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Abstract— The increasing use of permanent magnet
synchronous machines is motivating the research on lower cost
and higher reliability techniques for control, diagnostics and
condition monitoring. Control of PMSMs typically involves
current and position sensors while diagnostics tasks usually rely
on vibration, flux measurements, current monitoring etc. Hall-
effect sensors have shown to be a low cost, robust and reliable
option for position/speed feedback (to control the machine), on-
line monitoring and detection of failures through the leakage
flux measurement using simple processing algorithms. This
paper summarizes the available techniques for motion control,
monitoring and diagnosis of permanent magnet synchronous
machines using Hall-effect sensors and proposes a processing
method to allow simultaneous operation of all these techniques.
The output of the proposed system are estimations of the rotor
position, electromagnetic torque, permanent magnet
magnetization state, permanent magnet temperature and
degree of eccentricity.

Keywords—PMSM monitoring, PMSM diagnostics, PM
temperature estimation, PMSM torque estimation, eccentricity
detection, Hall-effect sensors

I. INTRODUCTION

Permanent magnet synchronous machines (PMSMs)
drives are becoming the primary choice for traction
applications in electric vehicles and hybrid-electric
vehicles[1],[2]. PMSMs are being also installed in modern
applications that require high torque density and a strong
overload capability like more electric aircraft, satellite, etc.
Due to the increasing use of PMSMs drives, accurate
control, condition monitoring and diagnostics is being the
focus of significant research effort since recent decades.

Instantaneous rotor position is required for the field-
oriented control of PMSMs. Rotor position in PMSMs is
typically measured using resolvers or encoders. However,
these sensors are costly, require mechanical coupling and
additional space, which compromises overall robustness of
the drive. Alternatively, rotor position can be measured
using linear Hall-effect sensors [3]-[15]. Hall-effect sensors
can detect rotor position contactless (i.e. no mechanical
couplings are required) and at a reduced cost. Different
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arrangements of linear Hall-effect sensors can be found in
literature: two sensors, placed 90 electrical degrees
apart[3][10], three sensors [11]-[14] placed 120 electrical
degree apart or multiple sensors at different positions [15].

Monitoring the condition of the machine (i.e.
temperature, magnetization state, eccentricity, etc.) is key to
prevent rotor faults and adapt the machine operating
conditions to the instantaneous limit of operation. Rotor
faults are traditionally detected off-line using gaussmeter
scanning, back electro-motive force (EMF) measurement,
dial test indicator, and feeler gauge tests. Motor current
signature analysis (MCSA) and vibration analysis are the
most widespread online fault detection methods in PMSMs.
However, they only work under steady-state conditions. The
feasibility of using Hall-effect sensors for condition
monitoring and diagnostics in PMSM drives has been also
evaluated in [16]-[23]. PM temperature estimation based on
the liner Hall-effect sensors has been presented in [16], PM
demagnetization detection and rotor eccentricity based on
linear and/or digitalized Hall-effect sensors have been
presented in [16]-[20] and [20]-[22] respectively and torque
estimation in PMSMs based on liner Hall-effect sensors has
been presented in [23].

The justification behind the proposed Hall-effect sensor-
based monitoring and diagnostics methods, and their
advantages and limitations are summarized in this paper. This
paper addresses all available techniques (see Table I) to
control, monitor and diagnose PMSMs using Hall-effect
sensors and proposes a processing method to allow
simultaneous operation of all these techniques. The analysis
will be done using Finite Element Analysis software (FEA)
and considering a 7.5kW PMSM.

TABLE L RELATIONSHIP BETWEEN DISCUSSED TOPICS USING

HALL EFFEC SENSORS AND REFERENCES

Rotor position detection using two sensors [3]-[10]
Rotor position detection using three sensors [11]-[14]
Rotor position detection using ten sensors [15]

PM temperature detection [16]
Demagnetization detection [17]-[20]
Eccentricity detection and load defects [21]-[23]
Torque monitoring [24]




This paper is organized as follows: field measurements
using Hall-effect sensors is introduced in section II, Motion
control of PMSM drives using Hall-effect sensors is
discussed in section III, monitoring of PMSMs using Hall-
effect sensors is discussed in section IV, the use of hall effect
sensors for diagnostics is explained in section V, FEA
simulation results are presented in section VI and finally,
conclusions are presented in section VII.

