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Abstract—Torque measurement/estimation in permanent 

magnet synchronous machines (PMSMs) is required in a large 
variety of applications.  Direct torque measurement by means of 
torque transducers is typically limited to laboratory applications 
due to cost, reliability and room concerns.  Alternatively, torque 
can be estimated. Torque estimation methods require accurate 
knowledge of machine parameters. Injection of a high frequency 
(HF) signal in the stator via inverter has been shown to be a viable 
option for online machine parameters identification in PMSMs.  
However, this introduces concerns on the performance of the 
machine due to the noise, vibration and additional losses produced 
by the HF signal.  This paper proposes a torque estimation method 
for PMSMs using low cost Hall-effect sensors. The method is based 
on the dependency of the leakage flux complex vector due to 
interaction between permanent magnet flux and stator coil flux 
and does not interfere with the drive operation of the machine.  

Keywords—Torque estimation, Hall-Effect sensors, leakage flux 
complex vector, PMSM leakage flux. 

I. INTRODUCTION 
Permanent magnet synchronous machines (PMSMs) are 

commonly used in industrial automation for traction, robotics, 
wind energy or aerospace applications.  The use of PMSMs has 
been gradually increasing and replacing other machine types due 
to their power density, torque capabilities, dynamics and 
efficiency [1], [2].  Accurate control, diagnostics and monitoring 
of PMSM drives, are required in industrial applications.  
Machine torque is a variable required to e.g., enhance 
controllability [3], find the maximum torque per ampere 
(MTPA) trajectory [4], early fault detection [5], or as a 
redundant parameter for improving safety [6]. In electric 
vehicles (EV) or hybrid-electric vehicles (HEVs), accurate 

torque measurement/estimation is required for the 
implementation of torque vectoring [7], anti-lock braking 
system (ABS), vehicle stability control (VSC) or anti-slip 
regulator (ASR)  controller [8]. 

PMSMs torque can be measured or estimated. Torque 
measurement systems can be roughly classified according to the 
measured variable: torsional strain between shafts or torsional 
displacement of a shaft. Torque transducers measure torsional 
strain between two rotating shafts, typically using strain gauges 
[9],[10], whilst torsional displacement is measured using optical 
sensors [11], [12].  Measured signals can be transmitted to the 
stationary part using slip rings, optical grating or wirelessly.  
However, all torque measurement systems are typically 
expensive and bulky.  Also, they lower the robustness of the 
drive and their performance can be compromised by 
environmental conditions e.g., due to electromagnetic 
interference.   Torque transducers also require well-balanced 
mechanical coupling systems which extend the shaft length, 
increasing the system inertia and modifying mechanical 
resonances. For these reasons, torque transducers are typically 
limited to laboratory and test equipment.  Torque estimation 
techniques are therefore the preferred option for industrial 
applications. 

A variety of PMSMs torque estimation methods have been 
proposed, including those based on the general torque equation; 
use of neural networks; use of flux observers; and use of high 
frequency signal injection. General torque equation-based 
methods require accurate knowledge of machine parameters, 
e.g., permanent magnet flux linkage or the inductances [14], 
[15], which will vary with machine operating conditions.  
Torque estimation algorithms based on neural networks require 
large computational capability and are also parameter dependent 
[16]. Flux observers have been used for torque estimation 
purposes [17], [18], their main disadvantage being the machine 
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parameters dependency.  PMSMs parameters can also be 
estimated by means of high frequency signal injection-based 
methods [19], [20], which are independent of machine working 
conditions. The main drawbacks of these techniques are the 
additional losses, noise and vibration induced due to the injected 
HF signal. Table I summarizes advantages and disadvantages of 
the torque estimation methods discussed above. 

