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ABSTRACT

This paper presents a new method for measuring a two degree-of-freedom (DOF) orientation of a perma-
nent magnet (PM) based system using magnetic field measurements. The method exploits distributed
multipole (DMP) modeling method to accurately predict a magnetic field, and provides a rational basis
to inversely solve for the orientation of the PM from measured data. The PM-based magnetic sensor along
with the ability to characterize the magnetic field in real-time offers advantages in sensing and control
such as contact-free measurements eliminating frictional wears commonly encountered in existing
designs with a combination of single-axis encoders, and high-speed sampling rate thus offering a higher
bandwidth than methods based on imaging sensors. This paper demonstrates the efficient method capa-
ble of measuring the orientation of the PM by implementing it on a spherical wheel motor (SWM), where
the two-DOF orientation is measured. Sensor performance has been studied both analytically and exper-
imentally to validate the DMP-based sensor model. The results can offer valuable insights for optimizing
contact-free sensor designs.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Many modern devices rely on a magnetic sensor to measure
their orientation/position for accurate motion control since it offers
a number of advantages including contactless, compact, robust and
low cost. However, position/orientation measurements using the
magnetic sensor have many difficulties in particular for multi-axis
applications (such as machine tools, automation equipments, gyro-
scope, mobile vehicles and medical instruments) because they in-
volve accurately estimating magnetic fields and solving the
inverse model which seeks the solution from measured magnetic
data analytically or numerically in real-time. To be effective, meth-
ods to solve the inverse model for magnetic sensors not only must
be computationally efficient but also accurate; the problem re-
mains a challenge to be solved.

Numerous techniques for orientation/position sensing have
been widely developed using an excitation magnetic source such
as a coil modeled as a dipole [1,2] where the principle of measure-
ment is based on analyzing both phase lock loop and amplitude be-
tween originally excited and measured signals. In general, the
phase-locking method provides good tracking accuracy but often
requires additional devices including a power supply and electric
wire connected to the coil. In addition, the magnetic field is rela-
tively weak (mainly due to heat generation) as compared to that
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of a permanent magnet (PM) for the same volume. An effective
alternative is the use of a PM as the source to provide a strong mag-
netic field without any power source and electric wire, which en-
ables the system to be more compactly designed. Traditionally,
constant-field magnetic sensors have been dominant in a single-
axis rotary machine [3,4] for position sensing but recently several
studies involving three-dimensional position detection have been
developed in diverse applications [5-9]. In [6], a linear algorithm
has been proposed to trace the magnet position and orientation
for medical applications. This research employs a number of
three-axis magnetic sensors, and utilizes an optimized algorithm
to detect the local magnetic field in real-time. In addition to the
sensing method, a compact magnetic sensor has been developed
in [7] to measure both a magnetic field and its spatial gradient ten-
sor simultaneously, and to detect the orientation and position of
the PM. As a practical application, a noncontact joystick with a
PM and a hall sensor has been developed to measure its orientation
in [10,11]. In most of these studies, a single dipole approximation
(or an empirical formulation) is commonly used since it offers a
simple closed-form solution to characterize the magnetic field for
computing the position in three-dimensional space. While the sin-
gle dipole has been widely used to analyze a magnetic field at a
sufficiently large distance [12,13], it generally gives a poor approx-
imation when the length-scale of the field is relatively small.
Recently, Lee and Son [14,15] developed a new modeling meth-
od (referred to here as distributed multipoles or DMP) to derive
closed-form solutions for characterizing magnetic fields of a PM
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Nomenclature

Capitalized symbols

B magnetic flux density

B approximated magnetic flux density

] Jacobian matrix

P position vector of interest

Pji: position vector of the ith dipole in the jth loop
Sx+/Sy+ sensor position vector

Sx sin (x)

Cy cos(x)

M, magnetization vector

w weighting matrix

XYZ inertial coordinate

S distance of sensor location in XY plane
Zs Z coordinate of senor location

Lowercase symbols
a radius of PM

l length of PM

m dipole strength

m mass of the stage

n number of dipole in the loops
k number of dipole loops

qr rotation vector

ke sensor conversion factor

ks number of sensors

Xyz moving coordinate with PM
q orientation vector

Greek letter symbols

I'(q) coordinate transformation matrix
o, B, v  ZYZ Euler angles
Lo free space permeability

using a set of dipoles for designing a PM-based device. The DMP
method which inherits many advantages of the dipole model orig-
inally conceptualized in the context of physics provides an effec-
tive means to account for the shape and magnetization of the
physical magnet. The DMP method has been validated against pub-
lished (numerical, experimental and analytically known) solutions
in [14] and additional applications illustrating the method can be
found in [15].

