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Drives with Low-resolution Hall-effect Sensors 
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Abstract – The vector control technique using low-resolution Hall-effect sensors has been widely 
used especially in consumer electronics. Due to electrical and/or mechanical unevenness related to 
binary-type Hall sensors, the calculated or estimated position information has discontinuities so called 
bumps, which causes the deterioration of vector control performance. In order to obtain a linearly 
changing position signal from low-precision Hall-effect sensors, this paper proposes a simple bumps in 
position signal removal algorithm that consists of a first-order observer with low-pass filtering scheme. 
The proposed algorithm has the feature of no needs for system parameters and additional estimation 
processes. The validity of the proposed method is verified through simulation and experimental results.  
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1. Introduction 
 
Permanent magnet synchronous motors (PMSMs), which 

have superior efficiency compared to other types of electric 
motors, are mainly used for washing machines [1]. The 
vector control scheme has been widely applied in home 
appliances to improve the control performance. The driving 
system of PMSMs employing a vector controller requires 
accurate rotor position information [2]. For a typical 
variable speed application, a highly accurate sensor, such 
as an encoder or resolver, is employed. However, since 
cost is an important factor for consumer products, binary-
type Hall sensors, which generate square-wave signals 
corresponding to the N and S poles of the rotor, are 
commonly employed for position sensing, achieving proper 
control performance in an efficient way [3]. 

Various studies for obtaining high-resolution position 
information from binary-type Hall sensors have been 
conducted [4-12]. Some papers have suggested estimation 
methods based on the zeroth-order Taylor algorithm [4-6]. 
This method, which obtains the rotor position by using the 
integral of the average speed, is simple and easily gets the 
location information, but the accuracy of the mean velocity 
has a vulnerability resulting from mechanical misalignment 
and/or non-uniformity in the sensor circuits. 

In [7], the angular velocity information was used to 
estimate the rotor position. However, in practice, it is 
difficult to obtain accurate acceleration information. In 
order to limit the amount of error in the estimation at low-
speed operation, a position estimation method based on 
back-EMF has been proposed [8]. On the other hand, the 
precision of the detection depends on the accuracy in the 
motor parameters such as a stator resistance.  

Position estimation schemes using an observer have 
been presented in many researches [9-12]. The observer-
based scheme is characterized by good dynamics and high 
estimation accuracy. However, the equations of observers 
are based on mechanical models of the system, and the 
mechanical model requires information about the load 
torque and the generated motor torque. Therefore, if 
there are inaccuracies in the values of mechanical 
parameters and miscalculation of the generated motor 
torque, the performance deterioration of the observer can 
not be avoided.  

This research is about the performance improvement 
scheme in position detection for a washing machine. On 
the other hand, the normal working condition of a washing 
machine may not be ideal to apply a Luenberger position 
observer, since the conventional observer schemes require 
mechanical parameters and the calculation of motor torque 
in which uncertainty of the motor parameters may exist. 
In addition, the load torque and system parameters such 
as inertia of the washing machine are not fixed values, 
but change according to the amounts of water and laundry. 
The accuracy of position estimation highly depends on 
how well the method estimates system parameters. Thus, 
an additional algorithm is required for estimating the 
mechanical parameters and the motor torque, which 
increases the calculation burden of the controller [13]. In 
addition, the order of the conventional observer is 3rd.  

To solve these problems, this paper proposes a new 
position detection scheme featuring a very simple structure, 
which obtains linearly changing position information from 
low-resolution Hall sensors without employing system 
parameters. The proposed scheme does not require 
calculation of either the motor torque or the load torque. 
The effectiveness of the proposed method is verified by 
simulation and experimental results carried out with a 48-
pole permanent magnet synchronous motor.  
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It should be mentioned that the application of the 
proposed algorithm is not limited to Hall sensors. In [14], 
the position waveforms of a magnetic levitation train 
(Maglev) are shown, and their shape is similar to the 
position signals obtained from binary-type Hall sensors, 
and it is also noted that an algorithm for obtaining linearly 
changing position signal is necessary. Therefore, various 
applications exist, which require high-resolution position 
signal from low-precision sensors, for which the proposed 
algorithm can be applied.  

