustrated in Figure 8. The SFTF transfer function can be calculated

as follows:

. sin Pe(t) dt
Uout(t) = [sin(wit) cos(wyt)] - }cos Je(t) dt|"

(5)

where wy, is the frequency tracked by SFTFE.
Using the second derivative of (5), the transfer function of the STFT can be expressed as:

45)
O R o
SFTF u(s) 1+8& s2 +es + wy?’

e(s)
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sin(wg-t)

u(t
® ~Le®
+
cos(wg t)
Figure 8. Block diagram of SFTF [36].
Therefore, the amplitude-frequency characteristic can be expressed as:
1

Asprr(w) = )

w? — w2 2
\/1+(£w =)

Consequently, the SFTF preserves the amplitude of the w;, frequency while attenuating
the amplitudes of other frequencies. In this scenario, wy is selected as the fundamental
frequency of the input signal [36].

A deadbeat predictive current control method was developed in [37] to enhance the
accuracy of rotor speed and position estimation using Hall position sensors. In this method,
Hall sensor output signals are converted into Hall vectors containing high-order harmonics
through Clarke transformation. An adaptive vectorial filter (AVF) is then used to extract
the fundamental waves of the Hall vector. An improved PLL structure is employed to
estimate rotor speed and position from these fundamental waves.

3.3. Observer Method

Implementing previous signal processing methods is relatively straightforward,
but they come with challenges such as time delays and increased speed estimation
errors. Alternative solutions include state observers [22,38,39] and Kalman filters [40],
which are model-based techniques requiring detailed motor information. For example,
Luenberger state observers, discussed in [34], use the mechanical parameters of the
motor to enhance performance.

One approach, proposed in [41], estimates rotor position using a back-EMF observer
combined with low-resolution Hall position signals. Unlike conventional speed observers,
this method does not rely on external parameters such as the moment of inertia, avoiding
inaccuracies due to inertia errors. It offers robustness to mechanical parameters and is less
sensitive to inertia and torque variations. However, accurately determining rotor position
at low speeds is difficult because of the low amplitude and frequency of back-EMF voltages.
Additionally, the observer’s effectiveness is significantly influenced by the accuracy of
current sampling and the signal-to-noise ratio, especially under light load conditions [42].

Another solution is the position vector tracking observer (VIO) for PMSM control
with Hall sensors, as proposed in [27,43]. This method facilitates smooth motor startup
at low speeds and is less affected by Hall sensor installation errors. However, setting the
parameters of the observer system is complex. High controller bandwidth may lead to
considerable fluctuations in the observed instantaneous speed and estimated position,
while low bandwidth can undermine observer stability [44]. A variation of this method,
which includes Fourier decoupling feedback of Hall signals, separates the position vector
into fundamental and high-order harmonic components, as detailed in [45]. It has been
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shown in [45] that the spatial harmonic model for Hall vector in ap-frame (H,p) can be
expressed as:

02 © 1 (k-1
H,X,g:e] C 6+ [—7]3] 6
&e—1
_ ®
1 7]'((6k+1)6€+€)
[+6k+1 ¢ )

where 6, represents the angle between the fundamental vector of H,z and a-axis. There-
fore, employing harmonic decoupling (specifically targeting the 5th, 7th, 11th, and 13th
harmonics) enables the extraction of the essential fundamental signal necessary for position
estimation [45].

The block diagram of the observer incorporating Hall signal feedback decoupling is
depicted in Figure 9. A key challenge of this method is selecting the appropriate expansion
terms for the discrete Fourier series. Although this approach enables the motor to operate
across its full speed range, extending the speed loop bandwidth at low speeds remains
problematic in practical applications [45,46].

Harmonic Controller Mechanical System Model
Decoupling
L]

Hopg | TA+z 1Y) 6.

’O_ -(1X T+ 2(1-21) ‘

_T
= 1 —Z-l >
Hap_gec Rotating Vector Model

Rotating Harmonic Vectors Model

Figure 9. Schematic of VTO control method [45].

To enhance the accuracy of rotor speed and position estimation in PMSMs and minimize
estimation lag, cascaded observers have been proposed in several studies [47]. One approach
is the dual observer method described in [48]. This technique utilizes two cascaded observers,
as depicted in Figure 10. The first observer estimates the rotation speed, while the second
observer estimates the rotor position. This method proposed two estimation of motor speed,
represented by @, and @,,,1, which their transfer functions are as follows:

o - K252 - K3S 0
T3 4 JKis2 + Kps — Ky -hall
s2 4+ Kys

T,
+]s3 +JKys2 +Kps — K3 ¢

. JKqs® + Kps? — K3s

= 9
Wrm1 J$3 + JK;52 + K5 — Ks rm_hall
2

S

Te,
+]s3 +JKis2+Kps — K3 ¢

where Kj, K5, and K3 are the controller coefficients. Parameter | is the estimated inertia of
the motor. Also, Hall position signal is described by 6,,, j41.
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Figure 10. Schematic of a cascade observer to estimate speed and rotor position of a PMSM [48].

