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Compensation Method of Position Signal Error with Misaligned
Hall-Effect Sensors of BLDC Motor

Joon Sung Park*, Jun-Hyuk Choi** and Ju Lee’

Abstract — This paper presents an improved approach for compensating rotor position signal
displacement in brushless DC (BLDC) motors with misaligned hall-effect sensors. Typically, the hall-
effect sensors in BLDC motors are located in each phase and positioned exactly 120 electrical degrees
apart. However, limitations in mechanical tolerances make it difficult to place hall-effect sensors at the
correct location. In this paper, a position error compensator to counteract the hall-effect sensor
positioning error is proposed. The proposed position error compensator uses least squares error
analysis to adjust the relative position error and back-EMF information to reduce the absolute offset
error. The effectiveness of the proposed approach is verified through several experiments.
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1. Introduction

Brushless DC (BLDC) motors have numerous
advantages, including lower maintenance costs, simple
drive techniques, wide speed ranges, high power per volume,
and fewer environment-related restrictions. Because of
these advantages, BLDC motors are widely used in many
industries, including robotics, home appliances, vehicles,
office automation, and industrial automation systems, and
future demand for BLDC motors is expected to rise
continuously. Hall-effect sensors are usually used in BLDC
motors. Such sensors, however, may be installed in incorrect
positions owing to mechanical, mounting, or production
problems. When hall-effect sensors are misplaced, they can
cause current and torque ripple, noise, and incorrect
position control. In particular, such problems tend to occur
in BLDC motors with high numbers of poles and small
sizes.

The theory of BLDC control has been investigated
thoroughly in the literature [1-3]. Most of the studies of the
BLDC motor assume that correct positioning of the hall
sensors means that they are spaced at intervals of exactly
120 electrical degrees, which may not be true for many of
the low-cost, low-precision motors that are mass produced
on the market [4].

The effects of misaligned hall sensors on stator currents
and resulting torque are demonstrated in [4, 5]. In order to
reduce such effects, various approaches have been developed
[4-9], with the methods developed in [4-7] concentrating
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on the effects of using different combinations of hall
sensors. The use of typical approaches for estimating rotor
position from filtered hall-effect sensor signals, such as
averaging and extrapolation, can ensure that the hall-effect
sensors are electrically spaced at 120 degree intervals;
however, the absolute positions of the hall-effect sensors
cannot be aligned for each phase. Some recent approaches
for compensating the misalignment effect were introduced
in [8, 9]. [8] demonstrated a vector-tracking observer that
uses a quantized rotating position vector at 60° obtained
from hall sensor signals. In [9], a vector-tracking observer
that uses a feedforward input of the average rotor speed to
derive the rotor position with high-resolution was
presented. However, both methods require the use of
correct phase current and motor constants as they are based
on a mechanical model of the motor; correspondingly, their
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Fig. 1. BLDC drive configuration with misaligned hall-
effect sensors
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position estimation accuracy may be easily affected by load
variations, phase current, and motor constants, which make
the system more complex and render these methods
unsuitable for use under simple control, e.g., BLDC
square-wave control.

In this paper, a position signal displacement error
compensation method for misaligned hall-effect sensors is
proposed. In the proposed method, the output of the
balancing unit, which is based on the least squares method
[10, 11] and measured using the combination of hall
signals, is compared with the zero crossing point (ZCP)
detected by the offset unit. This elegant combination of
activity by the balancing and offset units enhances the
accuracy of angle estimation.

2. Rotor Position Estimation

As illustrated in Fig. 2, BLDC drives using hall-effect
sensors are operated by output signals. When the hall-effect
sensors are ideally placed 120 electrical degrees apart, the
waveforms of their output signals can be divided into six
60-degree electrical sectors. However, if the hall-effect
sensors are misaligned, the combination of actual sensor
output will be irregularly repeated.

