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Abstract

A permanent magnet spherical motor (PMSM) can perform a three-degree-of-freedom
operation. The estimation of the attitude of the rotor is one of the key steps for realizing the
closed-loop control of PMSM. An attitude estimation method based on a target-tracking
algorithm is proposed in this study. Firstly, a high-speed camera is used to capture a video
sequence of the spherical motor in motion. The location of the target is obtained by introducing
an improved fast discriminative scale space tracking (IFDSST) algorithm to track the video
sequence. In consideration of the motor’s output shaft being covered with load, the single-
target tracking algorithm is improved into a multi-target tracking algorithm. Markers, which
are symmetrical with respect to the output shaft, are made on the surface of the rotor, and

their attitudes are obtained from the images captured by the tracking algorithm. Secondly, the
attitude of the output shaft is estimated by the coordinate transformation and the positional
relationship between the markers and the output shaft. The effectiveness and superiority of

the proposed algorithm are verified by comparing it with a micro-electromechanical system
(MEMS) method and a fast -complementary filter (FCF) method. Three types of motor
motions, including yaw, spin, and tilt, are tested in the experiments, and the average angle error
or trajectory error of the proposed IFDSST method reduces around 33%, 53%, and 79% as
compared with those of the MEMS and FCF methods, respectively. Experiments show that the
proposed algorithm can effectively and accurately measure the attitude of the motor’s rotor.

Keywords: permanent magnet spherical motor, attitude estimation, target tracking

(Some figures may appear in colour only in the online journal)

1. Introduction more applications, such as in eyeballs, joints of humanoid

robots, and other precision devices [1-3]. Traditional multi-
With the development of industrial control and the continuous  degree-of-freedom (DOF) implementation relies on multi-
advancement of science and technology in the last few decades, DOF systems consisting of multiple single-DOF motors and
multi-dimensional movement in space has been required in  complex mechanical transmissions. Moreover, the loss caused

by friction between devices cannot be neglected, and the real-
3 Author to whom any correspondence should be addressed. ization of low loss operation has always been one of the goals

1361-6501/20/055005+12$33.00 1 © 2020 IOP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0002-1916-8116
https://orcid.org/0000-0002-7101-7948
mailto:wangqunjing@ahu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6501/ab60c7&domain=pdf&date_stamp=2020-01-31
publisher-id
doi
https://doi.org/10.1088/1361-6501/ab60c7

Meas. Sci. Technol. 31 (2020) 055005

L Xue et al

of high-power industries [4-6]. However, such a multi-DOF
system has the disadvantages of bulky volume, low preci-
sion, and poor performance. Therefore, a single motor with
multi-DOF must be studied in detail to identify the best elec-
trical machine among the above applications in terms of cost
and technology [7-9]. From a kinematic point of view, the
spherical structure of a motor is conducive to the realization of
spatial multi-axis drive, which is a three-DOF motor, and can
overcome the various shortcomings of traditional multi-DOF
systems by replacing them with several single-DOF motors
[10-12].

Much attention has been paid to spherical motors by many
researchers. Despite the merits of a permanent magnet spher-
ical motor (PMSM), further studies on closed-loop feedback
control for spherical motors are needed. Precision attitude
measurement is a key technology for achieving closed-loop
control [13-15]. Attitude information is extremely important
for the accuracy of motor motion control, orientation control,
and processing [16—18]. Moreover, attitude and speed infor-
mation are two of the most important parameters for motor
system control and early diagnosis purposes [19-21]. The
method of attitude estimation and the selection of its sensors
largely determines the success and accuracy of attitude estima-
tion. In accordance with whether the sensor is in contact with
the sphere, attitude estimation methods of the spherical motor
are divided into contact- and non-contact-type detection.