Therefore, based on the transfer function of &,,, both signals from Hall sensors and
torque command signals are filtered by band-pass filters. On the other hand, Hall sensor
signals are high-pass filtered, which makes the estimated speed have high-frequency
components [48]. The signal 6,,_iuterp, which is output of first observer, is used as the input
of the second observer in the cascade structure, is calculated based on (10).

Grmfinterp (k) = grm_Hall(k - 1) + d)rm (k)ATcomp (10)

where, ATcomp represents the time interval between the previously triggered position sensor
pulse and the initiation of the estimation algorithm [48].

Compared to the filter method, this approach leverages torque feedforward and pro-
vides enhanced frequency characteristics. Unlike feedback decoupling methods, cascaded
observers can estimate instantaneous rotor speed and position. However, their industrial
application is restricted due to the complex coordination required among observer parame-
ters, motor specifications, and control system settings [49,50]. To overcome these challenges,
a cascaded Luenberger observer combined with a feedback decoupling block was proposed
in [51]. This approach is designed to reduce low-order noise caused by deviations in Hall
position signals, as depicted in Figure 11.

5t 7t 11" and 13" harmonics l—

Figure 11. Cascaded dual Luenberger observer [51].

The presented methods for driving PMSMs using very low-resolution Hall position
sensors are summarized and compared in Table 1 and Figure 12.
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Table 1. Comparison of different control methods of PMSMs using low-resolution Hall position sensors.

Method Technique Advantages Drawbacks

- Assuming constant speed in
Average speed - Easv to implement each sector,

method y P - Affected by Hall sensor
misplacement
Average - Rotor pulsation when speed
Interpolation method acceleration - Better accuracy than Average . ﬂuc.tuates .gre.atly, o
[20,27-29,31-33] method speed method - Not suitable in applications with high

dynamic performance requirements

- Not enough information at

Least Square the start-up,

- Considers Hall sensor misplacement

method - Trade-off between accuracy
and efficiency
- Not requiring a function based on
PLL-based the motion equation of the PMSM, - Variation of the LPF
methods - Superior dynamic performance than cutoff frequency
) Interpolation methods
Filter method - Not requiring a function based on
[23,34-37] the motion equation of the PMSM,
SFTF-based - Superior dynamic performance than - Vulnerability to noise,
methods Interpolation methods, - Sensitivity to parameter changes
- Eliminates the high-frequency
interference
- Bad performance at low
- Good robustness to speed applications,
Back-EMFobserver mechanical parameters - Affectegl) by thIe)}Zurrent sampling

accuracy, and the signal-to-noise ratio

Observer method - Smooth start at low speed,

[22,27,34,38-41,43-45 48] Vecg(l))rszijcej:mg - Not affected by Hall - Complicated parameter setting
sensor misplacement
- High accuracy,
Cascaded observer Reduces the lag of the rotor speed - Complex parameter design,
and position estimation, - Sensitive to motor parameters

- Superior frequency characteristics

Control methods of PMSMS using
low-resolution Hall position sensors

_— T

Methods Filter Observer
Interpolation Methods Methods
Average Average Least Back-EMF Vector Cascaded
g g€ PLL-Based SFTF-Based Tracking
Speed Acceleration Square Observer O s Observer

Figure 12. Control methods of PMSMs using low-resolution Hall position sensors.

4. Drive of PMSMs Using Linear Hall-Effect Sensors

In the past decades, linear Hall-effect sensors have been proposed as an alternative for
driving PMSMs. These sensors offer more precision in determining motor position com-
pared to the low-resolution square-wave Hall sensors [52,53]. As they provide continuous
signals, they have been proposed for PMSM drive application.

Two main configurations of linear Hall-effect sensors have been explored in the current
literature: some utilize two sensors positioned 90 electrical degrees apart [54-56], while
others employ three sensors spaced 120 electrical degrees apart [17,57]. In three-sensor
configuration, the Hall signals divide the 360 electrical degrees into six intervals. Then, the
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rotor position can be determined by a PLL [58] or by solving the arcsine function within
each interval [59]. However, this method demands more computational resources and cost
compared to two-sensor configuration. Within this method, the complex vector By, s can be
computed using three leakage flux density vectors, B;, By, and B, each spaced 120 degrees
apart. Subsequently, a PLL can be employed to determine the rotor speed and position
data, as depicted in Figure 13 [58].