The quantities ¢, , &z, and ¢@-, which denote the
respective misplacement angles, can be derived as follows:

Misaligned

Sector Vi I n ur Vi 5 VI
Tdeal . ; ] : ] ; - : - : B .
Sector v ! I 1 1 i \ v i v Vi
S 1 oi, D g
3 : ; Apey i
o 75 A VAR B s s
 Apu’l 1 Aot |
A A= R
Hall B : Hy % Hy
H =t A¢sc
I I

Hall C

Misaligned
Signal
Contbination

<o | 5
LIV l...,.= ~
[
.E
B S niebeity et b ity

Ideal Signal
Conmbination

330°

270°

2i0°

150°

ne

— tesessssssssssssnssnned— — — boeg ——f———————

|
1 |

-1 !

] I

I |

30° I |
I |

Fig. 2. Comparison of ideal and misaligned hall sensor
signals.
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¢}'l = ¢l’6 + ¢(l€ (1)

where n denotes sensors A, B, or C, 4, is the relative
position error, and ¢,. is the absolute position error. As
the relative position errors of each hall-effect sensor are
different, the relative position error can be derived as
follows:

D4 =Pa+ e
¢B = ¢B '+¢ae (2)
¢C = ¢C + ae

where ¢,', &z, and ¢-' are the relative errors of hall-
effect sensors A, B, and C, respectively.

2.1.Relative position estimation using least square
method

If the six output measurement sectors are classified
according to the states of hall sensor signals, the rotor
position can be easily estimated. Hall sensors that are
positioned accurately will signal a phase difference of 120
degrees as follows:

AP'=Apyp'= Appc'= Age,'=120° @)

where Ad,z', Ady-' and Ady,' are the respective
differences produced by each ideal hall-effect sensor.

Under ideal operating conditions, Ad,s', Adgc', and
Ade," all have the same value, Ag'= 120°. As shown in
Fig. 2, the combination of the hall sensor output signals
can be divided into six sectors, with each actual and ideal
sector labeled as Sectors m and m’, respectively, where m
denotes Sectors I-VI. Using the intervals of Sectors | and
Il, Eq. (4) can be obtained; similarly, Egs. (5) and (6) can
be obtained from Sectors 11-VI.

Apup'=0Pyp+04— 05 4)
Appc'=Appe + ¢ — ¢ %)
Apey'=Acy +dc — 94 (6)

Using equations (2) and (3), equations (4), (5) and (6)
can be rewritten as follows:

AP'=App+9—05' (7
AP'= Adpc + ¢ —d¢' (8)
AP'=APey+Pc' P4’ 9)

where A¢d sz, Adg- and Ag-, are the actual invervals of
each sector. Adding both sides of Egs. (7), (8) and (9), Eq.
(10) can be obtained as:

3AP'= AP 5 + Adpc + Adcy - (10)
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From the above equations, ¢,', @;', and &-' can be
expressed as:

=04 (11)
Pp'=0,+AP 5 — AP (12)
Po'=P4—Dpcy + AP (13)

By using the least squares method [10, 11], the square of
the each error and differentiation can be derived as follows:

E= ¢€1 +(¢A +APp— A¢')2 + (¢A “Apcy + A¢')2 (14)

OF ,
;=60 4205 —2A¢ =0 (15)
09,

where E is the square of each error. Then, the relative
position becomes

b1'= 2 (0015 - M) (19)
bs'= 300Dy~ Ay ~309) )
e'= 5 (8015~ 409, +309). (19)

In Egs. (16), (17), and (18), 4¢3 , 4 #5c , and 4 ¢-, can
be obtained from actual hall sensor signals and 4 ¢' is
easily derivable by averaging motor speed. In the proposed
relative error compensation method, balanced results are
obtained from the misaligned hall sensors. Thus, if the
absolute position error ¢, is obtained, the total position
error of the hall sensors can be estimated.