The contact-type detection method is mainly to install the
rotary encoder on the slide rail bracket [22, 23]. The attitude
information of the rotor is measured by rotating the encoder.
However, the large size of the measuring device can affect
the range of the motion of the rotor. The most important
thing is that the contact between the detection system and
the rotor generates great friction, which not only weakens the
output torque of the motor rotor, but also affects the detec-
tion accuracy. Therefore, when high precision and reliability
are required, non-contact detection methods are generally
used [24]. A non-contact attitude estimation method, which
mainly uses photoelectric sensors to detect spherical surface
color signals to obtain rotor attitude, was proposed [25, 26].
However, this method increases the complexity of the system,
and it is difficult to realize accurate spraying on the rotor sur-
face. In [22], Garner et al proposed the use of a vision sensor
to acquire the attitude of the rotor. The specific method is to
spray the grid diagram on the rotor surface according to the
pseudo-random method. After the rotor image is obtained by
the visual sensor, the feature points of the image are extracted,
so as to analyze and obtain the rotor position. In [27], Lee ef al
presented the use of dual optical sensors to detect the surface
variation of the rotor in both directions to obtain the 3D atti-
tude information of the rotor. In addition, a Hall sensor was
used to detect the distribution and variation of magnetic field
around the rotor to calculate the spatial position of the rotor
[28]. However, the magnetic field generated by the energized
coil will interfere with the Hall sensor to some extent, thus
affecting the attitude detection of the rotor.

Given the advantages and disadvantages of the above
methods and the trade-offs of previous work, a novel attitude

estimation method for the spherical motor rotor, which is a
non-contact method, is proposed in this study. The method
includes marking the motor using a high-speed camera to
obtain the motor motion video, and applying the improved
fast discriminative scale space tracking algorithm (IFDSST) to
track the marks and obtain the position in the image. Through
the coordinate transformation and the positional relationship
between the mark and the output shaft, the actual attitude of
the output shaft is obtained. The contributions of this study
include three aspects as follows.

(1) The attitude of PMSM is estimated by the non-contact
method, which can avoid the influence of friction caused
by the contact between the sensor and the motor in atti-
tude detection.

(2) The method is simple in structure and the camera sensor
is not affected by the changing magnetic field around the
PMSM.

(3) The accuracy of the proposed IFDSST for the attitude
estimation of PMSM is higher than those of the micro-
electromechanical system (MEMS) sensor and the fast
complementary filter (FCF) using an integral sensor
including a magnetic sensor, an angular rate sensor and a
gravity sensor (MARG) [29], which are verified through
experiments.

The rest of the paper is organized as follows: section 2
introduces the structure of the PMSM and the establishment
of the stator coordinate system. Section 3 presents the fast dis-
criminative scale space tracking (FDSST) algorithm and its
improvement. Section 4 shows the calculation method for the
attitude angle of the rotor. Section 5 verifies the effectiveness
and accuracy of the proposed algorithm, and section 6 pro-
vides the conclusions.

2. PMSM structure and coordinate system

The basic structure of the PMSM used in this study is shown
in figure 1. It is composed of a stator coil and a spherical rotor.
Twenty-four sets of stator coils are divided into the upper and
lower layers and evenly distributed on the spherical shell.
Forty cylindrical permanent magnets are evenly placed on the
motor’s rotor, which is divided into four layers with ten mag-
nets per layer. The radiuses of the rotor and the output shaft
are 65mm and 4 mm, respectively. The length of the output
shaft is 40 mm. These parameters are helpful for calculating
the rotor’s attitude angle.

The established stator coordinate system is shown in
figure 2 to describe the attitude of the rotor concisely and
accurately. The coordinate system is based on the center of
the rotor sphere. The equatorial plane is taken as the XOY
plane, and the positive direction of the Z-axis is opposite to
the gravity direction. The motion state of PMSM is mainly
divided into three types: yaw, spin, and tilt. In figure 2, the
letters «, 3, and ~y are defined as the yaw, spin, and tilt angle,
respectively. P is the intersection of the output shaft and the
rotor sphere. P’ is the projection point of P on the XOY plane.
The initial state of the motor is defined as the position where
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Figure 1. Basic structure of the PMSM: (a) prototype of the PMSM, (b) 3D model of the PMSM.

the output shaft lies with the Z-axis; that is, the initial attitude
of the upper end surface of the output shaft is (0, 0, 105).

3. IFDSST algorithm for tracking detection

3.1 Traditional FDSST algorithm

Target tracking is a hot topic in the field of computer vision
research. With the continuous improvement in computer hard-
ware, target tracking has been increasingly applied to military
and industrial fields, such as video surveillance and motion
analysis [30-32]. In recent years, the target tracking algorithm
based on correlation filter not only is highly robust but also
ensures real-time tracking performance [33-35].