Table I. Torque measurement/estimation methods 
 Cost Parameter 

dependency 
Computational 

time 
Robustness Accuracy 

Torque 
transducers 

Very 
High 

Null Null Very Low Very High 

Torque 
Equation 
[14],[15] 

Null Very High Very Low Very High Low 

Neural 
networks 

[16] 

Null Low Very High Very High Medium-High 

Observer 
[17],[18] 

Null High High Very High Medium 

HF injection 
[19][20] 

Null High High Very High Medium 

Hall-sensor 
based 

Null* High Very Low High Medium 

* Cost of the proposed system will be null in case the PMSM is equipped with linear 
Hall sensors. 

 

 This paper proposes a method for torque estimation using the 
flux measurements provided by linear Hall-effect sensors [21]-
[25]. Hall-effect sensors are typically used in PMSM for initial 
position estimation including polarity [21]-[25], but can also be 
used for diagnostic and monitoring purposes e.g., PM 
temperature estimation [26], rotor load defects detection [27] or 
improve fault tolerant capability [28]. The proposed method is 
based on the dependency of the flux measured by the Hall-effect 
sensors on the PM flux and the stator coils currents. Hall-effect 
sensors located in the stator provide stationary measurement of 
PM leakage flux which is affected by d- and q- axes currents in 
a different manner: flux weakening current changes its 
amplitude while torque current shifts PM flux lines to induce 
torque [26]. The proposed method is insensitive to magnet 
temperature or flux-weakening current and can be applied to 
both surface permanent magnet synchronous machines 
(SPMSMs) and interior permanent magnet synchronous 
machines (IPMSMs) [29]. 

This paper is organized as follows: Hall-effect sensor-based 
flux leakage measurement in PMSMs is presented in section II, 
torque estimation using leakage flux is presented in section III, 
experimental results are provided in section IV, and conclusions 
are finally presented in section V. 

II. HALL-EFFECT SENSOR-BASED LEAKAGE FLUX 
MEASUREMENT IN PMSMS 

This section describes the leakage flux measurement system 
in PMSMs. Fig. 1 shows the IPMSM and the SPMSM designs 
that will be used for the analysis of the proposed method. The 

IPMSM is a prototype and the SPMSM is commercial machine 
from ABB. Their main characteristics are shown in Table II. 
a) 

 

b) 

 

c) 

 

d) 

 

Fig. 1. Schematic representation and sensors location. a) 2D and b) 3D for the 
IPMSM; c) 2D and d) 3D for the SPMSM; x and y correspond to the tangential 
and radial directions, respectively. 

 Fig. 1a) and 1c) show the location of the three Hall-effect 
sensors (Ha, Hb and Hc) in each machine. Fig. 1b) and 1d) 
show the coordinate system, with x-axis being aligned with the 
rotor tangential direction and y-axis being aligned with the 
radial direction. Axial flux (z-axis) does not contain useful 
information for torque estimation purposes at the current 
location and will not be further referenced.  The phase shift 
among sensors is 120 electrical degrees. This corresponds to 40 
mechanical degrees in the 6-pole IPMSM in Fig. 1a), and 30 
mechanical degrees in the 8-pole SPMSM in Fig. 1c).  

Table II. Electric and geometric machine parameters  
 SPMSM IPMSM 
Prated (kW) 6.6 7.5 
Irated (A) 15 14 
nrated (rpm) 1000 1000 
Stator slots 24 36 
Number of poles 8 6 
Rotor radius (mm) 57 54.2 
Magnets - N42 SH 
Magnet dimensions: width, height 
and length (mm) 

36x9x28 42x6x50 

Magnet position from shaft center 
(mm) 

52.5 44.6 

Hall sensor position, xyz (mm) 0, 0, 5 0, 0, 5 
Airgap length (mm) 1.2 0.4 
Inner stator radius (mm) 59.4 55 
Outer stator radius (mm) 93 88 
Stack length (mm) 84 100 

 
 Fig. 2 shows flux lines distribution on y-z plane of the 

IPMSM obtained by means of finite element analysis (FEA). It 
can be observed that the maximum concentration of leakage 
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flux lines occurs at the edge of the permanent magnet (PM). 
Therefore, this is considered the most suitable location for the 
Hall-effect sensors. 
 
