
Citation: Zhao, M.; An, Q.; Chen, C.;

Cao, F.; Li, S. Observer Based

Improved Position Estimation in

Field-Oriented Controlled PMSM

with Misplaced Hall-Effect Sensors.

Energies 2022, 15, 5985. https://

doi.org/10.3390/en15165985

Academic Editor: Mario

Marchesoni

Received: 11 July 2022

Accepted: 14 August 2022

Published: 18 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Observer Based Improved Position Estimation in
Field-Oriented Controlled PMSM with Misplaced
Hall-Effect Sensors
Mengji Zhao, Quntao An *, Changqing Chen, Fuqiang Cao and Siwen Li

School of Electrical Engineering and Automation, Harbin Institute of Technology, Harbin 150001, China
* Correspondence: anquntao@hit.edu.cn

Abstract: Low resolution Hall-effect sensors have been commonly applied in PMSM drives for the
reason of cost and volume. Generally, rotor speed and position are estimated inaccurately due to the
installation error of the sensors. The inaccurate position degrades the performance of current control
and also increases torque ripples, which aggravates mechanical vibration and noise. An improved
dual observer is proposed in this paper to suppress the impact of misplaced Hall-effect sensors and
improve estimation accuracy. By a cascading dual Luenberger observer and combining feedback
decoupling control, the low-order noises produced by the deviation of Hall signals are effectively
suppressed. The effectiveness of the proposed method is verified by experimental results.

Keywords: permanent magnet synchronous motor; Hall-effect sensors; speed and position estimation;
dual observer

1. Introduction

The permanent magnet synchronous motor (PMSM) has the advantages of high- power
density, compact volume and excellent dynamic performance. It is increasingly used in
various high-performance applications, such as aerospace, military, automotive, industrial
and household products. An accurate rotor position is necessary for the field-oriented
control (FOC) which is the main control algorithm for PMSM. It is usually measured by
high-precision sensors such as a rotary transformer or encoder. However, the use of such
sensors will increase the cost, weight and volume of the system, which is in conflict with
the high-power density of the motor system. In order to improve the power density, the
ultimate goal is to realize the high performance sensorless control of PMSM. However,
there are still some disadvantages in the high dynamic motor drive systems. The sensorless
control scheme is used in pump or fan systems, or as a redundant alternative in case of
position sensor failure in some high reliability motor systems.

The Hall-effect sensor has the advantages of small size, low cost and strong anti-
interference ability, which can also provide the speed and position information. In some
cost sensitive fields, low resolution Hall-effect sensors have been widely used. It is a good
choice that enables both the high-power density and the high reliability to be considered.
The Hall-effect sensor- based speed and position measurements can be used in field-oriented
controlled PMSM drives, which is a sinusoidal current drive scheme of PMSM with low
resolution sensors. As the position directly provided by the low-resolution Hall-effect
sensors cannot meet the accuracy requirement in the FOC, it is necessary to estimate the
rotor position accurately according to the Hall signals. Due to processing and installation
errors of the Hall sensors, the asymmetric output signals will lead to increasement of
speed and position estimation errors and affect the performance of the system. It is equally
important to weaken the impact of misplaced Hall-effect sensors.

