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Abstract: A torque measurement method that combines the inverse magnetostrictive effect with twist
angle measurement has been proposed in this paper. A Kalman filter and complementary filter are
applied to significantly reduce the noises and errors in the proposed method. This new measurement
block can detect the applied torque with an error of less than 1%. The proposed measurement method
can be used in static and dynamic conditions.

Keywords: torque measurement; inverse magnetostrictiveeffect; Kalman fliter; complementary filter;
non-contact

1. Introduction

Sensors transferring physical signals into electrical signals play an important role in
modern life [1]. One of them is for measuring torque. Torque measurement is important
for all rotating bodies and shafts, such as vehicle transmission, gearbox shafts, rotational
cutting devices and electric motors [2]. Measurement of the power transmitted by rotating
shafts depends on the torque [3,4]. There are six common types of torque transducers:
strain gauges, surface acoustic wave, magnetostrictive, piezoelectric reaction torque sensors,
optical and inductive [5].

Torque measurement can be separated into two types: direct and indirect measurement
of the torque. Direct methods are based on measuringsome physical values that change
with the dynamic torque, and indirect methods are based on measurement of some physical
values that can be computed by using the in-situ torque. Torque measurement sensors are
classified as tension measurement and twist measurement [6-11].

The conventional magnetostrictive torque sensor [12] was mainly composed of an
excitation coil, a detection coil, and a C-core transformer element. However, this is not
the ideal energy saving method, as the excitation coil and the detection coil will consume
energy. Based on the above analysis, removing the excitation coil and detection coil is a
good choice for energy saving. Therefore, in this article, a torque measurement without the
excitation coil and detection coil was introduced.

A highly precise torque method based on twist measurement has been presented [6].
However, the biggest shortcoming of this method is that it is not appropriate for the
measurement of torque when the shaft is at a slow rotation speed or in the static state.
This paper is presenting a torque measurement method that combines the inverse magne-
tostrictive effect with the previous method. The rest of this article is organized as follows.
Section 2 presents the materials and methods. Section 3 describes the results and discussion.
Section 4 concludes this article.
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2. Materials and Methods
2.1. Torque Sensing Material

The sensing material used in the proposed method is Terfenol-D, Fe-Co Alnico, and
neodymium magnets. Terfenol-D is an alloy of terbium, dysprosium, and iron [13], which
has properties of large magnetostriction coefficient and small saturation magnetic induction.
The specification of Terfenol-D is a width of 10mm and a thickness of 1.5 mm. The magnetic
and physical properties of Terfenol-D are presented in Table 1. Fe-Co Alnico is an alloy
that has the properties of magnets; it is selected as an excitation magnet in the system.
Fe-Co Alnico has significant remanence, good excitation effect, and high cost performance.
Neodymium magnets, with a size of 2 mm?, were applied here; their material properties
are shown in Table 2. A neodymium magnet is one of the strongest types of magnets; it is
suitable for the moving magnet torque measurement system based on its properties [14].

Table 1. Physical and magnetic properties of Terfenol-D.

Physical Properties Magnetic Properties
Density (g/cm?) 7.87 Curie temperature (°C) 380
Crystallization Electrical resistivity
Temperature (°C) >400 (uQY/cm) 58
Saturation Saturation
magnetostriction 1400 magnetostriction strain 103
coefficient(ppm) (room temperature)
Lower operating Saturation 6
temperature limit (°C) 15 magnetization(A/ m?) 1510

Table 2. Material properties of neodymium magnets.

Material Properties Value

Density (g/ cm?) 7.4-7.6
Curie temperature (°C) 310-370
Maximum operating temperature (°C) 80-200

2.2. Structure of the Proposed Sensor

The overall structure of the proposed torque measurement system is presented in
Figure 1, which includes a magnetostrictive ring (MR), a C-shaped core of silicon lamination,
a Fe-Co Alnico, a Hall chip, and eight permanent magnets (PM).

C-shape core

— Hall chip

Figure 1. Overall structure of the presented system diagram of the presented method.

Figure 2 shows the complete magnetic circuit of MR in the left part of the shaft; this
magnetic circuit included a C-shaped core made by silicon lamination and MR made by
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Terfenol-D. The air gap between the C-shaped core and Terfenol-D is 0.2-0.3 mm. One pole
of the C-shaped core is a PM embedded in the middle of the pole for excitation, and the
other is a linear Hall chip embedded in the middle of the pole for detecting the magnetic
flux density in the magnetic circuit.