 

 
Fig. 2. FEA results. Leakage flux on y-z plane under no load conditions and 
Hall sensor location. 

An example of the FEA calculated magnetic leakage flux 
density along the x-axis direction (tangential) and y-axis 
direction (radial) seen by the sensors during a rotor revolution 
is shown in Fig. 3.  It can be observed that the flux at the 
sensors’ location consist of quasi-sinusoidal fundamental wave 
plus harmonics, the phase shift of the fundamental wave among 
sensors being 120º. It is observed that the magnitude in the 
radial direction is around twice of that in the tangential 
direction. Therefore, radial flux measurements (i.e. y-axis) will 
be used in this paper for torque estimation purposes. 
a) 

 
b) 

 
Fig. 3. FEA results. Flux density at sensors location for the IPMSM case: a) 
tangential (x-axis) and b) radial direction (y-axis). 
 

III. TORQUE ESTIMATION USING THE MEASURED LEAKAGE 
FLUX BY HALL-EFFECT SENSORS 

a. Torque estimation 

The total torque induced in a PMSM is defined by (1), 
where p is the number of pole pairs of the machine, r

dsλ  and r
qsλ  

are the d- and q- axes stator flux linkages and r
dsi  and r

qsi are the 
d- and q- axes currents in a reference frame synchronous with 
the rotor, respectively. Assuming a similar behavior of r

dsλ  and 

r
qsλ in the stator and rotor cores, as it will be shown later, radial 

and tangential leakage flux components, r
ldsλ and r

lqsλ are given 
by the interaction of the coil flux and permanent magnet flux 
and can be measured using Hall-effect sensors. The leakage 
flux measured by the Hall-effect sensors will be labeled as BHam, 
BHbm and BHcm, where subindex m stands for x or y component. 
From the three measurements a leakage flux complex vector 

s
ldqsB


(2) in the stator reference frame is defined considering (3).  
The leakage flux complex vector in the stator reference frame 

s
ldqsB


 can be transformed to a rotor synchronous reference 
frame r

ldqsB


 (4).  
a) 

 
b) 

 

Fig. 4.  FEA results of the relationship between stator flux linkage and leakage 
flux measured by the Hall-effect sensors for the IPMSM:  a) d-axis (kd) and b)  
q-axis (kq). 

 
The relationship between the stator flux linkage,

r
ldqsλ


, and 
the leakage flux density, r

ldqsB


, measured by the Hall-effect 
sensors is given by the coefficients kd and kq as shown by (5) 
and (6) respectively; kd and kq as a function of r

dsi  and r
qsi  are 

shown in Fig. 4. It can be observed that kd is highly dependent 
on d-axis current but is barely affected by q-axis current (see 
Fig. 4a). kq in Fig. 4b) presents similar trends but is nearly 
constant in the second and third quadrants of the dq plane. It is 
concluded from (5)-(6) and Fig. 4 that machine torque could be 
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modeled as (7). kd and kq depend on the machine geometry, 
materials and sensor active area. In this work, they will be 
estimated experimentally from the measured leakage flux maps 
and torque. 

For Operating conditions with low or no flux weakening 
operation, (i.e. negative d-axis current), the term r r

d lds qsk B i is 
dominant; kd can be considered as a constant under these 
working conditions, see Fig. 4a). For high flux weakening 
operation, the term r r

q lqs dsk B i becomes dominant, kq can be 
assumed constant under these working conditions, see Fig. 4b). 