In this paper, we exploit the DMP model to predict magnetic
fields to develop a two-DOF orientation sensor originally proposed
in [16]. Specifically, the sensor consisting of multiple Hall-effect
elements is implemented at a PM-based multi-DOF actuator to
measure its orientation. As will be shown, comparisons between
theoretically calculated orientations against experimental mea-
surements show good agreements.

2. Magnetic field for sensor formulation

Fig. 1a shows the PM-based orientation sensor consisting of a
moving PM and a magnetic sensor located at P. As an illustration,
we consider here a cylindrical PM (of radius a and length [) for
the moving PM and model it using k circular loops (each with ra-
dius @; and n dipoles parallel to the magnetization vector M,z) as
shown in Fig. 1b. The k loops are uniformly spaced of
aj=aj/(k+1)atz=+l/2, where j=0,1,---k and 0 < I < I. Using
the DMP modeling method [14], the closed-form solution charac-
terizing the magnetic flux density B of the cylindrical PM is given
by equation:

k n
U, aAgji,  Agji- agji+
B=22> m < - > where
w22 \k ®
__ PP (1ab)
P — P’

where 4, is the permeability of free space, m; is the dipole moment
in the jth loop; P — Pj. is the position vector from the ith dipole in
the jth loop to arbitrary position P(x,y,z) of interest; and
Rjix = |P — Pjisl.

In Fig. 1a, L is distance between center of the PM and origin of
the XYZ coordinates. The PM rotates along with the xyz frame
and its moving magnetic field in (1a,b) is expressed in the XYZ
frame. Due to the symmetry of the magnetic field of the PM along
the z-axis, only two orientation angles (o and B in Fig. 1a) can be

measured. For the moving PM, the coordinate transformation from
the xyz frame to the XYZ reference frame are described by (2):

P=TI(q)p 2)

(C,; SiSp —CuS;
where I'(q) = | 0 C, S,
S =S«Cs  CuCyp
vector in terms of xyz Euler angles, p is the position of the PM ex-
pressed in the local xyz frame. C and S represent a cosine and a sine
function respectively; and the subscripts of C and S denote their
respective angles.

Eq. (1ab) with the position vector defined by (2) provide a
means to determine the unknown orientation q from magnetic flux
density B using a field-based sensor. However, the unknown orien-
tation q must be solved explicitly from the measurement of B. In
[15], an incremental method based on the gradient of magnetic
fields has been proposed to track a PM. In this method, the orien-
tation is measured without any approximation and change on Eq.
(1ab). However, it requires a fast sampling rate and also has an
intrinsic disadvantage of cumulative errors. An alternative to over-
come these difficulties is to solve an inverse problem for absolute
orientation in real-time by approximating the measured magnetic
field density B as a polynomial function B with respects to the ori-
entation angles o and B.

Design concept is illustrated with an example in Fig. 2 which
shows a two single-axis sensor-pairs placed symmetrically on
the X and Y axes. The objective of the two-DOF orientation sen-
sor is to measure the two orthogonal rotational displacements of
the moving PM relative to magnetic sensors for a spherical wheel
motor which requires sensing the orientation of the rotor. The
magnetic field of the axially magnetized PM on the tip of the ro-
tor is nonlinear in three-dimensional space but it travels with
the moving PM that has circular motions due to the constant L
(offset distance from the origin to the center of the PM). Evi-
dently, the function B represents the approximated magnetic
field measured by the sensor, whose strength is inversely pro-
portional to the distance from the PM and the sensor but in gen-
eral it is not linear. Thus, if a pair of the sensors is placed
symmetrically with respect to the PM, the magnetic field can
be better approximated by an nth order polynomial in terms of
sinusoid functions of o and p compared to the rational polyno-
mial function of the angles. The sensor-pairs with locations
defined by Eq. (3ab) measure the magnetic field Bx and By
respectively:

); q=[a, B] is the orientation
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Boundary of
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(b) Cylinder PM using DMP model [14]

Fig. 1. Coordinate system illustrating the DMP model.