 
 
2. Position Detection by Conventional Methods 

and Their Detected Position Signals 
 
If two binary-type Hall sensors, which generate a 1 or 0 

level corresponding to the polarity of the magnet, are 
installed in a 2π electrical span, the electrical resolution is 
π/2 radians. Thus, the electrical angular speed can be 
calculated as (1) by dividing π/2 by the time interval 
between Hall events (ΔThall) and the electrical angle at the 
nT sampling time can be calculated by the extrapolation 
expressed in (2). 

 
 ( )_ ( ) / 2 / ( )e cal hallnT T nTω π= Δ  (1) 

 _ _ _( ) [( 1) ] ( )e hall e hall e calnT n T nT Tθ θ ω= − + ⋅  (2) 
 
Fig. 1 depicts Hall A & B signals, which have some 

angle discrepancies denoted as α, β, and γ from the ideal 
π /2·n (n =0,1,2, or 3) position, and their corresponding 
position waveforms. The term π /2 in the numerator of (1) 
is for the ideal case, i.e. the electrical span between the 
Hall sensor events is exactly π /2 radians. In general, the 
angle between Hall sensor events is not exact π /2 radians 
due to various causes such as unevenness in electrical 
circuits related to Hall sensors, inequality in mechanical 
installation, and non-uniformity in the flux of magnets in 
the rotor.  

Under ideal conditions, the position information using 
(2) increases linearly without a bump in the position signal 
as shown by the dotted line. Position ① line illustrates 
θe_hall (nT ) obtained by (2). θe_hall (nT) is updated as a 
multiple of π /2, which is depicted as position ②, with 
respect to the rising and falling Hall events. Hence, in 
practice, even at a constant speed operation, the difference 
in ΔThall generates the bumps in the position ① signal 
unlike the ideal case.  

If the amount of angle deviation in the Hall events is 
fixed and is known in advance, the discontinuity in position 
① signal can be removed by adding the predetermined 
values. However, in this research, the motor with multiple 
poles that have non-uniformity in flux-linkage with a non-
iterative pattern is used so that the position calibration 
scheme of adding predetermined values is not applicable.  

The position detection by an observer is known to have 
excellent dynamic characteristics. However, there are some 
concerns. The state equation of the conventional observer 
is expressed as (3) - (5) with the assumption of slow load 
change during the sampling period T. As seen from (3) - 
(5), the observer method is based on the mechanical 
motion equation modeled with system information such as 
J and Te [14]. (3) - (5) have the form of (6). Y means the 
measured value, θe_hall. 

 

 ( )1 _

ˆ ˆˆe
e e hall e

d h
dt
θ ω θ θ= + −   (3) 

 ( ) ( )2 _
ˆ 1 ˆˆ

2
e

e L e hall e
d P T T h
dt J
ω θ θ= − + −   (4) 

 ( )3 _

ˆ ˆL
e hall e

dT h
dt

θ θ= −   (5) 

 
where, TL, Te, θe, ωe, h, J, and P represent load torque, 
developed motor torque, rotor electrical position, rotor 
angular frequency, observer gain, system inertia, and 
number of poles, respectively.  
 

 
_

ˆ ˆ ˆ( )

[ ], , [1 0 0]T
e e L e hall

d X AX BU H Y CX
dt
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= = =
 (6) 

 
(3)-(5) show that ultimately to get the estimated θe of (3), 

the estimated ωe by (4) is necessary, and for the ωe 
calculation TL estimation through (5) as well as the Te 
calculation are required. The Te of a SPM (surface-
mounted permanent magnet) motor is given as 
(3/2)·(P/2)·λa·iq. Where, λa means the flux-linkage by a 
magnet, and iq is q-axis current. Since λa, which varies with 
ambient temperature, is involved in the Te calculation, it 
may lead to errors in the θe observation if there is no on-
line λa estimation. Furthermore, observer gains of h1 –h3 
need to be set.  