3 ( )
2

r r r r
ds qs qs ds

pT i iλ λ= −  (1)  

22 ( )
3

s
ldqs Ham Hbm HcmB B aB a B= + +


;     (2)  

2 /3ja e π=  (3)  

rjr s
ldqs ldqsB B e θ=
 

 (4)  

r
ds

d r
lds

k
B
λ

=  (5)  

r
qs

q r
lqs

k
B
λ

=  (6)  

3ˆ ( )
2

r r r r
d lds qs q lqs ds

pT k B i k B i= −  (7)  



100T T
T

ε −
= ×  (8)  

The block diagram of the proposed torque estimation 
method is shown in Fig. 6. The inputs of the control block 
diagram are the measured leakage flux signals (BHam, BHbm and 
BHcm), which are low-pass filtered to remove high frequency 
induced noise. This filter is analog to prevent aliasing, with a 
cutoff frequency of 5 kHz. The flux leakage complex vector (2) 
is obtained afterwards and transformed to a rotor synchronous 
reference frame. The resulting d- and q-axes leakage flux 
components are multiplied by the corresponding scaling factors 
and stator currents to provide the estimated torque (7). 
 

b. Implementation Issues 
Mounting errors can be due to axial displacement, radial 

displacement, or angular displacement [21]. 
Axial and radial displacement induces a variation of the 

magnetic flux density measured by the sensor both in x- and y-
axes directions, where the measured magnetic flux densities 
decrease as the sensor is moved further away from the magnet. 
This variation can be modeled as a variation of the gain of the 
sensor, which adds a positive and a negative sequence at ±ωr to 
the fundamental component of the leakage flux complex vector, 

s
ldqsB


. Angular displacement among sensors also adds a positive 
and a negative sequence at ±ωr to the fundamental component 
of the leakage flux complex vector, s

ldqsB


, but shifted π/2 [21].  
The positive and negative sequence will produce oscillations in 
both the d, s

ldsB  and q, s
ldsB leakage flux components that will be 

reflected on the torque estimation. Fig. 5 shows the oscillations 

produced in the estimated torque when one sensor is shifted in 
the radial an axial direction up to 5 mm and when the sensor is 
shifted up to 15 electrical degrees. 

 
a) 

 
b) 

 
c) 

 
Fig. 5. Torque estimation for mounting errors in one sensor: a) radial 
displacement, b) axial displacement, and c) axial displacement (i.e., phase shift). 
n=500 rpm. 

 
Different magnetization state of the magnets due to 

assembling tolerances or partial (local) demagnetization may 
also affect the developed torque of the machine. When uniform 
demagnetization occur, the output torque of the machine will 
be reduced (for a given current). The proposed method will 
detect this variation, i.e. a uniform demagnetization does not 
affects to the method applicability. When non-uniform 
demagnetization occurs, the mean output torque of the machine 
will be slightly reduced (for a given current). The proposed 
method will detect this variation since the leakage flux will be 
reduced accordingly, i.e. a non-uniform demagnetization does 
not affects to the method applicability. 

IV. EXPERIMENTAL RESULTS 
As discussed in Fig. 1, Hall-effect sensors [30] are 

attached to the end shield of the IPMSM and SPMSM as shown 
in Fig. 7a) and Fig. 7b) respectively. The test machines are fed 
by an inverter, the switching frequency is set to 10 kHz. A 
torque transducer (T25 from Interface) of ±100Nm with a 
combined error (i.e. due to nonrepeatability and temperature) of 
±0.1% is used for torque measurement in both cases. The 
machines are mechanically coupled to a motion-controlled 
PMSM that will operate as a load. These machines will be 
experimentally evaluated using the test benches shown in Fig. 
7c) and 7d), their main design parameters being shown in Table 
II. 
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.   
a) 

 

b) 

 
c) 

 

d) 

 
Fig. 7. Test machines: a) IPMSM end-shield with the hall-effect sensors, b) 
SPMSM end-shield with the hall-effect sensors, c) test bench for the IPMSM 
and d) test bench for the SPMSM. 