. )
By s >
_» +
Bis | PI J o1 o,
-6 AN S
e’
BS g,s
d,s Lo
e

Figure 13. Block diagram of a PLL-based position estimation method based on three Hall sensors
configuration [58].

The linear hall-effect sensor with 90-degree configuration provides two orthogonal sig-
nals (Vs;,, and Vi,s), which can be used to estimate the rotor speed and position information
as expressed in (11) [60], and is illustrated in Figure 14.

V .
0 = arctan—==, Vg, >0, Vs >0
cos

V.
0 = arctan—=2 + 71, Veos < 0 (11)

cos

V.
0 = arctan—=", Vi, <0, Ves >0

cos

Hall A > Differential Amplifier

4

lcw

V..
ADC arctan—=2

cos

Hall B

"| Differential Amplifier

Figure 14. Position estimation method based on two linear hall-effect sensors configuration using
arctan function [60].

An approach utilizing the Extended Kalman Filter (EKF) is proposed in [59] to address
the errors of position estimation in PMSM drives using linear Hall sensors. However,
this analysis does not consider the influence of magnetic field harmonics. Consequently,
enhancing the accuracy of rotor position detection and decoding relies on using a high-
precision filter to mitigate harmonic components. Furthermore, ref. [60] presents another
high-precision rotor position detection method based on the synchronous frequency extrac-
tor (SFE), employing two SFEs to extract the fundamental component from linear Hall-effect
sensor signals. In [61], a control method based on adaptive notch filter (ANF)-PLL filter
is introduced to eliminate third-order harmonics. Another method is proposed in [62]
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which uses a polynomial of harmonics function utilizing Fast Fourier transform (FFT).
Then, a fixed point iteration method is proposed for rotor position estimation. Since this
method doesn’t use an LPF, it doesn’t face the delay that LPFs introduce.

The method based on two sensor linear Hall sensors configuration may have amplitude
or orthogonal errors due to the air-gap magnetic field generated by the permanent magnetic
(PM) ring. Several factors contribute to these errors, including [59,60]:

1.  fluctuations in the magnetization of the PMs
uneven widths of the PMs

variations in air gap temperature
eccentricity of the PM ring

harmonics within the air-gap magnetic field.

G LN

The effects of these factors have been explored in [59], and potential solutions have
been proposed for each of them. While using magnets with the same characteristics im-
proves the errors resulting from factors 1 and 2, it also increases production costs. A method
proposed in [63] involves optimizing the magnet shape to improve the sinusoidal air-gap
magnetic field, and consequently the accuracy of the estimation method based on linear
Hall sensors. Temperature is one of the main hindering factors in the application of linear
Hall sensors for PMSM applications. Utilizing sensors with temperature compensation or
PMs with high temperature stability can mitigate this issue. The effect of temperature on
Hall sensors is investigated in [64]. Thermal demagnetization and sensor gain variations
are introduced as the two main effects of temperature on the accuracy of Hall-sensor-based
position estimation methods. A measurement model is established that accounts for temper-
ature variations. The model is identified using an algorithm that combines particle swarm
optimization (PSO) with a successive solving algorithm (SSA). Also, another SSA algorithm
with temperature compensation is proposed for real-time position estimation. Another
improvement has been proposed by solving the arctan function using the Newton-Raphson
method, and finally, at the expense of higher costs, it is possible to increase the number of
Hall sensor pairs to address the errors arising from factors 4 and 5 [59].

5. Fault-Tolerant Control of PMSMs Using Hall Sensors

Hall sensors can be damaged by various factors such as temperature fluctuations,
vibrations, and exposure to strong magnetic fields [65]. A malfunctioning Hall sensor can
lead to speed fluctuations, positional inaccuracies, and mechanical failures. To enhance the
reliability of position estimation, fault-tolerant control (FTC) methods have been developed
using low-resolution Hall position sensors [66,67].

FTC methods for PMSMs using low-resolution Hall-position sensors have been pro-
posed in previous works [68,69]. The method introduced in [68] combines Hall-sensor
based techniques with a sensorless approach, while [69] presents a method based on Fourier
transform analysis. However, these methods involve high computational complexity, ne-
cessitating additional voltage sensors and the implementation of intricate circuits. This
significantly increases the cost and restricts their practicality. As a result, it underscores the
primary reason for adopting low-resolution sensor-based control for PMSMs.