FDSST implements scale-adaptive tracking based on the
correlation filter [36]. Details are as follows. The desired
output is obtained through the target in the first frame inter-
acting with the translation correlation filter. The detected
samples extracted in each frame interact with the translation
and scale filters, respectively, and the response of the detected
sample is compared with the expected output. The maximum
value is considered the displacement and scale produced by
the target movement.

The FDSST algorithm is based on a discriminant corre-
lation filter. This tracking algorithm is mainly divided into
three steps: translation estimation, scale estimation, and filter
update. The target detected in the previous frame is used as
a training sample for filter update in the next frame. The his-
togram of the oriented gradient (HOG) feature is extracted
from samples before training and detection. In an image, the
directional density distribution of the gradient or edge can
well describe the appearance and shape of the local target.
The HOG feature constitutes a feature by calculating and
counting a gradient direction histogram of a local region of
the image. The extracting process of HOG feature is shown in
figure 3. Extracting HOG feature first grayscales and normal-
izes the image. Normalization is to adjust the contrast of the
image and reduce the effects of local shadows and changes
in illumination. Then the gradient of each pixel in the image,
including size and direction, is calculated, primarily to capture
contour information and further attenuate illumination inter-
ference. The image is divided into a number of cells, each cell

Output
shaft

Initial
position

Figure 2. Stator coordinate system.

consisting of several pixels, such as 6 * 6 pixels forming a cell
as shown in figure 4(b). In figure 4(a), 360° are divided into
several bins, and the histogram of the gradient of each pixel is
calculated in each cell by direction. The modes of these gradi-
ents are added to obtain the components of the corresponding
bin. If the 360° are divided into 16 bins, the dimension of the
histogram for each cell is 16. Cell features are constituted by
these histograms. The cells are combined into a number of
blocks, and these cell features are connected in a series to form
a block feature as shown in figure 4(b). If a block contains 2
* 2 cells, the dimension of the block feature is 16 x 4 = 64.
The HOG feature of the image is obtained by concatenating
these block features.

In general, the initial position of the target generates a
Gaussian label and initializes template parameters for the
target. For a target sample with a d-dimensional feature
channel, the correlation filter consists of d single-channel fil-
ters, which can be solved by minimizing the objective func-
tion € as
2
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Figure 3. The extracting process of the HOG feature.
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Figure 4. (a) Bin, (b) cell and block.

where g is the expected output of the correlation filter, / is the
correlation filter, f is the target sample, [ € {1,...,d} denotes
the feature channel, * refers to the cyclic correlation, and ¢ is
the L? error, which is the correlation response compared to the
desired correlation output g. The scalar A is a weight param-
eter in the second term as regularization in (1). Equation (1)
can be solved quickly by Fourier transform using Parseval’s
formula as follows:

H GF'

:f,l:];,u.,d, 2
S FRFE £\ 2)

where the capital letters indicate the discrete Fourier trans-
form (DFT) of the corresponding quantities, G refers to the
complex conjugate, and k € {I,...,d} denotes the feature
channel. Inspired by the update rule of the single feature case,
for a new sample f; in a frame ¢, we update numerator A and
denominator B of filter H as below:

Al=(1—-n)A_, +0GF,1=1,....,d, 3)

d

B,=(1—n)Bi_1+ny FFY, (4)
k=1

where the scalar 7 is a learning rate parameter; A,_; and B,_;
are the numerator and denominator of the filter in the previous
frame ¢ — 1, respectively.

The filter is applied to a new frame by extracting the
detected sample z, from a region of transformations. For the
detection sample z;, the DFT of the correlation output response
v, is calculated in the frequency domain as follows:

Y — Z?:lALthl (5)
ALl Sl i

Bi_1+ A
The correlation score of z, is y, = F~'{Y;} via inverse
DFT. F~! represents inverse DFT. The new target position
is obtained when the output response reaches the maximum
value.