Generally, the PMSM integrates three Hall-effect sensors, which can only provide six
different states in an electrical cycle. The six states can be used to calculate or observe
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rotor speed and position. At present, the interpolation method, the filter method and
the observer method, which are reviewed in [1], are usually employed to estimate the
rotor speed and position based on low resolution position sensors. In [2–4], estimation
strategies based on average speed, average acceleration and least squares method were
proposed, respectively. The interpolation algorithm is employed in these strategies, which
requires the use of multiple different pieces of Hall state information. A filter designed
in the synchronous rotating coordinate system of the motor was proposed in [5], which
has a better frequency selection characteristic under the variable frequency [6,7]. However,
when the rotor speed changes greatly or the Hall signals deviate from the ideal ones, the
filtering effect will decrease obviously. As non-model methods, the interpolation method
and the filter one have advantages of simple algorithm and easy implementation, but the
estimation results have serious delays. In [8], an extended Kalman filter was used to extract
the fundamental frequency component of Hall signals. However, the algorithm is complex
and not practical in low-cost motor systems. In [9], an observer combined with Hall signals
was proposed to obtain the back electromotive force (EMF) by using the stator voltages
and currents, and then the high-precision position can be achieved. On the basis of [9],
some improvements were made in [10–14] to enhance performance of the observers. In [15],
a vector-tracking observer was presented, and detailed analyses were made and some
improvement measures were presented in [16–19]. In [20], a dual observer was proposed
to suppress the low-order harmonics introduced by the misplaced Hall-effect sensors. The
first employed observer is used for the speed estimation and the second one is for the
rotor position. In [21], a design scheme of the Hall signal processing module using an
FPGA was proposed, which provided a new solution for the low-cost motor drive with
sinusoidal currents. In [22,23], a Hall-effect sensor-based fault diagnosis and protection
strategy were also considered. In [24], a position observer combined with non-smooth
feedback phase locked loop was employed to obtain continuous rotor position and speed.
An angle representation method with the Hall-effect sensors based on the first-order Taylor
series approximation was proposed in [25]. In [26], available techniques for motion control,
monitoring and diagnosis of PMSM using Hall-effect sensors were summarized. In [27,28],
the rotor position estimation error caused by misplaced Hall sensors was analyzed, and the
least square estimation method (LSM) as well as back EMF vector tracking method were
compared in the steady and dynamic situations, respectively.

In this paper, an improved dual Luenberger observer is proposed for PMSM drive sys-
tem based on the low-resolution Hall-effect sensors. The 5th, 7th, 11th and 13th harmonics
are used in the first observer by means of feedback and then can be eliminated, and the
obtained result is directly input into the second observer. By the feedback decoupling and
the dual observer, the low-order harmonics introduced by the misplaced Hall-effect sensors
are suppressed effectively, and the position estimation accuracy is improved. Finally, the
estimation method is verified by the simulations and experiments.

2. Field-Oriented Control of SPMSM Based on Hall-Effect Sensors

In the field-oriented control of PMSM, the direct and quadrature axis currents can be
obtained and controlled independently by using the measured three-phase currents and
coordinate transformation, and excellent control performance can be achieved. The surface
mounted PMSM (SPMSM) has the characteristic of equal d and q axis inductances due to
the symmetrical magnetic circuit. When the id = 0 control is adopted, all the current can be
controlled to generate electromagnetic torque by controlling the d-axis current to zero, and
the maximum torque per ampere control of SPMSM can be realized. In this control scheme,
it is necessary to have a precise angle of rotor flux, which can be obtained by detecting
the position of the rotor. Generally, the position sensors are a rotary transformer and a
photoelectric encoder. In volume-limited systems, the Hall-effect sensors are commonly
used to detect the rotor position and speed, and the field-oriented control of the PMSM
drive based on the Hall-effect sensors is shown in Figure 1.
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Figure 1. Block diagram of PMSM FOC based on Hall-effect sensors.

Inside the PMSM, three Hall-effect sensors are placed on the stator at intervals of
120 electrical degrees. When the rotor rotates, the Hall-effect sensors output three square
wave signals along with the change of magnetic field, and the frequency of Hall signals
is positively correlated with the speed. With the help of certain estimation methods, the
rotor position and speed can be obtained according to the Hall signals and used in the
FOC consequently.

3. Conventional Rotor Position Estimation Methods
3.1. Average Speed Method

The interpolation is a common method in the function fitting of discrete data points. All
the data for the whole interval can be obtained through the known data points. According
to the different fitting functions, the interpolation methods used for Hall signal processing
are usually divided into average speed method, average acceleration method and least
squares method. In practical applications, the most widely used one is the average speed
method for easy implementation, in which the motor speed is assumed to be a constant
during one Hall state.