II. FIELD MEASUREMENTS USING HALL-EFFECT SENSORS

In conventional PMSM drives equipped with Hall-effect
sensors, they are attached to the stator or the end shield of the
machine [3]-[23] in order to measure PM leakage flux. Linear
motor systems equipped with Hall-effect sensors place them
on the mover, facing the PMs [14]. Fig. 1 shows an example
of the PM leakage flux distribution of a conventional IPMSM
(i.e. radial flux machine) obtained using FEA and the
approximate position of the Hall-effect sensors.
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Fig. 1. FEA results. Leakage flux vectors on an IPMSM machine and
location of a Hall-effect sensor.

At the measuring point, the flux vector can be decomposed
into three components, see Fig. 1: x-axis component
(tangential), y-axis component (radial) and z-axis component
(axial). Any of them can be potentially used for machine
drive control, monitoring or diagnostics. However, the axial
component typically provides the weakest signal [13] and
does not contain useful information for torque estimation
purposes [23] so it is often neglected.
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Fig. 2. Hall-effect sensors position for a six-pole machine using
three Hall-effect sensors

Fig. 2 shows the position of the three Hall-effect sensors,
B, By and B,y inside a six-pole IPMSM. The IPMSM main
characteristics and dimensions are listed in Table II. The
Hall-effect sensors are placed Smm away from the magnets
edge (z-axis), and at 51 mm from the shaft center (y-axis),
matching the position of the magnets from the shaft center.
The mechanical angle among sensors is 40 mechanical

degrees resulting in 120 electrical degrees for a six-pole

machine.

TABLE II. MACHINE PARAMETERS AND MAIN DYMENSIONS
Rated power 7.5 kW
Rated Current 14 A
Number of Poles 6
Rated Speed 1800 rpm
Outer diameter 180 mm
Rotor diameter 110 mm
Airgap length 0.8 mm
Magnet position 54 mm
Magnet width 42 mm
Magnet thickness 6 mm
Magnet type N42SH

An example of the three components of the flux, xyz
obtained at the same measurement point for a complete
electrical cycle is shown in Fig. 3a. It can be observed that
the y-axis component (radial) is the most sensitive and the
most sinusoidal component. Fig. 3b shows the y-axis
component of the leakage flux when three sensors, Bya, Bys
and B,., are used (see Fig. 2b).
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Fig. 3. Measured flux density waveforms a) tangential, radial and axial
components at the same location b) tangential component at three
different locations using three sensors (Fig. 2).

Measurement of leakage flux in PMSMs allow their
control, monitoring and diagnostics (see Table I). Fig. 4
shows the proposed processing system to allow simultaneous
on-line parameter estimation using Hall-effect sensors.
Complex vector is used for rotor position, speed and
electromagnetic torque estimation; demagnetization is
detected using patter comparison; digitalized signal is used
for rotor eccentricity and demagnetization detection; rotor
temperature is obtained from the RMS value of a leakage flux
waveform. These techniques will be described in the
following sections.

III. MOTION CONTROL OF PMSM DRIVES USING HALL-
EFFECT SENSORS

Leakage flux in stationary reference frame contains
information of the rotor position [3]-[15]. When three Hall-
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Fig. 4. Schematic representation of the required processmg and simultaneous estimated parameters using Hall-effect sensors in PMSMs.

)
effect sensors are used, a complex vector Bundgs can be

defined according to (1), where B, , B,, and B, are the
m component (x, y or z) of the leakage flux density, B,
measured at three different locations a, b and ¢, 120 degrees
apart.

Bis =2/3(B,, +aB,, +a’B, ) e

Once the complex vector in stationary reference frame is
obtained (1), a Phase Lock Loop (PLL), can be used to obtain
the rotor speed and position [5], [7].The main limitations of
the available methods to extract the rotor position are the
bandwidth, due to the PLL dynamics, and the accuracy
compared to encoders or resolvers. Fig. 5 shows the
schematic representation of a synchronous reference frame
PLL used for the estimation of rotor speed and position in this
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paper. The d and ¢ axis leakage flux density, B

in stationary reference frame are normalized and rotated to
synchronous reference frame using the estimated rotor
position @.. A PI synchronous regulator is used in the PLL,

see Fig. 5, to cancel out the error resulting of subtracting the

signal B, to a zero reference.
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Fig. 5. Block diagram of the synchronous reference frame PLL

algorithm, for Hall-sensor based rotor position and speed estimation using
Hall-effect sensors.