The amount of computation is reduced by using two strat-
egies in FDSST: sub-grid interpolation of correlation scores
and the reduction of feature dimensions using principle comp-
onent analysis. The amount of computation can be decreased
by reducing the size of fast Fourier transforms (FFTs) required
for training and detection with sub-grid interpolation. A trian-
gular polynomial interpolation method is used. First, the high
frequency of Y; is filled in (5) to make it equal to the size
of the interpolation grid. Then, the interpolation fraction y, is
obtained by the inverse DFT of Y, after filling.

The computational cost caused by FFTs is reduced by
updating atargettemplate. The projection matrix P,of size dxd
is constructed by the learned template u, = (1 — n)u,—1 + nf;
and d is the compressed feature dimension. P; is obtained by

C = Z u (n) ug(n)". 6)

n



Meas. Sci. Technol. 31 (2020) 055005

L Xue et al

Table 1. Flow of the proposed IFDSST algorithm.

Algorithm. IFDSST: iteration at frame ¢

Input Image I;;.//i denotes current target number
Previous target position p,_; ; and scale s, ;
Translation model A,,l,i,,mm and th,i,mms
Scale model A,_ 1,i.scale and B,_Li,mh,

Output Estimated target position p,; and scale s;; using (12)

Updated translation model ;\,,,-,,mns, Bt,i,tmns and
scale model A,y,;mle, Bt,l-,mle using (10) and (11)

The row vector of P, is a feature vector corresponding to the
maximum eigenvalue of C,. Thus, the numerator and denomi-
nator of the filter are updated as follows:

Al=GU,i=1,...d, ©)

d
Et:(lfn)f?t_1+nzﬁfﬁf, (3)

k=1
where F; = F {Pf;} and U, = F {P,u,} are the detected sam-
ples and target templates compressed in the frequency domain,
respectively. The symbol F represents DFT. The correlation
score of the sample z; after compression Z, = F {P;~1z} can

be calculated as

U/
El lA Z ] (9)

Y, =
Bt,1 + A

3.2. Proposed IFDSST algorithm

When the motor is applied in practice, the output shaft will be
covered and cannot be directly tracked because of the load.
Therefore, multi-target tracking is proposed on the basis of the
single-objective FDSST algorithm, and filter models are built
for each target in every frame for model training and target
detection. Thus, equations (7) and (8) should be written as

A, =GU ,1=1,...d,

t,i

(10)

B = (1—n)1§,_1,i+nZF’<Ff,, (11)
where i is the number of the target. The output response of test
samples z;; should be changed as follows:

d
Zl lAg llZl

= (12)
B+ A

Yii=
The specific method is described as follows: symmetrical
markers are placed on the motor sphere, and the attitude of the
motor output shaft is obtained by tracing the markers. In the
following experiments, we select two circular markers that are
symmetrical to the Z-axis at the initial state of the motor. In
this manner, real-time tracking performance can be ensured,
and the error caused by the deformation of the markers’ rota-
tion can be reduced. The algorithm flow is shown in table 1.
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Figure 5. Image coordinate system and schematic of yaw angle
calculation.

4. Motor’s attitude angle calculation

4.1. Calculation of yaw angle

For yaw angle calculation, the conversion of the image and
stator coordinate systems is required. The image coordinate
system is based on pixel size, and its relationship with the
stator coordinate system is shown in figure 5. The XOY plane
belongs to the stator coordinate system, and the UWYV plane
is the image coordinate system. The shaded part is assumed
to be the image, and the size of the image is assumed to be
M x N.The origin O of the stator coordinate system is located
at an arbitrary point (m, n) in the UWV coordinate system.
The dashed line indicates the trajectory of the output shaft of
the motor during yaw motion. The point S (u, v) represents the
position of the output shaft on the image at a certain moment.
Therefore, the position of S in the stator coordinate system is
as follows:

x=(u—m) xdx, (13)

y=(v—n)xdy. (14)

Here, dx and dy are the pixel sizes of the row and column
on the image, respectively. They have the same units, usually
in microns. The letters x and y represent the coordinates of
X-axis and Y-axis of S in the XOY plane, respectively. In accor-
dance with figure 5 and equations (13) and (14), the yaw angle
«y 1s calculated as follows:

ap = arctan (%) = arctan (m) - (15)