(a)Top view from the orientation sensor

Hall Effect Sensor

(b) Spherical Wheel Motor and its sensors

Fig. 2. Schematic design of orientation measurement for spherical wheel motor.

Sxe =[+S 0 ZJ"andSy.=[0 S Z| (3ab)

where S is the distance of the sensor location in the XY plane and Z;
is the Z coordinate of the sensor locations defined in Fig. 1a, and the
subscripts X+ and Y+ denote the sensor-pairs on the +X and Y axes
respectively. The locations of the sensors and the PM can be chosen
to minimize the effect of other PMs (mainly rotor PMs) on the sen-
sor measurement. The rotor PMs make an influence on sensor mea-
surement, which reduces the accuracy when the length of L in Fig. 2
is short. In order to avoid the interaction of both the sensing PM and
rotor PMs and thus obtain accurate measurement, L should be long
enough to minimize the effect. On the other hand, if L is too long, it
may cause an effect on dynamic responses as well as the stability of
the rotor since the center of gravity is higher than the center of rota-
tion. In addition, a measured signal becomes weaker. Thus, the
moving PM and sensors should be optimally located.

2.1. Measured B-field approximation

For the sensor-pairs shown in Fig. 2, B, (measured by the sen-
sors at Sy:) can be expressed in an even function of « due to the
symmetric motion with respect to the sensors, but an odd function
of 8 due to the asymmetric motion, and vice versa for By located at
Sy:. Thus, the measured data due to the circular motion of the PM
are approximated by following equations.

i i cji(cos o) (+ sin B)’ (4a)
X =0 j=0

Z Z cji(4sin oty (cos B)’ (4b)
Sve i=0 j=0

where n is the approximation order.

Using the least-square method, the coefficients c¢; in (4a) and
(4b) can be obtained by minimizing the summed squared error:

=33 Bt - Butep)’ )

i=1 j=1

where By, (o, ) is the analytical solution in (1ab), B, (o, ) is from
(4a) and (4b); and the subscript ks denotes the k;h sensor (illustrated
in Fig. 1a).

2.2. Approximate solution to the inverse problem

Once the approximated B in (4a), (4b) and (5) is modeled, the
orientation (« and B) can be obtained by solving the inverse prob-
lem; the solution depends on the order of the approximation. In
general, two equations can be obtained for each pair of sensors lo-
cated diametrically opposite on the axis:

n

By = MZ(ZCU )S where i is even
i=0 =

(6a)

n

BA:M,Z (Zcu )S where i is odd

where C and S represent a cosine and a sine function of subscript
angles respectively; By, and B,_ denotes that the magnetic flux den-
sity measured by the sensors located on the positive and negative
side of the (A = X or Y) axis respectively.

Two independent sets of inverse solutions, [&; p;] and
[6; po), can be solved from the pair of equations; one from each
sensor pair. The orientation angles can be estimated as follows:

(6b)
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Table 1
Simulation parameters.
PM DMP parameters
M| = Me;, M =1.32 T, diameter = 3.2, (k=1,n=6);
length = 12.7 (mm) 7/¢=0.535
m,=-0.229;
m;=0.618
Model error = 1%
Sensor/PM location/orientation Xs=0.85in.,
Zs=L=2.75in.

Measured magnetic flux Sx: = #Byeyx; Sy: =1 Byey

a o )
N :Wl[A]—f—Wz{A ] (7)
{b’ } B B2
where W; and W, are the 2 x 2 weighting matrices. For the sensor
pair defined in (3ab), the following matrices are chosen due to the
symmetry of the sensor-pairs:

10 00

and W, = 8

> of e ®)
which indicate the sensor-pairs at Sx. and Sy. measure « and B
independently.

|

2.3. Illustrative example

As an illustration, consider a special case using the first order
approximation (n=1) for the sensor setup in Fig. 2. With
straight-forward substitutions of (Bx, and Byx_) from (4a) into
(6a), (6b), and (9) can be obtained from the sensor pair located at
Sxas

159
Bx _ (Bx+ + Bx_)/z . { Coo + Co1 COS O } )
Bx (Bxs — Bx_)/2 (C10 4 €11 cos &) sin
Eq. (9) can be solved to obtain the first estimate [¢; p; ]:
b = cos™! (M) and By = sin™ (37X> (10)
Co1 C10 + C11 COS 01

Similarly, by substituting (By, and By_) from Eqs. (4b) into (6a) and
(6b), we have (11) which can be solved for the second estimate
[, /}2] in (12):

By| _ [ By +Br)2| _ { Coo -+ Co1 €OS } A1)
By (By. —By_)/2 (C10 + €11 cos B) sina

G, =sin”' (B4y> and B, = cos™! (M) (12)
Cio + C11 COS f32 Cot

Using (10) and (12), the orientation angles can be estimated from
(7). Higher-order approximations, though lengthy, can be solved
similarly. In general, the inverse solutions become complex as the
order n increases.