As mentioned above, three Hall-effect sensors are usually installed inside the stator
at intervals of 120 electrical degrees. The sensors output square wave signals according
to the polarity of the rotating magnets, and these signals are recorded as Ha, Hb and Hc,
as shown in Figure 2, respectively. When the south magnet pole approaches, the output
signal switches to low level, and otherwise it turns to high level.

Figure 2. The waveforms of three Hall signals.

Due to the inertia of the rotor, the speed usually cannot change violently during a Hall
state. Therefore, in the average speed method, the speed is assumed to be constant in one
Hall state, and the average speed of the previous Hall state is used to calculate the rotor
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position inside the current Hall state by interpolation. The average speed in one Hall state
can be calculated by

ωn =
π

3Tn
(1)

where ωn is the average speed, and Tn is the time interval of one Hall state.
The edge of each Hall signal corresponds to an exact position. According to the

average speed, Hall edge position, the rotor position at Tr can be calculated by

θ(t) = θn + ω(n−1) × Tr (2)

where θn is the position on the edge, and Tr is the running time from the Hall edge.
The position estimation strategy based on the average speed performs well in the high-

speed range. However, under low-speed or dynamic situations, delay of the calculated
speed will reduce accuracy of the position estimation.

3.2. Luenberger Observer

The Luenberger observer has superior dynamic characteristics and high accuracy in
estimation, and also has an intrinsic zero-delay tracking capability. The structure of the
Luenberger observer is shown in Figure 3, and it constructs an observed model by using
the known or measured system parameters. The output error between the observed model
and the real system can converge to zero by the feedback matrix, and then model can track
the real system.

Figure 3. Luenberger Observer.

The mechanical equation of PMSM can be given by{
Te − TL = J dωm

dt + Bωm
dθm
dt = ωm = θ/Pn

(3)

where Te and TL are the electromagnetic and load torque, respectively. J and B are the
inertia and friction coefficient of the motor, respectively. ωm and θm are the mechanical
rotor speed and position, respectively. θ is the electrical position, and Pn is the pole pairs.

Generally, B is very small and can be ignored. Thus, the mechanical equation can be
rewritten as 

d
dt

 θ
ωm
TL

 =

 0 Pn 0
0 0 −1/J
0 0 0

 θ
ωm
TL

+

 0
1/J

0

Te

θ = [ 1 0 0 ]

 θ
ωm
TL

 (4)
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By replacing the J of the actual system with the off-line measured value Ĵ, the observer
equation can be obtained as

.
θ̂

.
ω̂m.
T̂L

 =

0 Pn 0
0 0 −1/ Ĵ
0 0 0

 θ̂
ω̂m
T̂L

+

 0
1/ Ĵ

0

Te +

 l1
l2
l3

(θ − θ̂
)

(5)

where L =
[
l1 l2 l3

]T is the state feedback gain matrix, and ˆ stands for the estimated
values of these variables.

The characteristic equation of the observer system matrix is

s3 + l1s2 + l2Pns− l3Pn/ Ĵ = 0 (6)

In order to ensure that the observed state variables can converge to the real value, it
is necessary to let the roots of the characteristic equation be located on the left half plane.
Supposing the expected poles are α, β, γ, respectively, which are located on the negative
real axis, they meet α < 0, β < 0, γ < 0. Then the expected characteristic equation can be
rewritten as

s3 − (α + β + γ)s2 + (αβ + βγ + γα)s− αβγ = 0 (7)

The expression of state feedback gain matrix L is
l1 = −(α + β + γ)
l2 = (αβ + βγ + γα)/Pn
l3 = αβγ Ĵ/Pn

(8)

For convenience of calculation and analysis, α is set as a triple root (α = β = γ < 0), and
the matrix L can be rewritten as 

l1 = −3α
l2 = 3α2/Pn
l3 = Ĵα3/Pn

(9)

Thus, expression of the state observer is
dθ̂/dt = Pnω̂m + l1

(
θ − θ̂

)
dω̂m/dt =

(
Te − T̂L

)
/ Ĵ + l2

(
θ − θ̂

)
dT̂L/dt = l3

(
θ − θ̂

) (10)

According to Equation (10), the block diagram of the Luenberger observer can be
obtained, as shown in Figure 4.