In experiments, the point O is usually placed in the center
of the image. Therefore, as shown in figure 5, the point S will
not coincide with O when the motor makes yaw motion. In
other words, u is not equal to m. And dx is not equal to 0.
Thus, equation (15) holds true for the motor at any position.
The output shaft in different quadrants is distinguished by
expressing the yaw angle « in the range of 0-27:
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Figure 6. Schematic of spin angle calculation.

ag, the first quadrant
T — o, the second quadrant
a= . ) (16)
T+ o, the third quadrant
21 — o, thefourth quadrant

4.2. Calculation of spin angle

The calculation of the spin angle is similar to that of the yaw
angle. When the motor spins, the output shaft rotates around
the Z-axis, and the attitude of the rotor is constant. Therefore,
the spin angle can only be calculated by the marks, as shown
in figure 6, where T is the mark in the initial position, and
T’ is the position of the mark when the motor rotates with
spin angle 3. Thus, as shown in figure 6, the calculation of the
spin angle of the output shaft is converted into the difference
between the yaw angles of T and T’ as follows:

p=ar—arp, A7)
where ar represents the angle between line segment OT and
X-axis and «g- represents the angle between line segment OT”
and X-axis, which are all calculated by (16). The spin angle
is calculated from markers that are different from the center
of the end face of the output shaft. When the motor spins, the
output shaft is theoretically in the initial position. The projec-
tion of the center of the end face of the output shaft in the XOY
plane coincides with point O. The positions of markers do not
overlap with O. Therefore, equation (15) still holds true for
any point in the spin angle calculation.

4.3. Calculation of tilt angle

Details for the tilt angle calculation can be found in [14]. A
schematic of tilt angle calculation is showed in figure 7. The
cylinder at the top of the image represents the high-speed
camera, and the thick black lines inside represent the camera’s

P TS S e PR I MR B S Sl S e S T R R S e o

Photosensitive
element

Figure 7. Schematic of tilt angle calculation.

sensor. The ball at the bottom of the picture represents the
rotor of the motor, and the blue cylinder connected to the rotor
represents the output shaft. The center of the sensor coincides
with the center of the rotor.

From figure 7, the geometric relationship can be obtained
as follows:

s a9
Y=l —m) x &+ [v—n) x ). (19
Ar=(R+rs) (1 —cosvy), (20)
r=(R+r,)sinn, 21

where f. is the focal length, A, is the effective distance from
the lens to the rotor, r is the distance from the output shaft to
the Z-axis, 7’ is the length of 7 on the image, Ar is the reduced
height of the output shaft, R is the radius of the rotor, and r; is
the length of the output shaft.

Tilt angle 7y can be solved as

. X [he+ (R+71y)] . r
%Yo = arcsin — arctan—. (22)
R+ 1o+ \f2+ 17 ¢

Since R, ry, f. and 7 are not equal to 0, equation (22) holds
true. In all experiments, the focal length of the camera f, will
be fixed. The length 7’ is calculated by the proposed algorithm,
and h, is the distance between the experimental equipment,
which is artificially set. In general, a fixed value of #, is taken
to eliminate the error caused by the experimental devices. The
quadrant of the output shaft ranges from 0-27; thus, the tilt
angle vy is expressed as follows:
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Y0, the first quadrant
T — 0, thesecondquadrant
R + v,  thethird quadrant (23)
2w — 0, thefourth quadrant

In the previous section, the detection principle of the algo-
rithm was discussed to obtain the position of the rotor on the
image. In this section, the method of calculating the rotor’s
actual attitude based on the image position information is dis-
cussed. In section 5, the accuracy of the attitude angle calcul-
ation method discussed above will be analyzed. Moreover, the
topic of how to improve the precision will be discussed.

5. Experimental result

5.1 Experimental setup

All experiments in this study are performed on a desktop
computer configured as an Intel(R) Core(TM) 17-6700 CPU
@ 3.41 GHz with 8 GB memory. The experimental algo-
rithm development platform is based on MATLAB R2017b.
The high-speed camera (2F04, Agile Device Inc.) used in the
experiments acquires an image with pixel size dx and dy as
7 pm. To ensure the repeatability of the experiments, we set the
resolution to 1200 x 1200 pixels, the focal length f,. to 17 mm,
and the distance from the lens to the rotor /. to 525 mm.