Conventional linear Hall-effect sensors typically used in 
commercial PMSMs will be used in this work [30]. Although 
practical implementation of the method proposed can be 
achieved using only radial and tangential flux, an arrangement 
of two sets of three flux sensors capable of measuring both 
tangential and radial leakage flux has been installed in the 
motor end-shields as shown in Fig. 7a) and b). Experimental 
results will be conducted at a constant rotational speed, n, of 
500 rpm; experimental results at different speeds are not 
included because the flux measurement is speed independent 
[26]. Magnet temperature variation has not been included in the 
study because it has been extensively studied in [26]. As shown 
in [26], as the PM temperature raise, both PM flux linkage and 
PM leakage flux decrease. The proposed method will estimate 
a lower torque as the PM temperature increases according to (7) 
and [26], so estimated torque will not be affected. 

 
a.  Magnetic Flux density measurement 

Fig. 8 and 9 show the variation of r
ldsB  and r

lqsB within the Idq 
plane for the IPMSM and the SPMSM shown in Fig. 1, 
respectively. As expected, r

ldsB decreases when flux weakening 

current is applied (i.e. negative r
dsi ) while increases when flux 

intensifying current (i.e. positive r
dsi ) is applied. Fig. 8a) and 

Fig. 9a) also show a slight dependency of r
ldsB  and r

qsi , due to 
the cross coupling between the d- and q- axes. Fig. 8b) and Fig. 
9b) show that r

lqsB  is highly dependent on r
qsi  in both machines, 

which was expected since r
lqsB  is mainly due to r

qsi . r
lqsB  is 

slightly affected by d-axis flux due to cross coupling between 
axis as shown in Fig. 8b) and Fig. 9b). 
a) 

 
b) 

 

Fig. 8.  – IPMSM experimental results: a) d-axis leakage flux measured in the 
Idq plane and b) q-axis leakage flux measured in the Idq plane. n=500rpm and Idq 
step = 5A. 

 
b. Experimental results for the IPMSM 
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Fig. 6. Block diagram for torque estimation using leakage flux components. 
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The proposed torque estimation method is experimentally 
validated in the IPMSM shown in Fig. 1 and 7. For the 
experimental results shown in this section, the rotor speed is 
kept constant at 500 rpm and d- and q-axes currents are varied 
from -1pu to 1pu in steps of 0.33pu. Under these conditions, 
torque is measured using the torque transducer and estimated 
using the Hall-effect signals (BHa, BHb and BHc). Color map in 
Fig. 10a) shows the measured torque on the Idq plane; a 
discontinuous line shows the limit for the current complex 
vector, the figure also shows machine’s MTPA and MTPV 
trajectories.  
a) 

 
b) 

 

Fig. 9.  – SPMSM experimental results. a) d-axis leakage flux measured in the 
Idq plane and b) q-axis leakage flux measured in the Idq plane. n=500rpm and Idq 
step = 5A. 

 
Fig. 10b) shows the estimated torque using (7) on the Idq 

plane. Fig. 11 shows the absolute torque error, i.e. difference 
between Fig. 9a) and 9b). A maximum error of ±3Nm is 
observed, which is limited to -2.5 to 3.3 Nm in the second and 
third quadrants of the Idq plane (i.e., machine can either operate 
as a motor or as a generator). In any case, estimation error is 
affected by both r

dsi  It can be observed that the absolute error 
increases as the operating point moves along the MTPA curve 
and reaches its maximum at high flux weakening levels. If 

second or fourth quadrant are considered, the absolute 
estimation error ±3 Nm. Fig. 11 also shows that the estimation 
error is affected by both r

dsi  and r
qsi  currents.  

 
c. Experimental results for the SPMSM 

The proposed torque estimation method is experimentally 
validated in an SPMSM equipped with the same Hall-effect 
sensors as the IPMSM and under the same working conditions. 
Fig. 12a) shows the resulting measured torque on the Idq plane 
using the torque transducer; a discontinuous line shows the 
limit for the current complex vector, the figure also shows 
machine’s MTPA and MTPV trajectories. Fig. 12b) shows the 
resulting estimated torque on the Idq plane using (7). Fig. 13 
shows the absolute error, the error varying from ±3.2Nm. Fig. 
12 also shows that the maximum error was obtain when the 
machine is operating along the MTPA line (i.e. typical 
operating region of SPMSMs) is ±0.5 Nm. The estimation error 
is barely affected by both r

dsi  and r
qsi  currents for the SPMSM. 