Figure 4. Block diagram of Luenberger observer.

The θ̂ and ω̂m can be written as Equations (11) and (12).

θ̂ =
Ĵl1s2 + ĴPnl2s− Pnl3

Ĵs3 + Ĵl1s2 + ĴPnl2s− Pnl3
θ +

Pns
Ĵs3 + Ĵl1s2 + ĴPnl2s− Pnl3

Te (11)
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ω̂m =
Ĵ l̂2s2 − l3s

Ĵs3 + Ĵl1s2 + ĴPnl2s− Pnl3
θ +

s2 + l1s
Ĵs3 + Ĵ1s2 + ĴPnl2s− Pnl3

Te (12)

when J ≈ Ĵ, the gain matrix L is taken according to Equations (10)–(12) can be rewritten as

θ̂ =
−3αs2 + 3α2s− α3

(s− α)3 θ +
Pns

Ĵ(s− α)3 Te (13)

ω̂m =
3α2s− α3

Pn(s− α)3 ωm +
s2 − 3αs

Ĵ(s− α)3 Te (14)

where, α can be used to adjust the observer gain. When α takes value of 50, 100 and 150,
respectively, the Bode diagram of the observer are shown in Figure 5. It can be seen from the
Bode diagram that the observer has the function of low-pass filtering, which can suppress
the high-order harmonics in the input signal. The bandwidth increases with the increasing
of α, and the dynamic response of the system improves as well. However, the ability
to suppress high-frequency noises will decline. The bandwidth of the observer changes
with α accordingly. In practical applications, α can be reasonably selected according to
the speed range. When the bandwidth of the observer is 2 to 5 times the input signal
frequency, the system can achieve both good tracking performance and suppression ability
to high-frequency noises.

Figure 5. (a) Bode diagram of the observed position with different gain α; (b) Bode diagram of the
observed speed with different gain α.

3.3. Luenberger Observer with Feedback Decoupling

Hall position and torque are required as the inputs in the Luenberger observer in order
to obtain the position and speed of the motor. The torque can be calculated according to the
three-phase currents, but the discrete Hall position as the input will lead to the fluctuation
of observation.

The Hall position signals can be regarded as a discrete position vector rotating in space
with an electrical angle increment of 60 degrees, as shown in Figure 6. If the Hall position
vector is decomposed into two orthogonal components, it can be written as follows:

→
H = ej∆θ = Hα + jHβ(∆θ = kπ/3, k = 0, 1, 2 . . .) (15)

where
→
H is the hall position vector, Hα and Hβ are two orthogonal components. The Hall

vector transformation is implemented by

[
Hα

Hβ

]
=

[
1 − 1

2 − 1
2

0 −
√

3
2

√
3

2

]Ha
Hb
Hc

 (16)
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Figure 6. (a) Discrete Hall position vector; (b) Two orthogonal components.

The Fourier transform of Hα and Hβ can be expressed as

Hα =
∞
∑

n=1

1
nπ

[
1 + cos

( nπ
3
)
− cos

( 2nπ
3
)
− cos(nπ)

]
sin(nωt)

= 3
π sin(ωt) + 3

5π sin(5ωt) + 3
7π sin(7ωt) + 3

11π sin(11ωt) + . . .
(17)

Hβ =
∞
∑

n=1

√
3

nπ

[
sin
( nπ

3
)
+ sin

( 2nπ
3
)]

cos(nωt)

= 3
π cos(ωt)− 3

5π cos(5ωt) + 3
7π cos(7ωt)− 3

11π cos(11ωt) + . . .
(18)

Thus, their fundamental components can be regarded as two-phase orthogonal sine
and cosine signals, as shown in Figure 7.

Figure 7. (a) The Hall position vector decomposition; (b) The fundamental components of Hα, Hβ.