The experiments are compared with the MEMS sensor
detection method to verify the feasibility of the proposed
algorithm [13]. The MEMS sensor is a kind of space motion
processing device. It is an inertial component sensor with the
advantages of low cost and low power consumption. In [13],
a MPUG6050 attitude sensor is used in the attitude detection
system, integrating a three-axis rate gyroscope and a three-
axis accelerometer. Moreover, the experimental results are
compared with another quaternion-based attitude estimator
with a MARG sensor array. The sensor consists a of three-axis
gyroscope, accelerometer and magnetometer, and the detec-
tion results are fused together to estimate the attitude of rigid
body through FCF [29]. The magnetometer is not available
because the variation of the magnetic field around the PMSM
is complex and uneven. Therefore, in the following experi-
ments, the results from the gyroscope and accelerometer,
which are obtained by the MEMS sensor, are fused together
to solve the motor’s attitude through FCF.

The experimental hardware platform is shown in figure 8(a).
As shown in figure 8(b), we place circular markers on the
MEMS sensor device and select two of the symmetric markers
as targets for tracking, such as 1 and 3 or 2 and 4. Figure 8(c)
shows the MEMS sensor equipment and its size. The MEMS
sensor device is mounted on the output shaft. 10mm repre-
sents the length of the bearing assembly between the sensor
device and the output shaft. 62 mm is the length of the sensor
device outside the output shaft. These two parameters are used
in the calculation of the attitude angle in the experiments. On

Spherical
motor

Figure 8. (a) Experimental hardware platform, (b) round marks,
(c) MEMS sensor.

the basis of the platform, three experiments are completed: the
yaw, spin, and tilt motion experiments.

5.2. Yaw motion experiment

The yaw motion is the operation of the motor rotating around
the Z-axis at a constant angle departing from the Z-axis. The
motor makes yaw motion when the output shaft is against
the stator shell. Figure 9 provides some images in the video
sequence of the yaw operation. The yellow numbers on the
upper left corner of the images represent the frame numbers.
The red rectangles indicate the tracking results. The direction
of the red dotted arrow indicates the direction of motion of
the rotor. The two red rectangles are the markers, which are
tracked in the video sequence. The images reveal that the tar-
gets can be successfully and accurately detected and tracked.
The trajectories obtained through the experiment are
plotted in figure 10, which shows that trajectories obtained
by the three measurement methods are consistent. Since the
output shaft is close to the stator shell for yaw motion, the
measured trajectories of the output shaft are approximately
circular. This also mutually verified the validity and accuracy
of the three detection methods for the position detection of
PMSM. To verify the accuracy of IFDSST in yaw angle detec-
tion, we allow the motor to make yaw motions with yaw angles
of 90°, 180° and 270°. The yaw angles and errors measured by
the three algorithms are shown in table 2. It can be seen that
the errors measured by the three methods are smaller and less
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Figure 10. Trajectories from the MEMS sensor, FCF and the

proposed IFDSST method in the yaw motion experiment (top view).

Table 2. Results and errors of yaw angle from the MEMS sensor,
FCF and the proposed IFDSST method.

Average

Method  Theory (°) 90 180 270 error (%)
MEMS  Angle (°) 88374 177.271 266.922 —

Error (%) 1.807 1.516 1.140 1.487
FCF Angle (°) 88353 177.169 267.037 —

Error (%) 1.830 1.572 1.097 1.499
IFDSST  Angle (°) 89.185 177.936 267.294 —

Error (%) 0.906  1.147 1.002 1.018

Figure 11. Some images from the video sequence of spin motion.

than 2% compared with the theoretical values. However, the
average error of IFDSST is only 1.018% while those of the
MEMS sensor and FCF are close to 1.5%. Thus the proposed
IFDSST has higher measurement accuracy for the yaw angle.

5.3. Spin motion experiment

During the spin motion, the motor’s output shaft rotates
around the Z-axis, and the center of the end face is always in
the initial attitude. Therefore, when the motor makes a spin
motion, the attitude (0, 0, 105) of the center of the output shaft
remains unchanged. Some images from the video sequence of
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Figure 12. Trajectories from the MEMS sensor, FCF and the
proposed IFDSST method in the spin motion experiment (top view).

Table 3. Means and errors of spin attitude from the MEMS sensor,
FCF and the proposed IFDSST method.