 
a) 

 
b) 

 
Fig. 10. IPMSM torque a) measurement using a torque transducer and b) 
estimated using the proposed method. Dotted lines delimit constant torque 
regions. n=500rpm and Idq step = 5A. 
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Fig. 11. IPMSM torque error. n=500rpm and Idq step = 5A. 

 
a) 

 
b) 

 
Fig. 12.  SPMSM torque a) measurement using a torque transducer and b) 
estimated using the proposed method. Dotted lines delimit constant torque 
regions. n=500rpm and Idq step = 5A 

 

 

 
Fig. 13. SPMSM torque error. n=500rpm and  r

dqsi  step = 5A. 

a) 

 
b) 

 
c) 

 
d) 

 
e) 
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f) 

 
Fig. 14. Online torque estimation in an IPMSM for Iq current variation,  a) 
current commands, b) measured flux signals, c) leakage flux complex vector 
components, d)measured and estimated torque e) estimation error (absolute), 
and d) estimation error (relative). n=500rpm. 

d. Online torque estimation  

The control block diagram shown in Fig. 6 is used for 
online torque estimation, which has been performed on the 
IPMSM shown in Fig. 1. Fig. 14 shows online toque estimation 
experimental results when Id current is set to zero and Iq varies 
with time. Fig. 14a) shows the d and q-axis currents, the 
measured leakage flux densities, BHa, BHb and BHc, are shown in 
Fig. 14b), while the leakage flux complex vector components 
are shown in Fig. 14c). The resulting measured and estimated 
torque based on (7) are shown in Fig. 14d), with kq=1.993 and 
kd=31.323. These values have been set to minimize the peak 
error when the machine is being operated in the second 
quadrant of the Idq plane, according to Fig. 4. The absolute 
estimation error is shown in Fig. 14e), which is seen to be 
within ±2Nm. Fig. 14 f) shows the relative error (8). As 
expected, the relative error tends to infinity when the actual 
torque is zero. It can also be observed that when the actual 
torque is different from zero, the estimated error remains within 
±10%; according to Fig. 5, oscillations in Fig. 14 are due to 
assembling tolerances of the sensors in test bench. 

Fig. 15 shows online toque estimation experimental results 
when Iq current is set to 10A and Id varies with time. Fig. 15a) 
shows the d and q-axis currents, the measured leakage flux 
densities, BHa, BHb and BHc, are shown in Fig. 15b), while the 
leakage flux complex vector components are shown in Fig. 
15c). The resulting measured and estimated torque based on (7) 
are shown in Fig. 15d), with kq=1.993 and kd=31.323 as in Fig. 
14. The absolute estimation error is shown in Fig. 15e), which 
is seen to be within ±3Nm. Fig. 15f) shows the relative error 
(8). It can be observed that the estimated error remains in the 
±10% range. However, the average value is near zero, and 
according to Fig. 5, oscillations in Fig. 15 are due to assembling 
tolerances of the sensors in the machine. 

 
a) 

 

b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
Fig. 15. Online torque estimation in an IPMSM for Id current variation,  a) 
current commands, b) measured flux signals, c) leakage flux complex vector 
components, d)measured and estimated torque e) estimation error (absolute), 
and f) estimation error (relative). n=500rpm. 

 

V. CONCLUSIONS 
Torque estimation in PMSMs using Hall-effect sensors has 

been analyzed in this work.  The proposed method relies on the 
measurements provided by linear Hall-effect sensors typically 
used in commercial PMSM drives for motion control. The flux 
measured by the Hall-effect sensors is used to define a leakage 
flux complex vector, which is used for torque estimation 
purposes.  Experimental results have been presented for a 
SPMSM and an IPMSM to demonstrate the viability of the 
proposed method.  
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