 
Fig. 1. Hall sensor signals and their associated position 

signals 
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3. Proposed Bump-removal Scheme 
 
To reduce the order of the observer as well as to remove 

the involvement of J and Te in the position estimation 
procedure, a scheme based only on (3) is proposed in this 
paper. Since (4) and (5) are used to determine or estimate 
ωe for the conventional observer, the proposed scheme is 
devised to get the estimated motor speed ( ˆeω , equivalently 
ωe_est) through a low-pass filter (LPF). The state equation 
of the proposed observer is written as (7), and k represents 
the observer gain. 

 

 ( )_
_ _ _

e est
e est e in e est

d
k

dt
θ ω θ θ= + −   (7) 

 
The transfer function of the observer of (7) appears as 

(8). (8) remarks that the observer is a stable system when 
k > 0. The position input (θe_in) is obtained form (9). In (9), 
ωe_est, which is the output of the LPF and the equivalent 
variable for ˆeω  in (4), is used instead of ωe_cal. Similarly 
to θe_hall(nT), θe_in(nT) is changed to π/2·n radians 
corresponding to the rising and falling events of the Hall 
signals. Hence, the shape of θe_in is almost identical to 
θe_hall, but to have further bump-less transition in the rotor 
position, ωe_est is employed for the θe_in calculation. 

 

 _ _ _
1( ) ( ) ( )e est e in e est

ks s s
s k s k

θ θ ω= +
+ +

  (8) 

 _ _ _( ) [( 1) ] ( )e in e in e estnT n T nT Tθ θ ω= − + ⋅   (9) 
 
Fig. 2 illustrates the block diagram of the proposed 

method that removes bumps in the detected position signal 
in the absence of J and Te terms. The proposed scheme 
consists of the first order observer and the low-pass filter 
that obtains ωe_est from ωe_cal. Where, Tz-1/(1–z-1) denotes 
the integration (1/s) in the discrete domain. To get a 
simpler form, the first-order LPF is used and the transfer 
function can be expressed as (10). Where, a represents the 
cut-off angular frequency (2πfc), and fc is the cutoff-
frequency of the LPF. 

 

 ( ) ( )aY s X s
s a

=
+

  (10) 

 

 
Fig. 2. Block diagram of the proposed bump-removal 

scheme 

The expression of ωe_est from the LPF in the discrete 
form can be given as (11). From (7), (9), (11), and Fig. 2, it 
is obvious that the proposed algorithm features a very 
simple structure and less calculation. 

 
 _ 1 _ 2 _( ) [( 1) ] ( )e est e est e calnT m n T m nTω ω ω= ⋅ − + ⋅   (11) 

 
where, m1 = τ / (τ + T), m2 = T / (τ + T), and τ = 1/fc. 

Fig. 3 depicts an overall block diagram of the proposed 
method for vector control of the washing machine using 
low-resolution Hall sensors.  

The Estimation block derives ωe_est and the bump-less 
θe_est position through (11), and (7), respectively, and θe_est 
is fed to the axis-transformation block. The basic control 
technique of SPM motors is applied. In other words, in the 
constant torque area, i*

d is chosen as 0 ampere, and field 
weakening control is used in the constant power region.  

Fig. 4 illustrates the frequency response corresponding 
to the first term of (8). That is the frequency response of 
θe_est(s)/θe_in(s). The figure shows that the phase delay at 
100 rad/sec corresponding to the observer gain k =100 is 
450. 