Axis X-axis Y-axis Z-axis

Theory (mm) 0 0 105

MEMS Attitude (mm)  0.0497 0.6339 104.9928
Error (%) — 0.606 —

FCF Attitude (mm) —0.2281 0.6900 104.9902
Error (%) — 0.692 —

IFDSST Attitude (mm) —0.1573 0.2805 104.9920
Error (%) — 0.306 —

the spinning operation are presented in figure 11. The direc-
tion of the red dotted arrow indicates the direction in which
the rotor makes a spin motion. As can be seen from figure 11,
the proposed algorithm can track the makers robustly.

Figure 12 shows the experimental measurements.
Obviously, the trajectory of the proposed algorithm is closer
to the initial position. However, the results of the MEMS and
FCF are deviated from the initial position. The average values
of the attitude on the X, Y, and Z axes are shown in table 3. The
error is calculated by

V0 =50+ O =) + (an — )’
VXF+yP+ 7 '
where (X, Y, Zn) 18 the measured attitude, and (x;, y;, z;) is the
theoretical attitude. None of the three methods has an error of
more than 1%. Within the allowable range of error, it can be
considered that the three methods are effective and accurate.
However, the error of the proposed method, which is closed
to 0.3%, is half of those of MEMS sensor and FCF approxi-
mately. The accuracy of estimation of the spin angle using
the proposed method is evaluated by spinning with angles of
90°, 180° and 270°. The MEMS sensor cannot measure the

A= (24)

Table 4. Results and errors of spin angle for the proposed IFDSST
method.

Theoretical value (°) Experimental value (°) Error (%)
90 88.793 1.341
180 181.973 1.096
270 267.682 0.859

spin angle; thus, only the measurement results of the proposed
algorithm are provided in table 4. In addition, the errors are no
more than 1.5%.

5.4. Tilt motion experiment

Tilt motion refers to the operation of the motor departing from
the Z-axis. In this experiment, we move the motor in four
directions: the positive (X+) and negative (X—) directions of
the X-axis and the positive (Y+) and negative (Y—) directions
of the Y-axis. For all tilt movement, the starting point of the
output shaft is at the initial attitude. Some images from the
video sequences of the tilt operations in the four directions
are provided in figure 13. In the four pictures in each row of
figure 13, the motor makes tilt motion in one direction and the
red arrow indicates the direction of movement of the motor.
The measured trajectories are shown in figure 14. In four
directions, the trajectories obtained by the MEMS sensor,
FCF and the proposed algorithm are basically coincided.
More precisely, the trajectories of the output shaft are on the
lines x = 0 and y = 0 in theory. As can be seen from figure 14,
the measured results of the proposed algorithm are more con-
sistent with the theoretical results. The root mean square error
(RMSE) is defined to characterize the degree of dispersion for
the measured positions. In the X-axis direction, whatever the
value of x; is, y, is equal to O for each position (x;, y;) theor-
etically. Therefore, the RMSE o, of the 2D positions (X, V)
of all measured results in the X-axis direction is shown below:

(25)
where N is the number of measured positions, and y,,,, rep-
resents the Y-axis value of the w-th measured position. In
the same way, the RMSE o, in the Y-axis direction is shown
below:

(26)
where x,,,, represents the X-axis value of the wth measured
position. All the RMSEs in four directions for the MEMS
sensor, FCF and IFDSST are shown in table 5. As can be
seen, the RMSEs of the proposed IFDSST are significantly
smaller than those of MEMS sensor and FCF in the four direc-
tions. The average RMSEs for the MEMS sensor and FCF are
around 1%, but that of the IFDSST is only 0.229%. This is
also consistent with the results shown in figure 14.
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Figure 13. Some images from the video sequences of tilt motions: (a) X+, (b) X—, (¢) Y+, (d) Y—.
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Figure 14. Trajectories from the MEMS sensor, FCF and the
proposed IFDSST method in the tilt motion experiments (top view).