Magnetic circuit

\\ .
Sensing
Hall chip
Excitation —
PM

Magnetostrictive material

Figure 2. Schematic diagram of the magnetic circuit.

Figure 3 shows the installation of eight PMs in the right part of the system. To easily
install these eight PMs to a pre-assembled shaft, here two semi-circular structures, on
which are mounted four PMs each, are adopted as shown in Figure 4.

Figure 3. Schematic diagram of the magnetic sensor bands [6].

» . 'é"
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Figure 4. Picture of magnetic sensor bands [6].

2.3. Working Principle
2.3.1. The Method Based on Twist Measurement

Firstly, the torque measurement method based on the twisting angle is described in
this part. The relation of the twisting angle and the external torque is given by:

_JG¢ _ TR*G

T=2% =20 = ke M

where ¢ is the twisting angle, L is the length of the shaft, G is the shear modulus, R is the
radius and ky is a torsional spring constant. This measurement’s principle is described in
Figure 5.
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External torque T

Mechanical stress o

Magnetic ?;:5;; offa
Twisting angle ¢(O') Iffl.l(Jt))( density "| Hall sensor
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Figure 5. Schematic diagram of the twisting angle method.

Here, to measure the torsion angle, 4 X 2 permanent magnet bands are attached on the
shaft as demonstrated in the upper right of Figure 1. When the shaft turns, the permanently
bonded magnets on it will rotate together. The respective Hall effect sensors detect the
strongest magnetic field of each magnet that occurs when the magnets are closest to them.
Firstly, no extra torque is applied to the shaft and the time T; of the peak of magnetic
field wave form is recorded; secondly, the torque is applied to the shaft and the time T,
of the peak of magnetic field wave form is recorded; thirdly, T; is subtracted from T;
and multiplied by the rotation speed. Then we can compute the torsion angle by using
the mechanics.

Equation (1) can be modified as the following Equation (2) [6]:

24 8 2 p4
nm-R*G 1 nmR*G
60L §§ 1(Ati - At,i) = 60L Atmean = CAbmean (2)
1=

T =

where Aty,eq, is the mean time intervals between eight identified maximum points of the
magnetic field wave signal, 7 is the number of permanent magnets, C is a constant, L is the
length of the shaft, G is the shear modulus, and R is the radius.

2.3.2. The Method Based on the Inverse Magnetostrictive Effect

The inverse magnetostrictive effect method will be introduced in this part.

When torque T is applied to the shaft, the resulting stress can be expressed by two
principal stresses 0 at the £45° directions on the shaft axis, which are tensile stress +45°
along one axis, and compressive stress —45° along the other axis, as demonstrated in
Figure 1. The relationship between principal stress and torque is as follows [15]:

7= _13 ®G)
where D is the shaft diameter, it is easy to find the linear relationship between torque and
stress. When we know the stress produced by the external torque, we can calculate the
applied torque. Therefore, the problem converts to find out the stress. It is described in
Figure 6.
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External torque T

y

Mechanical stress

Output

Magnetizing field | Magnetic permeability ?ﬁfﬁiﬁ;t .| voltage of a
constant H | of the patch p(a) Y B() y "| Hall sensor

u

Figure 6. Schematic diagram of the inverse magnetostrictive effect method.

In this paper, two methods are adopted to constitute a proposed hybrid method: one
uses the inverse magnetostrictive effect, and the other usesthe twisting angle.

As a characteristic property of magnetostrictive materials, a mechanical strain is
induced when they are subjected to a magnetic field. As well as their magnetization,
changes are caused by changes in applied mechanical stress and in the applied magnetic
field. This dependency can be described by mathematical functions [16]:

e=¢(o,H) (4)

B = B(c, H) ®)

where ¢, 0, and H is the strain, the stress and the applied magnetic field strength, respec-
tively, and B is the magnetic flux density.

The inverse magnetostrictive material is ferromagnetic, which has magnetostrictive
and inverse magnetostrictive properties shown in Figure 7. The inverse magnetostrictive
materials are expected to be magnetized during operation and demagnetized instanta-
neously in free state. This requires the material to have a soft magnetic property.

GG

F=0
F#0 H

Figure 7. Force-induced magnetization changed by the rotation of the magnetic domain.