3. Simulation

To provide insights into the sensing method, we simulate the
angular measurement and the magnetic flux density measured
by the two sensor-pairs in (3ab) with M = M,z. We also compare
the absolute orientation among three different orders of approxi-
mation in (4a, b). The values of the system parameters used in
the simulation are listed in Table 1. The locations of the sensor
and the PM for measurement have been chosen to minimize the ef-

0.02 0.02
0.01 0.01
E o E o
> >
-0.01 -0.01
-0.02 -0.02
-0.03 -0.03
-0.03 -0.02 -0.01 0 0.01 0.02 -0.03 -0.02 -0.01 0 0.01 0.02
x (m) x (m)
(a) Potential field without the rotor PMs (b) Potential field with the rotor PMs
Fig. 3. Potential field at (o= =0).
: 20, — = :
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o 10 \ A 5
=) ) \ of o
@ | & el &
0.L- 5 ) adu 02+ - & QF
20 > & I>I & 4
i 20 003 R T~ Q’F/ /
Vg 0 | | (=] e
(Oegr 0 cee) 0 5 10 15 20
8y -20 20  (0e9 o (Degree)

(a) Analytical field by DMP model

(b) Simulated B in sensors’ xy plane

Fig. 4. Simulated measurements.
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Table 2
Coefficients for approximation.

Order  Approximation, c; Max. error (%)
1st -0.319 0.344 17.6
1.520 -1.610
2nd 0.244 -0.616 0.398 8.3
-24.63 52137 -27.622
92.940 -195.396 102.701
3rd 13.073  -40256 41217  -14.007 0.9
—39.768 117.58 -114.792 36.89
—1733.83 5449.07 -5709.5 1994.51
5812.28 -182114 19019.7 -6621.01

fects of rotor poles (16 PMs later shown in Fig. 8 and detailed in Ta-
ble 3) on the sensor sensitivity which of Hall-effect sensor is on
average less than one Gauss. Fig. 3 shows potential field and mag-
netic field B with and without the interaction of rotor PMs on the
sensor measurement with L=2.75in. respectively. Within the
range of motion, the rotor PMs does not interfere with the field
of the sensing PM.

Given the DMP parameters for the magnetic field and sensor
location, Fig. 4a graphs the predicted magnetic flux density By at
P(0, Xs, Zs) over the range of +20° in « and f rotations. Since the

sensors are placed symmetrically in the fixed inertial frame, only
one sensing quadrant along the positive Y-axis is presented. Based
on the analytical DMP models, the coefficients of the 1st, 2nd and
3rd order approximations in (4a,b) are computed using Matlab
Optimization toolbox based on the least-square method minimiz-
ing the error in (5) and given in Table 2 where 130 samples are
used in the range —20 < o, 8 < 20 (°). The simulated errors of the
magnetic fields and orientation angles including their Sensitivity
are compared in Figs. 5-7 respectively.

As compared in Fig. 5, which plots the magnetic flux densities
and their errors, the contours are circular in nature and the sensor
readings decrease as the PM moves towards the center; and the
maximum error reduces as the approximation order increases.
The 3rd order approximation approaches the exact analytical solu-
tion with the maximum error within 1%, and its error is relatively
uniform over the measured range as compared to the 1st order
approximation in « and p motions.