In all experiments, the average frame rate of the proposed
algorithm can reach up to 92 frames per second, meeting
the basic real-time requirements of tracking. The errors
are analyzed mainly from two aspects: (1) the errors in the

10

experiments are compared with the MEMS sensor and FCF
estimation methods, and the installation error caused by the
MEMS sensor device used on the output shaft is unavoidable.
The estimated attitude in the three methods may be located
at a different point on the end face of the output shaft; (2)
The region where the target is detected is obtained using the
proposed algorithm, and the center of the detected rectangular
area is considered the target position. From the area to the
point, an error may exist.

5.5. Discussions

To make the paper more explicit and flexible in practical
applications, the factors that affect the performances of the
proposed method are discussed as shown below:

5.5.1. Uncertainties of the vision capture system and feature
extraction. The following factors from the vision capture
system and the feature extraction may affect the accuracy of
attitude estimation for PMSM: some parameters of the exper-
imental platform, illumination variation and target deforma-
tion. For example, the distance from the lens to the rotor A, is
measured by artificial selection, which would affect the acc-
uracy of attitude estimation. It is judged by the human eyes
whether the center of the lens and the center of the output shaft
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Table 5. The RMSE:s of the trajectory positions for tilt motion from
the MEMS sensor, FCF and the proposed IFDSST method.

MEMS FCF IFDSST
Direction of tilt motion (mm) (mm) (mm)
X+ 0.963 1.224 0.183
X— 1.052 1.135 0.270
Y+ 1.128 1.562 0.208
Y— 1.309 0.447 0.256
Average RMSE 1.113 1.092 0.229

are aligned along a straight line, which will lead to the incon-
sistency between the original center of the stator coordinate
system and the center of the image. This will further affect
the value of m and n and the calculation of the attitude angle.
In practice, the illumination variation from the vision capture
system is uneven. However, the proposed IFDSST used in
this paper is to extract HOG features for the target, which is
related to the change of pixel to grayscale. The light trans-
formation will affect the extraction of HOG features and the
accuracy of rotor attitude estimation. In addition, if the rotor
moves too fast, the shape of the target may change, which will
affect the feature extraction, feature matching, and ultimately
the target detection and tracking. Therefore, the robustness of
the algorithm against deformation and illumination should be
further studied in the future.

5.5.2. Using Kalman filter to improve the tracking accuracy.
The Kalman filter has the advantages of estimating and cor-
recting the object motion state [37]. As an effective estima-
tion algorithm, the Kalman filter is widely used in engineering
applications such as radar and computer vision [38]. Hence,
the covariance formula of the rotor motion state can be
deduced and the Kalman filter can be integrated into the algo-
rithm to improve the estimation accuracy in future work.

So far, the PMSM is in the open loop running state.
However, the next step of motor research is to realize closed-
loop control by combining the rotor’s attitude estimation algo-
rithm, and to study the motor’s operation performance with
load. When the load is columnar or the volume is small, such
as the robot arm, the proposed IFDSST is available. In future
research, the proposed attitude estimation algorithm can be
integrated into the motor’s control algorithm to realize closed-
loop control and on-load operation.

6. Conclusion

In this study, a detection method based on the target tracking
algorithm is proposed to estimate the attitude of a spherical
motor rotor. The proposed method is based on the FDSST
algorithm, which can realize motion tracking by extracting
the HOG feature of the target in the video sequence. The
method is made feasible for engineering applications of the
motor by transforming the single-target tracking algorithm
into a multi-target one under the premise of ensuring acc-
uracy and robustness. The actual attitude of the motor’s output
shaft is calculated by tracking the markers and estimating the

1

positions of the markers in the image. Based on the existing
PMSM platform, we complete three experiments: yaw, spin,
and tilt motion. In the experiments, we select the MEMS
sensor and FCF for comparison to verify the feasibility of our
algorithm. In the yaw motion, the average relative angle error
of the proposed IFDSST algorithm is 1.0%, which is less than
those of the MEMS and FCF methods (both around 1.5%). In
the spin motion, the relative trajectory errors of the MEMS
and FCF method are between 0.6% and 0.7%, while the error
of the proposed IFDSST algorithm is 0.3%. In the tilt motion,
the trajectory RMSEs of the MEMS and FCF methods are
both over 1.0mm, while the RMSE of the proposed IFDSST
algorithm is about 0.2 mm. Experimental results show that the
rotor attitude of the motor can be estimated effectively and
accurately using the proposed algorithm.
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