When the components of the input are known, the low-order harmonics can be reduced
by using harmonic feedback decoupling. The improved observer structure is shown in
Figure 8. According to the phase angle at the moment, the 5th, 7th, 11th and 13th harmonics
are directly calculated and fed back to the input. The low-order harmonics are subtracted
from the input, and the remaining high-order harmonics can be well suppressed by the
low-pass filtering characteristic of the observer. The function of feedback decoupling
is to further increase the gain of the observer, reduce the low-frequency noises of the
input, and obtain a better dynamic performance while reducing the error of rotor position
estimation [29].
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Figure 8. Block diagram of Luenberger observer with feedback decoupling.

4. Improved Dual Observer
4.1. Misplaced Position Sensors

Due to the mechanical errors either in the manufacturing or assembling process,
each Hall-effect sensor may be misplaced by a certain mechanical angle regarding its
corresponding phase winding. There is often a certain deviation between the output signal
of Hall-effect sensors and the ideal signal.

Figure 9 shows the output signals of three Hall-effect sensors when considering the
deviation. In this case, the Hall states are no longer a 60◦ electrical angle, which will
produce position and speed estimation errors. Especially when the rotor position deviates,
the sinusoidity of the motor current will be seriously damaged, which will aggravate the
speed fluctuation and reduce the dynamic performance.

Figure 9. (a) Ideal Hall signals; (b) Hall signals with deviation.

4.2. The Proposed Dual Observer

The observer with low-pass filtering property can suppress noises of the input rotor
position angle. When there is a deviation in the Hall signal, the harmonics feedback
decoupling can not effectively suppress the low harmonics, resulting in an error of rotor
position estimation. To solve this problem, a novel position estimation method with a
cascaded dual observer is proposed. By taking the rotor position obtained by the first
observer as the input of the second observer, the low-order harmonics can be further
suppressed, and the influence of deviation will be reduced significantly. The block diagram
of the dual observer is shown in Figure 10, where F =

[
f1 f2 f3

]T is the state feedback
gain matrix of the second observer.
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Figure 10. Block diagram of the proposed dual observer.

In the first observer, the 5th, 7th, 11th and 13th harmonics are fed back to the input,
and the obtained position is used as input of the second observer. Through the feedback
decoupling and double observers, the noises and observation errors can be reduced. The
two observers have similar structure, and the same principle can be followed in parameter
selection. When L = F, the dual observer can improve the observation accuracy of speed
and rotor position, rather than affecting the anti-disturbance performance of the system
since the same gain is chosen in the two observers.

In order to evaluate the performance of the improved observer, the observer in Figure 8
and the proposed dual observer are compared by the simulation, in which the parameters
are shown as Table 1.

Table 1. Parameters of the simulation.

Parameters Value (Unit)

Polar pairs PN 5
Flux ψf 0.022 (Wb)

Stator resistance R 0.18 (Ω)
Stator inductance L 0.35 (mH)

Rated speed nN 2000 (rpm)
Rated current iN 7 (A)

Inertia J 0.0001 (kg.m2)
Hall average deviation 2 (deg)

Figure 11 shows the estimated waveforms of rotor speed and position of the conven-
tional Luenberger observer with feedback decoupling and the improved dual observer,
respectively, when the motor runs at 1200 rpm. From Figure 11a,b, it can be seen that the
observation accuracy of the Luenberger observer is affected by the Hall signal deviation.
The speed estimation error is 28 rpm, and the maximum error of rotor position is 5.5◦ of
electrical angle. The waveforms of the dual observer (α = 250) are shown in Figure 11c,d.
The error in the estimated speed is significantly reduced, to about 12 rpm, and the rotor
position error is reduced to within 3◦.
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Figure 11. (a) Speed waveforms of Luenberger observer; (b) Position waveforms of Luenberger
observer; (c) Speed waveforms of the dual observer; (d) Position waveforms of the dual observer.