IV. MONITORING OF PMSM DRIVES USING HALL-EFFECT
SENSORS

A. PM Temperature estimation

According to [16], PM temperature in PMSMs can be
estimated using three linear Hall-effect sensors attached to
the end shield of the machine. Assuming that the relationship
between the PM flux, B(Tpy), and the PM temperature, Tpy,
is given by (2), where T,,, and T}, are the present and

reference PM temperatures and ¢,,,, is the thermal coefficient
of flux density of the PM material, PM temperature can be
estimated. As the Hall-effect sensors produce a voltage
proportional to the applied flux B, leakage flux produced by
armature currents can lead to high estimation errors.
However, this effect can be decoupled when the
instantaneous armature current is available for the
temperature estimation algorithm [16], as shown in Fig. 4.
Fig. 6 shows the block diagram of the proposed algorithm for
the Hall-sensor based PM temperature estimation. The
magnitude of the complex vector is calculated, a
compensation signal is applied as function of the armature
current. Using (2) and having the reference values for flux
and temperature and ¢,,, , estimated PM temperature can be
obtained.

B(Tpy ) = B(Tpyg) - (L+&pp - (Toyy = Tppo) 2
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Fig. 6. Block diagram of the algorithm for Hall-sensor based PM
temperature estimation.

B. Torque Monitoring

The complex vector of the leakage flux (1) is also used in
[24] to estimate the PMSM torque of a surface and an interior
PMSM. The method assumes that the PMSM flux linkages
A, and A, behaves similarly in stator and rotor cores. Radial
and tangential leakage flux components, 4, and 4 a
given by the interaction of the coil flux and permanent
magnet flux and can be measured using Hall effect sensors.

(&; i —Aniy) 3)

A

T= 3p(kB —k,BLi5) (4)

lds qs Igs ds

Total torque developed by a PMSM is given by (3), where
i,and;’  are the d- and g- axes currents in a reference frame
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synchronous with the rotor and p is the number of pole pairs.
According to [23], machine torque can also be approximated
as in (4), see Fig. 7, wherg ks and k; are coefficients that link
the stator flux linkage, /bdqs, and the leakage flux density,
Bl;qx , measured by the Hall-effect sensors. The coefficients
kq and k, are deefiend by (5) and (6). This coefficients are
depedent on the operating conditions and are experimentally
estimated in [23] for the whole Idg map. However, for some
operating regions on the map, ks and k, are averaged as
costants as its variation can be negligible.
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Block diagram of the algorithm for Hall-sensor based PMSM

torque estimation.

Fig. 7.

V. DIAGNOSTICS OF PMSM DRIVES USING HALL-EFFECT
SENSORS

A. Demagnetization Detection

Global and partial (local) demagnetization can be
detected by analyzing the peak-to peak and mean values of
the zero sequence of the magnetic flux density measurements
[19]. The zero-sequence magnetic flux density vector, B,
, can be defined as (7). This signal will be periodic for a
mechanical revolution and will reflect asymmetries of the
magnetic flux density measured by the Hall effect sensors,
B4, By and B,
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Bmc Pedk-to-pea/; ——>Demagnetization
Fig. 8. Block diagram of the algorithm for Hall-sensor based

demagnetization detection in PMSMs according to [19].

Global and partial demagnetization can also be detected
using only one Hall-effect sensor as in [20]. Fig. 8 shows a
block diagram of the required algorithm, where the magnetic
flux density provided by one Hall-effect sensor is rectified
(absolute value) and compared to a threshold value. The
resulting digital signal is of variable pulse width when
asymmetries in the leakage flux occur. The pulse width and
the pulse count will depend on the level of eccentricity and
demagnetization. Local demagnetization will reduce the
pulse count for a mechanical period and the degree of

eccentricity will vary the pulse width of all pulses for a
mechanical revolution [20]
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Fig. 9. Block diagram of the algorithm for Hall-sensor based eccentricity
and demagnetization detection in PMSMs according to [20].
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B. Detection of eccentricity and load defects

Mechanical defects or imperfections in PMSM systems
produce vibration at the fundamental frequency leading to
oscillation in the load torque at rotor speed [21]. Load
unbalance, misalignment, load eccentricities, mechanical
looseness, mechanical wear, turbulence in flow, load
fluctuation, etc. produces oscillation at the fundamental
frequency [21]. Unlike PMSM rotor defects, these
imperfections do not have any influence on the amplitude of
the Hall sensor flux measurements since the rotor MMF or
airgap does not change with coupling or load defects.
However, if static, dynamic, or mixed eccentricity is present
in the rotor, the airgap changes with rotor position resulting
in variations in the peak values of the PM leakage flux.