Fig. 3. Block diagram of the PM motor drive with the 
proposed scheme 

 

Fig. 4. Frequency response of the first term in (6) with the 
observer gain k=100 
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4. Verifications  
 

4.1 Simulation results of the proposed bump-
elimination scheme  

 
Fig. 5 is the simulation block diagram, implemented 

with MATLAB/Simulink, of the proposed algorithm shown 
in Fig. 2. In Block ①, Hall signals having non–uniformity 
in the interval are generated in accordance with the rotor's 
electrical angle. ωe_cal and θe_in are calculated in Block ② 
by (1) and (7), respectively. Fig. 6 shows inside of Block 
③. The term k(θe_in–θe_est) is used in Fig. 2 and 3. 
Meanwhile, in the actual implementation, the error 
between the angles is calculated by not k(θe_in–θe_est) but by 
k∙sin(θe_in–θe_est) as shown in Fig. 6. Since, sin(α ± 2π)= 
sin(α) ≈ α for small α, taking the sine of θe_in–θe_est inhibits 
the error caused by the additional +2π or –2π radians in the 
θin–θest value occurring at the 2π→0 or 0→2π transition. 
The LPF is implemented in Block ④. The specification of 
the SPM motor used for verifications is summarized in 
Table 1. Fig. 7 and 8 illustrate simulation results of the 
proposed scheme with k=100 performed with a 48-pole 
PMSM at 400 rpm operation. Upper figures depict ωe_cal by 
(1) and ωe_est from the LPF. 

 
Table 1. Specification of the SPM motor used for verify-

cations 

Rs 4.5 Ω Ls 32 mH 
λm 0.15 Wb J 0.25 kg-m2 

No. of poles 48 Rated power 1 kW 
 

 
Fig. 5. Simulation block diagram for removing bumps in 

the position signal 
 

 
Fig. 6. Simulation block diagram of the internal working of 

Block ③ for implementing the observer part 

The lower figures show the estimated rotor position 
(θe_est), θe_in, and Hall A & B signals that have about 40 
larger or smaller angle interval compared to the ideal case. 
The cutoff-frequency (fc) of the LPF for Figs. 7 and 8 has 
been selected with two cases- 80 Hz and 250 Hz. θe_est is 
located 1 radian above θe_in to discriminate two waveforms. 
Figs. 7 and 8 clearly display that the proposed scheme with 
k =100 and the LPF having 80 Hz or 250 Hz obtains bump-
free θe_est from θe_in without angle discrepancy between θe_in 
and θe_est.  

Considering the first term of (8), which is k /(s +k), the –
3 dB frequency with respect to k=100 is 15.92 Hz, and it 
corresponds to 39.79 rpm for a 48-pole machine. As this 
rpm is a way below 400 rpm, this observer gain (k =100) 
does not seem appropriate one for 400 rpm operation. 
Moreover, the phase response of θe_est against θe_in 
corresponding to the first term of (7) is calculated as 1.47 
radians (84.320) at 400 rpm (fe=160 Hz) operation with 
k =100. Therefore, almost π/2 lag is expected, but the angle 
delay of θe_est against θe_in is not observed in Figs. 7 and 8.  

The reason for this can be explained as follows. For the 
ideal case, the interval between Hall signals accurately 
maintains π /2 radians so that ωe can be given as dθe/dt 
since θe has no discontinuities. In this case, ωe(s) can be 
represented as ωe(s)=sθe(s). In the proposed scheme, ωe_est 
is the filtered ωe_cal, so that ωe_est can be roughly considered 
as dθe/dt. In other words, ωe_est(s)≅sθe(s). Therefore, 
applying this relationship to (8) and manipulating that as 
shown in (12), it can be seen that θe_est coincides θe_in by 
utilizing filtered ωe_cal. 

 

 
_ _ _

_ _ _

1( ) ( ) ( )

1( ) ( ) ( )

e est e in e est

e in e in e in

ks s s
s k s k

k s s s s
s k s k

θ θ ω

θ θ θ

= +
+ +

≈ + =
+ +

 (12) 

 

 
Fig. 7. Simulation results with k=100 and fc=80 Hz 
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Fig. 8. Simulation results with k=100 and fc=250 Hz 

 

 
Fig. 9. Simulation results (a) without and (b) with the 

proposed bump-removal scheme at 300 rpm rotation 
with fc=80 Hz, k=100, and 5 Nm load condition 

 
As can be appreciated from the second line of (12), s+k 

terms are presented in both the numerator and denominator 
and are discarded in the last equation. Hence, the estimation 
capability according to the k value is not sensitive.  