Sensitivity of the magnetic sensor is investigated to provide the
effect of the field measurement and its approximation on
performance and accuracy of the measurement. In addition, the
analysis can be utilized to determine the weighting matrix W in
(8). As shown in (13), the sensitivity can be expressed in Jocobian

(a) 1st order approximation

0.01

Error (T)
o
o
(=]
w

Error (T)

A

il

02"6‘-\\ ".0\3“‘“‘ ’ 20
B " il
i = P (e8)
“ S 0 e (0eg 0=
Oegree) 20 20 “\Oeg(e rE@) -20 [\8
(c) 3rd order

Fig. 5. Approximated magnetic field density.
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Fig. 6. Sensitivity analysis of the sensor.
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(d) Comparison of maximum errors

Fig. 7. Simulation of measurement error (at 10° inclination).

matrix with the ratio between measured angle variations and mag-
netic fields. Thus, larger element in Jacobian indicates less resolu-
tion due to larger angle for the given magnetic field variation. Fig. 6
compares the sensitivity of the sensor Sy. between the DMP model
and the 1st order approximation of the model in Fig. 5a when the
magnet is moving around a circle (—=10 < o, < 10) in the XY plane.
It shows the magnetic field variation along the x and y axes with
respect to the angle o respectively. The results indicate that the
sensor at Sy, is better to utilize the magnetic field By. or By along
the y-axis respect to «. In other words, the variation of 8 measured
by the sensor Sy. is less accurate.

[0 0p]" = [J][0By] (13)

where [J] is jacobian matrix of sensitivity defined as

= g%gg] g%gﬁ" ; and k; denotes the k™ sensor (in
1 ks
Fig. 2a).

Fig. 7 analyzes the effect of the polynomial order on the mea-
surement errors (in radians) by comparing different approximation
orders for the circular trajectory shown in Fig. 7a where the shaft is
inclined at 10° from the Z-axis. As shown in Fig. 7b and c, the mea-
surement errors decrease as the order increases. For the range of
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(c) Orientation measurement

./'

Fig. 8. Spherical wheel motor [15,17] and sensor.

Table 4
Parameters of measurement system.

Table 3

Parameters of the SWM.
Rotor 2 Layers of 8 PMs (6, = 45°)
Radius 76.2 mm (3 in.)

Cylindrical PM
Magnetization

OD=L=12.5mm (0.5in.)
¢y =20° 6,=45°(in.); uoM,=1.35T

Stator 2 layers of 10 Ems (&5 = 36°)

Cylindrical EM 0D =18.8 mm (0.75 in.), 1050 turns, 6.46 Q

Magnetization ¢s = 26°(angle from the horizontal plane); 6 = 36°;
AWG 29 coil wire

Air-gap between EM &  0.762 mm (0.03 in.)

PM
Moment of rotor inertia I, (Axial) = 6.0576e-005; I, (Transverse) = 3.8628e-
(kg m?) 005

PM dimension B, (T) I(mm)  Coefficients c; of B
(mm) 1st order
diameter,
length
3.2,12.7 132 6.8 —0.0233 0.0249
0.0905 -0.0945
Sensor parameters
System 1/O # channels Range (V) Update time Data bit
PCI-DAS6036 16 —-10~10 5ups 16
Sensor # axis Vee (V) Vout (V) Sensitivity
UGN3505 1 5 0.2 ~4.7 2.5mV/G

¢; o s indicates an inclination angle from the horizontal plane of the rotor and the
stator respectively.

+20° (0.349 radian), errors less than 5 p radians can be obtained
with the 3rd order approximation while the general single dipole
approximation, which neglects the physical dimension of the mag-
net, offers limited accuracy (Fig. 7d).

4. Experimental results

Fig. 8 shows the spherical wheel motor including four Hall-
effect sensors on the top. The Hall-effect sensor (UGN3505) that
can measure a wide range of positive and negative magnetic fields
is chosen for this experiment. The absolute sensing method is di-
rectly applied to measure the orientation of the SWM. Since the
magnetization of a permanent magnet installed on the top is

parallel to the rotor shaft, only orientation of the rotor can be
measured.

The output voltage of the sensor is proportional to the strength
of the magnetic field with 2.5 mV/Gauss sensitivity under 5V
power supply. The measurement systems are implemented on a
personal computer (PC) which has 16 channels of A/D converter
(PCI-DAS6036) connected through a signal amplifier. The detail
parameters of the SWM and the experimental setup are summa-
rized in Tables 3 and 4.

Prior to the implementation of the Hall-effect sensor on the
SWM, the sensor was calibrated using the experimental setup
shown in Fig. 9, where the PM and the Hall-effect sensor were
separately mounted on two cantilever beams, one of which is dri-
ven by a precision NSK ball-screw.
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Fig. 9. Experiments on sensor calibration.