2.2 Absolute position error compensation

Estimating the position of the rotor is critical to the
operation of a BLDC motor under sensorless control. Many
methods for estimating rotor position have been proposed
[13-17]; however, such methods usually require complicated
computation, which can increase the relative cost of the
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system. The back-EMF sensing method is suitable for use
on a wide range of motors because it requires no detailed
knowledge of motor parameters. Back-EMF is relatively
insensitive to motor manufacturing tolerance variation and
is easily adaptable [18]. A typical BLDC motor is wound in
a three-phase wye configuration in which one end of each
phase is interconnected to a motor neutral point. During
operation, only two of the three phases carry a connecting
current (where the current flows in one phase and out the
other) at any one time; this leaves one phase available to
measure the back-EMF [16].

Fig. 3 shows the ZCP of the back-EMF and the signal of
hall-effect sensor A. To measure the back-EMF, a virtual
neutral point was built within a resistance network in
which the voltage difference between the virtual neutral
point and the open phase terminal could be sensed. By
monitoring this voltage difference, the ZCP can be detected.
Because there is a 30° electrical offset between the ZCP of
the back-EMF and the required commutation instant, the
absolute position error ¢,. can be obtained.

Fig. 4 shows the detection of the ZCP at commutation
Sector k, where k is 1, 2,..., 6. In this method, the motor
terminal voltage is directly fed into the microcontroller
through current-limit resistors and the back-EMF signal
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Fig. 3. ZCP and hall sensor signal comparison.
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Fig. 4. ZCP detection method.
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goes through an analog input channel, with the results of
analog-to-digital (AD) conversion synchronized to a pulse
width modulation (PWM) signal expressed as E(x). The
detection of the ZCP can be classified into three cases as
given by the following equations:

xAt—t:(x+1)At—t:E(x)—%:E(erl)—% (19)

where ¢ is the ZCP and V,, is the DC-link voltage of the
drive. Using Eq. (15), Eq. (20) can be expressed as:

YAE(x+1) — (x + )AL (x) + At V;
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where E(x) and E(x+1) can be obtained from the AD
results. Thus, the absolute position error becomes

ly,, =100 ~1 (21)

where 7, is the time value of the absolute position error,
and ;. is the time value of 30°.

The total position error (2) can be obtained from the
resultant position estimates of (16), (17), (18), and (21).
The estimation of absolute position error on the drive,
which is found by comparing the back-EMF to the hall
sensor signal, is performed only once and then stored in
flash memory. The overall control scheme for a BLDC
motor drive with misaligned hall-effect sensors is shown in
Fig. 6 and an overall flow chart of the position error
estimation is shown in Fig. 5. In this process, the relative
position error is estimated whenever the commutation
sequence is changed. When the BLDC motor is first
operated, the absolute position error is estimated at a
specific constant speed and then stored in flash memory.
The total position error is then calculated by adding the
stored absolute error with the estimated relative position
error. After initial operation, the final position is calculated
using the stored absolute error. In this method, both the
relative and absolute positions can be compensated.

3. Experimental Results

Fig. 8 shows an experimental setup for validating the
proposed position compensation method, consisting of a
prototype BLDC motor with misplaced hall sensors
mounted on a printed circuit board placed outside of the
motor case. Prior to describing the experimental results, it
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Table 1. BLDC motor specifications.

Items Units Specification
Output power W 300
Number of poles - 20
Back-emf constant (peak to peak) V/krpm 12
DC-link voltage \Y 48
Switching frequency kHz 20
Circle diameter of hall-effect sensor
position mm 23
Hall A

Oscilloscope

LI
.
. mill]
) — BT LT
.
3
Computer for
command M
3

(c) Experimental setup

Fig. 8. The BLDC motor, hall sensor board, and
experimental setup.
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is useful to provide some background on the BLDC motor.
The test motor is a low-voltage, slim-type high-pole BLDC
motor with 20 poles; its full specifications are shown in
Table 1. Fig. 7 shows the hall sensor board. The angle of
mechanical error £, can be derived as follows:

_ 360x

2z d (22)
2

E)

where x is the mechanical error of hall sensor position and
d is the circular diameter of the hall sensor position. Form
the Eg. (22), the angle of electrical error E,, can be derived
as follows:

_ P 360x

he
2, % (23)

where P is number of poles. Thus, the electrical error of
hall sensor position is proportional to the number of poles
and inversely proportional to the diameter. Because the
circular diameter of a hall sensor position is approximately
23 mm, if the error in positioning the hall sensor is 1 mm,
the mechanical degree of position error is 5° and the
electrical degree of position error is 50°. The PWM
frequency of the inverter was set to 20 kHz and the
proposed position estimator was executed synchronously
with the commutation period.