An FTC method using only Hall position sensors is suggested in [38]. In [70],
a comparison is made between FTC approaches based on the zeroth-order algorithm
(ZOA) [9], hybrid observer [71], and VTO methods. The study demonstrates that the VIO
method outperforms both ZOA and hybrid observer methods in dynamic performance.
This superiority is attributed to the VTO method’s inclusion of an accelerating torque
feedforward input and its lower sensitivity to faults compared to the other two methods,
which rely on average speed for position estimation. In [72], a hybrid position observer
is introduced for online fault detection and fault-tolerant control of PMSMs. A FTC
method, incorporating a fault detection technique based on the encoded signals of Hall
jump edges, is described in [73]. Additionally, ref. [65] proposes several fault detection
methods that rely on Hall signals, including;:
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5.1. State-Sensitive Fault Diagnosis Method

In this method, the Hall signals (H4, Hp, and H¢) are used to create the variable “S”
as described in (12).
S=4H, +2Hp + Hc (12)

During normal motor operation, the variable “S” assumes six distinct values in a pre-
determined sequence, depending on whether the motor turns clockwise (CW) or counter-
clockwise (CCW). If a Hall sensor malfunctions, “S” takes only four values. Consequently,
the system stores and utilizes the last three consecutive “S” values as a lookup table for
fault type detection, as depicted in [65]. This state-sensitive fault diagnosis method, also
utilized in [72], employs the sum of S;;, S,,_1, and S, to detect the type of fault.

5.2. Transition-Sensitive Fault Diagnosis Method

This method is based on the transition of Hall signals. During regular motor operation,
six different transition occurs in a predetermined sequence, depending on whether the
motor turns CW or CCW. In the event of a Hall sensor malfunction, the number and the
sequence of Hall signal transition changes. Consequently, the system retains and utilizes
the last two transitions as a lookup table for fault type detection, as illustrated in [65].

5.3. Direction-Sensitive Fault Diagnosis Method

This method relies on observing the state of each sensor at the transition moments of
the other two sensors. The principle is that during normal operation, if the signal Hy is
high (or low) at the rising edge of Hy, then Hy should be low (or high) at the falling edge
of Hy (x,y € A, B,C). The method employs twelve auxiliary variables, denoted as h 4 .,
harc, hpra, hprc, hera, and heqp (for each sensor during the rising edge), ha fp, ha,rc,
hg ra, hp,fc, hc,pa, and he ¢p (for each sensor during the falling edge). These variables can
be represented as i,y and h, ,, respectively, as described in [65]:

{hx,,y = hy at the rising edge of h 13

hy, fy = hy at the falling edge of hy,.

During normal operation, six variables are in a high state, and the remaining six
are in a low state. A new set of twelve variables dy,, and d, fy is considered as the
estimated direction of hy,y and h, fyr respectively. During the normal operation of the
system, dx,,y =d, fy- Therefore, by subtracting the mentioned values, it is possible to
reduce the number of variables to six, which can be described as:

|dxry — o gy (14)

During a fault, it is possible to detect the fault based on the values of (14) using a look-
up table [74]. In [75], the method is improved by incorporating an additional parameter (¢)
determined by the minimum sector duration. This parameter helps to identify fault cases
that align closely with the sensor’s edge change turn at the moment of failure. Nevertheless,
the threshold coefficient (¢) depends on average velocity and acceleration which may result
in false alarms under extreme conditions or steep loads [67].

5.4. Binary Fault Diagnosis Method

Since the preceding methods require a specific time lapse between detecting a failure
and identifying it, there is a possibility of yielding inaccurate alarms. To address this
concern, a method utilizing a binary function is proposed in [67]. This approach considers
eight different cases based on the state of the two other Hall signals during the falling and
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rising edges of the third Hall signal. For instance, the binary fault diagnosis functions for
CCW rotation of the motor are detailed in Equation (15).

Facew = (T Ha) - Hp + (I Ha) - Hp+
Hy-Hg-Hc- (1 He) +Ha - Hp - He - (4 He).
Fgccw = (1 Hp) - He + ( Hp) - He+
Hu-Hp-Hc- (1 Ha)+ Ha - Hp- He - (1 Ha).
Feecew = (T He) - Ha + (1 He) - Ha+
Hy - Hg-Hc- (1 Hp) + Ha - Hp - Hc - (J Hp),

(15)

where 1 H, and | H, are respectively the rising and falling edges of Hall signals.

6. Future Trends

The low-resolution Hall position sensors offer a balance between cost and performance
for position estimation in PMSMs. Comparing these methods with other technologies can
provide us with a better understanding of their application in the current industry. Optical
encoders provide high-resolution position feedback with high accuracy, making them
suitable for precision applications. However, they are more expensive and might be less
robust in harsh environments. Resolvers are known for their robustness and ability to
operate in extreme conditions and offer high accuracy but they have higher cost and require
more complex signal processing for operation.