The magnetic circuit of the presented system is composed of a PM, the magnetostric-
tive material, a soft magnetic conductor and air gaps. It is equal to the circuit with multiple
resistors connected in series and a DC power supply [17,18]. The schematic diagram of the
equivalent circuit is shown in Figure 8, where R1 and R2 is the air gap reluctance, R3 is
the reluctance of the magnetostrictive material, and R4 is the reluctance of the magnetic
conductive magnetic circuit. The constant magnetic flux provided by a PM can be regarded
as a DC power supply. The length of the PM is L, and the magnetic field intensity is H,.
The constant magnetic flux ¢, is produced by the PM, so H,;L, is a constant. According to
basic electromagnetic theory, we can obtain Equations (6) and (7) as follows:

F = HyL; = K¢¢mRun (6)
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where Ky is leakage coefficient, ¢y, is the total magnetic flux, Ry, is the total magnetic
reluctance, and F is magnetomotive force.

L L, Ly Ly

Ry =Ry +Ry+Rs+ Ry = 2 4+ =B 4
" P u1S1  M2S>  u3Sz 1Sy

@)

where R and R; is the air gap reluctance, R3 is the reluctance of magnetostrictive material,
Ry is the reluctance ofmagnetic conductive magnetic circuit, and L;(i = 1,2,3,4) is the
length of the air gap, the PM, and magnetic conductive magnetic circuit.

________

Magnetostrictive
material

Air gap Air gap

T

Noncontact torque sensor with a C-shaped core Equivalent circuit
Figure 8. Equivalent circuit analysis of the magnetic circuit.

As the length L; (i = 1,2,4), the cross-section area S; (i = 1,2,4), and the permeability of
air gap y; (i = 1,2,4) are invariants; we can rewrite above Equation (7).

_ Ls
Rm - R0 + “1/1353 (8)
Ro=R;+ R+ Ry )
_ _ Ls
F = KigRu = Kp (Ro + V353> (10)

- F

=——
where F, K s Ry, L3, and S3 are invariant; only the permeability of magnetostrictive material
us3 varies when the applied torque changes, so y3 is an independent variable and ¢, is a
dependent variable. It has been tested and proven that Rz >> Ry, so Rq can be ignored
here. According to the theory of magnetoelasticity [18], the relation between the relative

rate Au/u of change of magnetic permeability of ferromagnetic materials and stress ¢ is
as follows:

Pm (11)

A 27
SRy (12)
o By
In the above Equation (12), u is the magnetic permeability of the material, By, is the
saturation magnetic flux density, and A, is the saturation magnetostriction coefficient.

Equation (12) can be rewritten as follows:

A = Kpo (13)
2A
K = ﬁ (14)

where Kj, is a constant that denotes the relative change in permeability of the magnetostric-
tive material caused by unit stress.
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According to Equation (13), we can obtain Equation (15) as follows:
F FS FS
D= = M = i Kne = Koo (15)
Kf (ﬁ) 3 fe3
FS;
Ko = K 16
0 Kf L3 m ( )
Substitute Equation (3) into Equation (15), then we can obtain Equation (17).
16T 16K
—K — 17
P 7D3 ~ 7D3 17
Uout = arT (18)

The magnetic permeability of the magnetostrictive material will vary when a torque
is applied to the shaft, then the magnetic flux ¢, will also change with it. Magnetic flux
density measured by the Hall sensor, which is linear and highly precise, and its output
voltage is linearly proportional to the magnetic flux through the Hall element. Then, the
stress can be measured by the output voltage of the Hall sensor. The relationship between
the output voltage U,,;. and torque T is described as Equation (18); here the parameter
ap(V/(Nm)) is the sensitivity for torque.

3. Results and Discussion
3.1. Modelling and Simulation

Based on discussed method in Section 2.3, modeling and simulation were performed.
The modeling and simulation were conducted by using COMSOL Multiphysics. This
consists of an aluminum shaft; a ring of Terfenol-D, which is known as its highest strain
magnetostrictive material at room temperature and has the highest energy around the
shaft; and two magnetic sensor bands mounted on the shaft. Magnetostrictive material
properties are shown in Tables 3 and 4 denotes properties of Aluminium Shaft. A fixed
constraint is applied on one end of the shaft while a torque is applied on the other end. The
results are shown in Figure 9.

Table 3. Magnetostrictive Material Properties.

Material Properties Value
E (Young’s modulus) 60-109 Pa
v (Poisson’s ratio) 0.45
o (Electric conductivity) 5.96-10°S/m
er (Relative permittivity) 1
As (Saturation magnetostriction) 2.10~%
Temperature sensitivity 20% loss at 80 °C
Robustness Very Brittle
Magnetic permeability 3-10

Table 4. Aluminium Shaft.