In addition, the estimated positions of Figs. 7 and 8 
show the same bump-elimination performance even for 
different fc of 80 or 250 Hz, which implies that the 
proposed scheme is relatively insensitive to fc of the LPF, 
since the low-pass filtering makes the relationship of 
ωe_est (s)≅sθe(s) with different fc values, having appropriate 
filtering effect. On the other hand, the positions of the 
bumps in Fig. 7 and that in Fig. 1 are different each other. 
In the experimental setup with a top-load washer, the Hall 

A sensor was installed to have the first signal occurrence at 
π/6 radians. Hence, this fact is reflected in the simulation 
studies. Fig. 9 shows the simulation waveforms at 300 rpm 
operation (a) without and (b) with the proposed method. 
The load condition is 5 Nm. As appeared in Fig. 9(a), 
bumps occur in θe_hall and resultant distorted current 
waveform. Fig. 9(b) clearly illustrates the linearly changing 
position signal of θe_est and sinusoidal phase current 
waveforms.  

 
4.2 Experimental results 

 
The experiment was performed with a 48-pole SPM 

motor to demonstrate the performance of the proposed 
algorithm. Fig. 10 shows the experimental setup. The 
switching devices IGBTs were switched on and off at the 
frequency of 10 kHz for controlling the PM motor. The 
proposed algorithm was implemented with a TM320F28335 
digital signal processor using the C-language. 

Fig. 10. Experimental setup 
 

 
Fig. 11. Experimental waveform of position signals and 

phase current: (a) without the proposed scheme 
and (b) with the proposed bump-elimination scheme
with k =150 and fc=100 Hz 
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Fig. 12. Experimental results conducted with k =100 and 

fc=80 Hz 

 

 
Fig. 13. Experimental results conducted with k =100 and 

fc=250 Hz 
 
Fig. 11 illustrates the experimental results (a) without 

and (b) with the proposed bump-removal scheme carried 
out at 300 rpm rotation, separately. The gain k and cutoff-
frequency fc were chosen as 150 and 100 Hz, respectively, 
which are different from values used in the simulations, in 
order to show the robust performance of the proposed 
scheme for other values of k and fc. Fig. 11(a) clearly 
depicts the bumps in the position signal generated 
whenever the Hall event occurs and the distorted motor 
current. In contrast, Fig. 11(b) displays that the bump-less 
position signal and the resultant sinusoidal phase current, 

which clearly illustrates that the proposed method, having 
the brief structure, can get the linearly changing rotor 
position without angle deviation. 

Figs. 12 and 13 show the experimental results 
corresponding to the simulation waveforms of Figs. 7 and 
8, respectively, in which fc is set as 80 Hz and 250 Hz, 
separately. The rpm of the motor based on (1) and the 
filtered (denoted as estimated) motor speed are displayed 
in the upper figure at the operation of 300 rpm. θe_in, θe_est, 
and Hall A & B waveforms are illustrated in the lower 
figure.  

Depending on the filtering frequency fc, the convergence 
speed of the filtered motor rpm varies, but as shown in 
each diagram of Fig. 13(b), the detection of the bumpless 
position signal without any angular discrepancy is achieved 
by the proposed scheme, regardless of fc value.  

 
 

5. Conclusion 
 
This paper proposed a new scheme to eliminate the 

bumps in the position signal using binary-type Hall sensors. 
The proposed method featured a very simple structure 
consisting of the first order low-pass filter and the first 
order observer. The estimated position signal by the 
proposed method has no phase delay compared to the 
signals calculated by Hall sensor events. The paper 
explained the reason why the phase delay does not occur. 
The proposed bump-removal scheme did not use any of the 
electrical or mechanical constants such as inertia and flux-
linkage. In addition, the proposed algorithm has eliminated 
the necessity of motor torque calculation and additional 
processing for the detection of system parameters. Through 
simulations and experiments, the improvement of the 
control performance and the adequacy of the proposed 
method have been verified.  
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