5. Experimental Verification

Experimental platform of the PMSM drive with Hall-effect sensors is shown in
Figure 12. It consists of the power part, the control part and the measurement part. The
power drive module is realized by a three-phase half bridge circuit composed of Infineon
power MOSFET. The motor control algorithm is carried out in the TMS320F28375D chip of
TI. In order to realize the accurate measurement of speed and rotor position, a 2500-line
encoder and a FPGA-based measurement board are used.

Figure 12. The PMSM drive experimental platform.

Firstly, the deviation of the Hall signals of the motor is tested. When the motor rotates
at an approximately constant speed and the states of Hall signals are measured as shown in
Figure 13. Theoretically, the phase angle of each Hall state is 60◦ electrical angle, but they
are unequal obviously for the test motor.
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Figure 13. The deviation of the Hall signal state.

The position and motor current waveforms of the average speed method are shown
in Figure 14. It can be clearly seen from Figure 14a that the estimated rotor position is
unsmooth due to the misplaced Hall-effect sensors. The fluctuant rotor position will cause
current distortion and increase lower harmonic components, as shown in Figure 14b.

Figure 14. Experimental results of the average speed method. (a) Rotor position; (b) Phase current.

Figure 15 shows the estimated rotor position, one phase current and its FFT analysis
obtained by using the Luenberger observer with feedback decoupling and the dual observer,
respectively. According to Figure 15a, when the motor runs at 750 rpm, the error of rotor
position is obvious, and the current is distorted due to the error. From the FFT analysis in
Figure 15b, it can be seen that the phase current contains low-order harmonics. The results
obtained by the dual observer are shown in Figure 15c,d. The phase current is effectively
improved and the current THD is decreased significantly.

To evaluate the dynamic performance of the proposed observer, speed step and load
step responses are tested respectively. In the acceleration and deceleration experiments,
the motor speed steps from 750 rpm to 1500 rpm with the 0.5 N·m load, and then steps
back to 750 rpm after 0.5 s. The actual, estimated speed and their error obtained by the
average speed method and the dual observer are shown in Figure 16, respectively. It can be
seen that the estimated speed of the dual observer has better steady-state performance and
dynamic response compared with the average speed method.

Figure 17 shows the speed and current waveforms with the load step changes. When
the motor runs at 1500 rpm, the load torque suddenly decreases from 0.5 N·m to zero and
then back to 0.5 N·m again. During the load step changes, the estimated speed of dual
observer closely follows the measured speed. Therefore, the improved dual observer does
not affect the dynamic performance of the system and can well improve accuracy of the
position and speed estimations.
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Figure 15. (a) Position and current with Luenberger observer; (b) FFT analysis of phase current
with Luenberger observer; (c) Position and current with the dual observer; (d) FFT analysis of phase
current with the dual observer.

Figure 16. The experimental results under step speed. (a) Average speed method; (b) Dual ob-
server method.

Figure 17. The experimental results under step load. (a) Average speed method; (b) Dual ob-
server method.



Energies 2022, 15, 5985 13 of 14

6. Conclusions

This paper analyzes the PMSM rotor position estimation strategy and implementation
method based on the low-resolution Hall-effect sensors. In order to improve rotor position
estimation accuracy, an improved dual observer scheme is proposed in this paper. By
cascading two observers, the proposed scheme can effectively suppress the low-order
noises introduced by the deviation of Hall signal, and consequently the estimation errors
of speed and position can be reduced significantly. The experimental results show that
the rotor position estimation and the current sinusoidal characteristic can be improved
by the proposed scheme compared with the conventional average speed method and
the Luenberger observer with feedback decoupling, and also the proposed scheme has
an unattenuated dynamic performance. Along with decrease of the speed, bandwidth
of the two observers can be adjusted in order to suppress lower noises and improve
estimation performance.

The rotor position estimation technology based on low-resolution Hall-effect sensors is
a low-cost and high-reliability drive scheme for PMSMs. The observer method with closed-
loop characteristic has better tolerance to Hall sensor installation errors. It is necessary to
consider how to improve estimation performance under low speed and/or speed dynamics
in the following research.
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