Fig. 9 shows the phase current waveform, position errors
(@5, &), and motor speed at start-up operation. The
differences between actual and ideal sensor placements
were measured to be about 10.5°, 16.9°, and 32.7° for
sensors A, B, and C, respectively. At first start-up, the ZCP
detection algorithm was executed and the absolute position
error was estimated and stored. The second start-up
occurred without ZCP detection; instead, the inverter was
operated using the stored absolute position errors. The
position errors — about 16.9° and 32.7°, respectively, as
shown in Fig. 9 — had similar values to those from the
first start-up.
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Fig. 9. Waveforms at start-up operation.
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Fig. 10 shows the current waveform, position errors (&5,
#c ), and motor speed at start-up operation with a
mechanical load. As in the previous case, the angular
differences between actual and ideal sensor placements
were measured to be about 10.5°, 16.9°, and 32.7° for
sensors A, B, and C, respectively. The load was increased
to the 100% level of 0.8 Nm. The position errors, as can be
seen in Fig. 9, remained when the load was changed,
demonstrating that the proposed method has good transient
performance in achieving position compensation.
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Fig. 10. Waveforms with a mechanical load.
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(c) Phase current waveforms without proposed method.

Several experiments were performed to validate the
proposed position estimator. Each experiment tested a
misaligned case, as shown in Table 2, where the angles
shown represent the electrical degree of position error, the
+ mark refers to leaded position, and the - mark denotes the
lagging position. In case 1, the BLDC motor was operated
counterclockwise (CCW). In this case, the maximum
relative position error was as small as 13.4° and the
positions of all hall sensors were lagged. In case 2, the
motor was operated clockwise (CW) with a maximum
relative position error at a large value of 52.1° and hall
sensor B was in the leading position while sensors A and C
were lagging.

3.1. Case 1 (Relative position error : 10°)

The characteristics of the proposed approach can be
assessed through a comparative study of the results of each

Table 2. Two test cases of the proposed method.

W= L1 [ | T L |
J Ho:stdo | |

IT e 5T iy

. Max. relative Hall A Hall Hall
Dir.
error error B error | Cerror
Case 1 CCW 13.4° -21.1° -17.5° -7.7°
Case 2 CcwW 52.1° -3.7° +26.2° -25.9°
[H s | =2 == )

= = e = s — — —_—

300us div

(b) Hall sensor signals and estimated combination signal.
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(d) Phase current waveforms with proposed method.
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(e) Input current waveforms, combination signal and estimated combination signal of hall sensors.
Fig. 11. Waveforms at 100% load (0.8Nm) in case 1.
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case. Table 3 shows the hall sensor error for case 1, where
the angular differences in actual sensor placements are
measured to be about -21.1°, -17.5°, and -7.7° for Sensors A,
B, and C, respectively. The signals of all hall sensors are in
a lagging position in which the maximum relative electrical
angle difference is about 10° and the mechanical angular
difference is about 1°, as the test motor has 20 poles. The
hall sensor board has a circular diameter of about 23 mm
and a circumference of hall sensor position of about 72 mm.
In case 1, the maximum error in positioning of the hall
sensors is about 0.2 mm, meaning that approximate errors
of 0.2 mm are likely to occur during the process of
production.

Table 3. Hall sensor error for case 1.