The conversion constant k. that relates the sensor output volt-
age to the magnetic flux density was determined by minimizing
the error over Ns; samples in (14):

Ns

Es=> (B—ks)’ (14)

i=1

where B is the computed field by the DMP model, and S; is the sensor
output voltage. The conversion factor k. was experimentally deter-
mined to be k. = 0.148. Fig. 10 compares the experiment and the sim-
ulation result of the magnetic flux density B modeled using the DMP
method. Fig. 10a and b compare the B, component along the z-axis
and the y-axis respectively. When the sensor is closely located at
the PM, the voltage output is constant due to sensor saturation, which
is shown from 0 (contact) to 5.08 mm (or 0.2 in.) distance in Fig. 10a.
The z position at z=12.51 mm (or 0.65 in.) in Fig. 10b is specified to
be the position where the maximum error of the measured B, oc-
curred in Fig. 10a. The maximum difference between the measured
B, and the DMP model is less than 5% for both the y- and z-axes.

0.25

— DMP
Analytical

02

O  Exp

0.15}

B(T

0.1

0.05

z (Inch)
(a) B, along z-axis

-0.5

-1
15t
2t
-25¢
3h

Log,, Eg,

-35¢

-4.5 -
0.5 1 1.5

z (Inch)
(c) Error in B,, (a)

Once the sensor calibrated, the permanent magnet was
mounted on a tapped shaft of the rotor. The height L of the magnet
can be properly adjusted by the screw rod as shown in Fig. 8. Then,
the rotor orientation was measured using the absolute orientation
method discussed previously. Two sensor-pairs in the stator frame
(Fig. 8) face each other on the X and the Y-axis and measure mag-
netic flux densities normal to Hall-effect sensors respectively. The
values of the PM parameters and flux density approximation in
(4a) and (4b) are detailed in Table 4.

Fig. 11a and b compares the experimental and the simulation
result obtained for a circular motion using the 1st order approxi-
mation in (10) and (12) due to the limited sensor resolution and
noise. The circular hole on the sensor base (transparent acrylic
plate) shown in Fig. 8 is used as a reference trajectory (XY plane)
to measure the orientation. To validate the sensor performance
accurately, the experiment is repeated at three times along the
same circle contour with the 0.01 s sampling rate. Fig. 11c and d
compares the errors obtained experimentally against simulation
prediction. Given the sensor performance, their trends agree well
and validate that the errors can be analytically predicted by simu-
lation using the DMP method. In addition, the maximum error oc-
curred at every 45n (°), ( n=1-4), where the sensor signals are
weak. The maximum mean of the errors is 0.012 rad which is an er-
ror of less than 10% of the desired inclination.

5. Conclusion

This paper presented a novel but simple approach to measure the
orientation of a PM-based device in real-time. The method exploits
the DMP method to accurately predict magnetic fields unlike
conventional magnetic single dipole method that is only valid for a

0.03

—— DMP model
O Exp

0.025

0.02
0.015

B(M)

0.01
0.005
ot
-0.0050

02 04 06 08 1
y (Inch)

(b) B, along y-axis at (z=0.65inch)

-1.2
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-16}
181

-2
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(d) Error in By, (b)

Fig. 10. Hall-effect sensor calibration.
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needle-shaped PM and utilizes magnetic sensor-pairs to measure
the existing magnetic fields such that the rotor orientation is solved
inversely from the approximated magnetic field of the DMP method.
The ability to characterize the magnetic field in real-time can offer a
number of advantages in control, which include: (1) mechanically
contact free (eliminating mechanical friction and backlash), com-
pact design since the size of a Hall-effect sensor is relatively small
and less mechanical structures (such as linkages) are needed, (2)
low-cost efficiency since Hall-effect sensors are generally inexpen-
sive, and (3) relatively high accuracy in real-time computation since
the magnetic field can be uniquely predicted by the DMP model.

We illustrated the method by implementing on the SWM to
demonstrate its feasibility as a real-time two-DOF orientation sen-
sor. The results comparing the DMP models to the experimental
data offer valuable insights to the performance of the methods.
Although the performance of the method is not as accurate as exist-
ing ones, the method and sensor are still attractive mainly due to
contract-free. In addition, it shows feasibility to apply for many
engineering applications. The method can be utilized to design a
feedback control system for the SWM. Beyond the application of
the SWM, it is expected that the method has a potential for a diverse
range of PM-based measurements.
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