Material Properties Value
Density 2700
Youngs modulus 70 GPa
Magnetic susceptibility 6.0e~7 m3/kg
Poisson ratio 0.36

Electrical resistivity 0.0000027 ohm-cm
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(a) (b) (©)

Figure 9. Shows the stress distribution at full model and magnetostrictive strip, and magnetic flux density distribution
around the surface of model. (a) Stress (MPa) at full model, (b) Stress (MPa) at magnetostrictive material, and (c) Surface
magnetic flux density (kT).

The resultant stress was obtained based on the difference between stresses at +o and
—o direction, as shown in Figure 10. Figure 10a shows the torque vs. resultant stress; it was
observed that at 100 Nm, the maximum stress was 45 MPa. Figure 8b shows the B-H curve
obtained for the Terfenol-D, a magnetostrictive material. Based on these characteristics, the
relation of output voltage and torque is the Equation (19). The characteristics of output
voltage for the torque are shown in Figure 11.

Uout = 3.691(mV /(Nm))T (19)

Torque-stress

__ 60
&
% 40
@ 20
&
s 0
0 50 100 150
Torque (Nm)
(a)
B-H Curve
1

o
U

e

0 10000 20000 30000 40000 50000
Magnetic Field H (A/m)

Flux Density B
(Tesla)
o

(b)

Figure 10. The characteristics of the Terfenol-D. (a) Torque vs. stress at Terfenol-D; (b) B-H curve for
Terfenol-D.
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Output voltage Vo [mv] ]

100 -80 60 40 20 ) 20 40 60 80 100
Torque T [Nm]

Figure 11. Characteristics of output voltage for the torque.
According to the research [6], the relation of the twisting angle and torque is as follows:

2L _stad
¢ =—7=T=2244 x10 N

20
TRAG (20)

where L is 0.065 m, R is 0.0125 m, and G is 78 GPa. The constant value (rad/Nm) from
Equation (20) is 99.9%, close to the experimental result which is shown in Figure 12. The
theoretical value is closely matched with the experiment results in the literature [3].

25
Theoretical value
Experiment value [~
2r =
=) Z
o 72
[}
(=}
215 %
= /,
© 7z
=
c ’
© 74
o 1T 3
5}
b
= .
= ”
05 7
0 . " s s . " L s .
0 10 20 30 40 50 60 70 80 90 100

Test torque [Nm]

Figure 12. Twist angle versus the applied torque for a rotational speed of 400 rpm.

3.2. Data Processing

Based on above discussed materials and methods, data processing results are covered
in this section. There are three main limitations to this investigation [19]:

1. no perfect mathematic model;

2. the disturbances in the system are uncontrollable and difficult to model;
3.  errors exist in the measurement sensor.

Some noises exist in the results based on the inverse magnetostrictive effect method
and twisting angle method. To remove these noises, a one-dimensional Kalman filter [20,21]
is introduced to smooth noisy data. The diagram for the torque measurement system is
shown in Figure 13. The mathematic model for torque has been built with Equations (19)
and (20).
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Kalman
_______ Kalman |
3 - ]
|_sensor2 | 7 flter 2

Figure 13. Data fusion for the torque sensors.

In Figure 13, Ty denotes the torque of magnetostrictive type sensor (MTs), T, denotes
the torque of magnets type sensor (MS), and T,g,;; denotes the final torque result.

Assuming the applied torque is Tp, the process noise Wy and the measurement noise
Vi are independent of each other, and with normal probability distributions which can be
expressed by Equations (21) and (22):

p(w) ~N(0,Q) (21)
p(v) ~ N(O,R) (22)

The state equation and observation equation is composed as follow:
Xp = AXp—1+ Wi (23)

Zk = HXk + Vk (24)

where X(k) is the torque at the moment k and is one-dimensional variable, the coefficient A
is a system matrix, and H is an observation matrix. Since it is a one-dimensional system,
here A and H both are 1. Based on the X(k—1) and its covariance matrix P(k—1) at time
k—1, at time k the optimal estimate values is as follows:

Xisk—1 = AXi1 (25)

Pejk1 = AP 1 AT + W, (26)

Equations (24) and (25) are also referred to as the prediction equations. It can be
calculated the value of X at the time k:

Xk = Xisk—1 + Kie(yx — HXi/x—1) (27)

where,
T T -1
Ki = Pejx_1H (HPk/k_lH i vk) (28)