To summarize, Hall position sensors have advantages including simplicity, cost-
effectiveness, and ease of integration, particularly in applications where ultra-high accuracy
is not pivotal. Their key feature is the balance of enough accuracy and robustness at a lower
cost which make them a practical choice for certain industrial applications.

Concerning Hall-sensor-based methods, it’s important to note that interpolation and
filtering are non-model-based approaches for estimating position and speed, providing
stable motor control only within a limited speed range, as discussed in [14]. These methods
are ideal for applications with relatively constant speeds, such as fans and water pumps,
due to their handling of higher frequency harmonic components. In contrast, observer
methods with closed-loop characteristics are unaffected by fixed errors in Hall sensor
installation. This blend of accuracy and cost-effectiveness has made observer methods
widely used in electric vehicles and home appliances.

When implementing these methods in real microcontrollers for mass-production
applications, important factors include cost, memory size, processing time, and accuracy
of speed estimation during both steady-state and transient conditions. To achieve robust
dynamic performance across all speed ranges, closed-loop observers can be improved with
parameter identification modules. Moreover, advanced speed estimation techniques can be
utilized to reduce system errors and precisely estimate rotor position, ensuring optimal
control of PMSMs in applications with a broad operational speed range.

One of the challenges of very low-resolution Hall sensors is their application at low
speeds. It is primarily because the method struggles to effectively filter out quantization
harmonics which can affect both the speed and torque control loops. Additionally, tem-
perature emerges as a major challenge for linear hall-effect sensors, potentially disrupting
position and speed estimations as well as fault-tolerant control methods reliant on these
type of sensors. These issues underscore the need for further research for this topic.

7. Conclusions

This paper reviews the application of Hall position sensors in PMSM drives, examining
different methods for estimating rotor position and motor speed including interpolation,
filtering, and observer-based approaches. The paper reviews their strengths, limitations,
challenges, and real-world applications. To summarize Hall-position sensors can provide
us with the following advantages:
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e Cost-Effectiveness: Hall position sensors are significantly cheaper than high-resolution
encoders or resolvers which makes them popular for low-cost applications.

*  Simplicity and Ease of Integration: These sensors are simpler to integrate into certain
applications due to the straightforward design and operation.

*  Robustness: Hall position sensors are more robust against environmental factors such
as dust, vibration to improve the performance in harsh industrial environments.

*  Adequate Performance: Even though these sensors are not as precise as high-resolution
sensors, they can provide sufficient accuracy for many industrial applications as
a trade-off between cost and performance.

Additionally, recent studies regarding the issues associated with incorrect Hall sensor
installations and integrating fault-tolerant control strategies into PMSM drives reliant on
Hall position sensors have been explored. Additionally, linear Hall-effect sensors have
been discussed as an alternative approach for position estimation, offering continuous
signals. Finally, the challenges and future trends for Hall position sensors have been
discussed. Extracting fundamental signals and filtering out harmonics pose significant
challenges, especially when dealing with very low-resolution Hall signals, particularly in
low-speed applications. Furthermore, the impact of temperature on the performance of
linear Hall-effect sensors is a topic that requires further attention in this field.
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Nomenclature

The following abbreviations are used in this manuscript:

BLDC Brushless DC

EKF Extended Kalman Filter

FFT Fast Fourier Transform

FOC Field-Oriented Control

FTC Fault-Tolerant Control

HFSI High-Frequency Signal Injection

LPF Low-Pass Filter

PLL Phase-Locked Loop

PM Permanent magnet

PMSM Permanent Magnet Synchronous Motors
SFE Synchronous Frequency Extractor
SFTF Synchronous Frequency Tracking Filter
SVPWM  Space Vector Pulse Width Modulation
VTO Vector Tracking Observer

Bape Three-phase Leakage Flux Density Vectors
CW Clockwise

CCW Counterclockwise

Hpe Three-phase Hall signals

H,g Hall vector in aB-frame

J Moment of Inertia

igq Current in dg-frame (in Amperes)

iap Current in aB-frame (in Amperes)

Ts Sampling Period

Vig Voltage in dg-frame (in Volts)

Vap Voltage in ap-frame (in Volts)



Energies 2024, 17, 4216 17 of 20

0 Rotor position (in degrees or radians)
6(s) Measured Absolute Position in The Current Hall Sector
w Angular velocity (in rad/s)
Pabe Three-phase Unequal Misplacement Angles
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