Using only one Hall-effect sensor (B, Bms Or Bye) local
demagnetization, load defects and eccentricity can be
detected, see Fig. 10, and reliably separated if these
phenomena coexist. In addition, it can be detected during
transients.
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Fig. 10. Block diagram of the algorithm for Hall-sensor based PMSM
eccentricity, demagnetization and load unbalance detection.

VI. FEA SIMULATION RESULTS

Fig. 11 shows the FEA results obtained for a 7.5 kW
machine, see Table II for a total time of 10s and for a rotor
speed of 600 rpm.

Fig. 11a shows the resulting leakage flux measurement of
the IPMSM under different operating conditions: at t=0s PM
temperature is configured in the simulation to vary from 20 to
60°C with the machine unloaded; an Iq current step of 14 A
(rated current) is performed at t=3.4 s keeping PM
temperature constant at 60°C; the IPMSM is unloaded at
t=6.6s and a partial demagnetization of 10% is emulated in
one PM for this last period. It can be observed in Fig. Sa that
the measured leakage flux for the three Hall-effect sensors,
By, By and B, is slightly reduced, in terms of peak-to-peak-
value as PM temperature increases. The peak-to-peak value is
also affected by the armature current as it can be observed in
Fig. 11a for the period 3.4 to 6.6s.
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Fig. 11.FEA results: a)Leakage flux measurement, b) estimated rotor position, c) error of the estimated rotor position, d)estimated PM
temperature, ¢) PM temperature estimation error, f)estimated torque, g) estimated torque error and h) differential flux for partial

demagnetization detection. Rotor speed is 600 rpm.

Fig. 11b shows the estimated position using the complex
vector and a synchronous reference frame PLL [13], see Fig.
5. It can be observed in the estimated position error, Fig. 11c,
that the estimated position is barely affected by the PM
temperature, or armature current since these effects only alter
the peak-to-peak value of the waveforms and the complex
vector is normalized at the input of the PLL, see Fig. 5.

PM temperature can be obtained on-line under any
operating conditions of the machine as shown in Fig. 11d,
using the signal processing detailed in Fig. 6. Since PM
temperature is detected using the RMS value of the complex
flux vector, any change in the magnitude of the leakage flux
produced by armature currents can lead to high estimation
errors, see Fig. 11e from t=3.4s to t=6.6s. Armature currents
produce the largest changes in the magnitude of the complex
vector, as shown in Fig. 11a. However, this phenomenon can

be decoupled if the armature currents are available for the
control system.

Fig. 11f. shows the FEA results of the torque estimation
method using Hall-effect sensors [23] with constant &, and £,
Under these conditions the estimation error is £3Nm, as it can
be observed in Fig. 11g. Note that the rated torque delivered
by this machine is 44Nm. The error can be reduced if dynamic
values of ks and k&, are used.

Fig. 11h shows the error leakage flux of one Hall-effect
sensor (i.e. measured flux subtracted to the expected flux at a
given PM temperature) of a 6 pole PMSM with one magnet
partially demagnetized (MS of one magnet configured to
90%) at t=6.6s. It can be observed that the mean value of the
signal is approximately zero for the period from t=0 to t=6.6s.
When the partial demagnetization is introduced, t=6.6s, a
peak per rotor revolution arises producing an average value



of the signal different from zero, which is a clear indication
of local PM demagnetization.

VII. CONCLUSIONS

This paper summarizes available techniques to control,

monitor the condition, and detect of faults in PMSMs using
only linear Hall-effect sensors and proposes a method to
allow simultaneous operation of all these techniques. It is
shown that these techniques represent an economical and
powerful tool for the controllability and reliability of PMSM
drives. The main aspects of the techniques surveyed include

the

rotor position detection, PM temperature estimation,

detection of rotor (demagnetization and eccentricity) and
load defects, and torque monitoring. An extended analysis of
each individual estimation method has been evaluated and
the accuracy of estimation has been also evaluated using
FEA.
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