Dir Max. relative Hall A Hall B Hall C
) error error error error
Case 1 CCwW 13.4° -21.1° -17.5° -1.7°

Fig. 11 shows the individual hall sensor output signals,
the actual combined signal produced by the hall sensors
(H,zc), the estimated combined signal of the sensors
(H "), the phase current, and the input current at 0.8 Nm
load, for two cases, i.e., with and without the application of
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(a) Hall sensor signals and combination signal.
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(c) Phase current waveforms without proposed method.
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proposed
approach

f, L [H 51 l

the proposed approach. Fig. 11 (a) shows that the
combination of hall sensor signals does not have a uniform
waveform and Fig. 11 (c) shows that the phase current
waveforms without the application of the proposed
approach are seriously distorted at the end of every
combination of the hall sensor signals. This is due to the
misalignment of the hall sensors. Fig. 11 (b) shows the
estimated combination signal of the hall sensors that has
uniform 60° sectors. Fig. 11 (d) shows the phase current
waveforms with the application of the proposed method.
Every phase current has uniform waveforms. In Fig. 11 (e),
it is seen that the input current without the application of
the proposed approach is seriously distorted at the end of
every combination of the hall sensor signals. On the
contrary, the results of the application of the proposed
method in Fig. 11 (e) show that ripples of the current
waveforms are significantly reduced and regularly
generated compared to those without the application of
proposed method.

3.2. Case 2 (Relative position error : 50°)

Table 4 shows the hall sensor errors in case 2. The
respective differences between actual and ideal angles have

H 51

11

a He 3V div

H g "5 ediv
300us div

(b) Hall sensor signals and estimated combination signal.

Ly 204/ die 102 204div
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(d) Phase current waveforms with proposed method.
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(e) Input current waveforms, combination signal and estimated combination signal of hall sensors.

Fig. 12. Waveforms at 100% load (0.8Nm) in case 2.
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Table 4. Hall sensor error for case 2.

Hall A
error
-3.7°

Hall B
error
+26.2°

Hall C
error
-25.9°

Max. relative
error
52.1°

Dir.
Case 2 cw

been measured to be about -3.7°, +26.2°, and -25.9° . The
signal of hall sensor B is leaded while those of A and C
rests are lagged. The maximum relative electrical angle
difference is about 50° and the mechanical angle difference
is about 5°. As in case 1, the hall sensor board has a circle
diameter of about 23 mm and a circumference of hall
sensor positions of about 72 mm. The maximum error in
positioning the hall sensors is about 1.0 mm, which, though
large compared with the error in case 1, can still occur with
significant frequency during the production process.

Fig. 12 shows, both with and without the proposed
approach, the hall sensor signals, the actual combined
sensor signal, the estimated combined signal of the sensors,
the phase current, and the input current at 0.8 Nm load. In
Fig. 12 (a), it is seen that the combined hall sensor signal
does not have uniform 60° sectors; in particular, the signals
of hall sensors B and C are nearly inverted. In Fig. 12 (c),
it is seen that the phase current waveforms produced
without using the proposed approach are seriously distorted
at the ends of the sensor B and C signals. This is caused by
effects originating in the misalignment of the hall sensors.
As shown in Table 4, although hall sensor A is nearly
correct, sensors B and C have significant errors. Fig. 12 (b)
shows the estimated combined signal of the hall sensors; as
in case 1, the final result of the estimated hall signal has
uniform 60° sectors. Fig. 12 (d) shows the phase current
waveforms produced using the proposed method. Every
phase current has a uniform waveform, results that are the
same as in case 1. In Fig. 12 (e), it is seen that the input
current produced without using the proposed approach is
seriously distorted. By contrast, the results produced by the
proposed method [Fig. 12 (e)] demonstrate a more
regularly generated input ripple with a significantly
reduced magnitude of 1.5 A.

4. Conclusion

In this paper, a position error compensation method to
derive the rotor position in BLDC drives with misaligned
hall sensors was proposed. This approach estimated
relative positions using hall sensor signals and absolute
positions using the back-EMF signal of the phase voltage.
The proposed method provides accurate position infor-
mation even if the sensor error is relatively large. By using
this method, the current ripple of a BLDC motor can be
reduced significantly under the two test condition cases
with errors of 10° and 50°, respectively. The performance
of the proposed position estimator was experimentally
verified.
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