Ky is Kalman gain, which is the most important parameter of the filter. It determines
how easily the filter will adjust to any possible new condition. The covariance matrix of
the unknown state X is as follows:

Py = (I — KeH) Py (29)

Equations (26)—(28) are known as updating equations. The initial values Xy and
Py must be determined before the operating of the filter, however they do not severely
influence the results of the algorithm, as X} and P will quickly converge to their real values.
However, covariant matrices V}, and Wj, crucially affect the final outcome; they determine
Kalman gain, therefore the filter is fit as fast as possible in new conditions.
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The initial value X, can be assumed to be approximately 100, and the initial variance
Py must have a considerably large value, which demonstrates that we do not confide in our
first guess [20]. Assuming for the magnetostrictive type sensor, the covariance matrices Wy
is 0.01, in other words Q is 0.01, the covariance matrices Vj is 0.04, that is, R is 0.04, which
means measurement error is 0.2. For the magnets type sensor, the covariance matrices Wy
is 0.01, namely Q is 0.01, the covariance matrices Vj is 0.25, this means that R is 0.25, which
means the measurement error is 0.5. In Table 5 we present the parameters of Kalman filters.

Table 5. Parameters of Kalman filter.

Parameters Value (Kalman Filter 1) Value (Kalman Filter 2)
Xo 100.2 100.2
Py 4 4
Qo 0.01 0.01
Ry 0.25 0.25
Zo 99.8 99.9

With the previous assumptions our Kalman filter algorithm has the following form:
System equation:

X = X1+ Wi (30)
Observation equation:
Ziy =X+ Vi (31)
Prediction equations:
Xi/k-1 = Xk (32)
Peje—1 = Peq + Wi (33)
Updating equations:
Xie = Xpesk-1 + Kie(vk = Xiyi-1) (34)
Pr/k—1
Ky = —"——— (35)
7 (Pejr + V)
P = (I = Kic) Peyie—1 (36)

Based on the Equations (30)—(36) described above, we obtain the results through
the MATLAB software. The results of magnetostrictive type sensor (MTs) for the torque
measurement value and measurement errors are displayed in Figure 14, and the results of
moving magnets type sensor (MS) for the torque measurement value and measurement
errors are shown in Figure 15. In Figures 14a and 15a, the blue line denotes the expected
torque value, the red line shows the true value, the black line indicates the observe value,
and the green line exhibits the value of the Kalman filter. It can be seen that Kalman
filters significantly reduce the corresponding bias, and although a Kalman filter does not
eliminate the errors completely, its output is as close to the real value as possible. From
Figures 14 and 15, the proposed filter results are very close to the expected value of 100,
which is supplementary proof of the accuracy of the presented method.
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Figure 14. The results of MTs. (a)Torque measurement estimation; (b) Analysis of torque measurement error.
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Figure 15. The results of MS.(a) Torque measurement estimation; (b) Analysis of torque measurement error.

By contrast, the performance of filter 1 is better than filter 2. The maximum mea-
surement error of filter 1 is 0.53 Nm, and the maximum measurement error of filter 2 is
1.51 Nm.

The complementary filter outperforms the Kalman filter significantly by utilizing less
computational and processing power and offering better accuracy [22]. Therefore, we
applied the complementary filter to optimize the result [23,24].

Tresult =aTy + (1 - “)TZ (37)

where coefficient « is 0.5.

In the Figure 16a, the blue line is a reference line which means the expected value,
the red line denotes the outputs of the Kalman filter of MTs, the black line denotes the
output of the Kalman filter of moving MS, and the green line denotes the outputs of the
complementary filter, which significantly optimized the final torque value; the results
of these two sensors are compared with the result of the presented method which is
green line. From Figure 16a, we know that the biases of the green line are smaller than
other two methods. That is to say, the accuracy of the presented method is better than
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4. Conclusions

In this study, a comprehensive torque measuring method that uses a magnetostrictive
ring and eight magnets has been demonstrated to prove precision and reliability. For better
energy efficiency, the excitation coil and the detection coil are both removed from the
system. To overcome the shortcoming of the magnetic sensor under the stopped condition,
a magnetostrictive sensor was introduced. Torque is measured by detecting the magnetic
flux density and peaks of magnetic field strength waves. The results showed that the
effective combination of Kalman filter and complementary filter could eliminate certain
noises, reduce the measurement error and raise the measurement accuracy. These results
depicted an overall error of less than 1% after processing calibration. This research provides
understanding for future work concerningtorque measurement.
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