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A High Precision Initial Position Estimation Method
for Low Saliency Ratio Machine

Based on Image Tracking
Henghong Wang , Student Member, IEEE, Jiyao Wang , Member, IEEE, and Wei Xu , Member, IEEE

Abstract—In sensorless control of permanent magnet syn-
chronous motor drives, initial rotor position detection is critical
to ensure smooth start-up operation. However, extracting initial
position information for machines with ultra-low saliency ratios is
challenging. To address this issue, this article proposes an estima-
tion method for rotor position using image tracking based on high-
frequency rotating voltage vector injection. Specifically, this article
extracts positive- and negative-sequence currents in the stationary
reference frame and reconstructs the induced current vector. By
utilizing the support vector machine algorithm, the resulting cur-
rent vector images, which contain amplitude and phase information
of the position, are trained to establish the correlation between
the current image and rotor position information. Ultimately, the
electric position can be obtained from image recognition. Since
this method employs image tracking for position estimation, it
accounts for cross-saturation and multiple saliencies, leading to the
relatively high precision of position estimation. Experimental eval-
uation shows that the proposed method achieves higher precision
compared to conventional observers.

Index Terms—High-frequency (HF) injection, magnetic polarity,
sensorless control, support vector machine (SVM).

NOMENCLATURE

id, iq d− and q− axis components of stator current in
the synchronous reference frame, respectively.

isdh, i
s
qh High-frequency stator d− and q− axis current

vector in the stator reference frame.
isc High-frequency current vector in a stationary

reference frame.
irc High-frequency current vector in a synchronous

reference frame.
ia, ib Phase of a, b current.
Ip, In Amplitude of the equivalent positive- and

negative-sequence carrier currents.
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ipn Reconstructs the induced current vector.
Ld, Lq d− and q− axis stator self-inductances.
Lqd, Ldq d−and q− axis stator mutual inductances.
Ldh, Lqh High-frequency d− and q− axis stator self-

inductances.
Lqdh,Ldqh High-frequency d− and q−axis stator mutual-

inductances.
Lsa Average inductance of d− and q− axis stator.
Lsd Half difference inductance between d− and q−

axis stator.
Rs Armature winding resistance.
λpm Permanent magnetic flux linkage.
Pn Number of pole pairs.
J Rotor inertia.
ωe Rotor speed at electrical angle.
ωc Speed of the rotating injected high-frequency

voltage signal.
uq,ud d− and q−axis components of stator voltages

in the synchronous reference frame.
us
c High-frequency voltage vector in a stationary

reference frame.
ur
c High-frequency voltage vector in a synchronous

reference frame.
Vc Amplitude the injected high-frequency rotating

carrier voltage signal.
φ2p, φ2n Phase angle of the second positive- and

negative-sequence current.
φh Phase angle of the hth harmonic current.
θe Actual electrical angle.
θ̂e Estimated electrical angle.
θ′e The previously estimated electrical angle.
p Derivative operator.
wT Transposed matrix of the matrix w.
| | Absolute-value operator sign.
∫ , 1/s Integral operator.
Re, Im Real and imaginary part of the vector.
PID Proportional–integral–differential controller.
KP ,KI ,KD Parameter of the proportion, integral, and dif-

ferential of PID controller.
LSO Luenberger style observer.
LUT Look-up table.
GLCM Gray level co-occurrence matrix.
HOG Histogram of oriented gradient.
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I. INTRODUCTION

F IELD-ORIENTED vector control or direct torque control is
usually used in the ac drive system because of the excellent

precision and dynamic control of the speed and position domain.
Nevertheless, precise information of the rotor position and speed
is essential, measured directly by mechanical position sensors
installed coaxially with the rotor. This not only leads to increases
in the cost and size of the motor system but also degrades the
reliability and stability of the system due to the additional wiring
and connections to sensors. To solve these problems, sensorless
control technology is proposed. It has been the industrial and
academic research focus and an ongoing subject of investigation
[1], [2], [3], [4], [5], [6].

In the field of sensorless control, there are two main cat-
egories: fundamental-model-based control and saliency-based
control, as discussed in [5]. The former utilizes the back electro-
motive force (EMF) of permanent magnet synchronous motors
(PMSMs) to estimate position. Still, it is only effective for the
medium–high-speed range, as the amplitude of back-EMF is
proportional to the speed [7], [8], [9], [10]. On the other hand,
saliency-based sensorless control is adapted for the low-speed
range, as it requires a minor EMF effect. Consequently, the
high-frequency (HF) signal injection method based on saliency
tracking can be used to obtain the initial rotor position. Mul-
tiple sinusoidal HF carrier signal injection methods have been
proposed for position estimation, utilizing either rotating vector
voltage injection [11], [12], [13], [14], [15], [16] or pulsating
voltage vector injection [5], [6], [17], [18], [19], [20].

The prerequisite for accurate sensorless control is to esti-
mate the initial rotor position precisely. However, extracting
the initial position accurately is challenging, and misalignment
during start-up can lead to motor failure or even reversal [6].
The commonly used initial position detection scheme involves
pulling the rotor to a preset position before starting up [4], [6],
[21], [22], [23]. Nonetheless, in certain critical applications, such
as broaching, electric vehicles, and elevators, rotor fluctuations
are prohibited during start-up.

Saliency is indispensable when using the method of HF
injection-based sensorless control [24]. For surface permanent
magnet synchronous motors (SPMSMs), which have no or poor
saliency, position information is extracted using saliency that
depends on the magnetic saturation on the leakage flux paths.
However, cross-saturation and slotting effects can significantly
affect saturation saliency [4], [25]. Compared with HF rotating
signal injection, HF pulsating voltage injection offers higher ac-
curacy of rotor position estimation for machine with low saliency
[5], while the system may be unstable due to the ambiguous
convergent point [26].

In the aforementioned HF injection methods, a low-pass filter
(LPF) is necessary to extract the position signal. However,
this leads to a decrease in system bandwidths, introduces ad-
ditional phase lag. In addition, various factors, such as dead
bands for power switches, nonideal behavior of inverters, stator
and rotor resistances, and cross-saturation, can create angular
offsets or mean estimation errors for position estimation [27].
To improve the accuracy of observer, several approaches are

investigated, such as offline experimental [16], [18], estimation
on d-, q-inductance online [21], [22], and tracking multiple
spatial harmonic saliencies [11], [13]. However, the overall
estimation accuracy using traditional observers based on without
any compensation is unsatisfactory. Undesirable saliencies can
cause errors or complete failure of the HF injection method,
especially for motors with very small anisotropies. To address
this issue, a compensation method utilizing current vector angle
adaptive adjustment online for estimated rotor position has been
proposed in [28]. In [29], an initial position estimation method
was proposed based on the dynamic equation of a PMSM to
address the limitations of low adaptability to PMSMs with
varying saliency and high sensitivity to electrical parameters.
However, the method requires an additional vibration sensor,
resulting in increased costs and reduced reliability. In contrast, in
Xu and Zhu [30], a method utilized zero-sequence carrier voltage
for initial rotor position estimation so as to achieve a large
signal-to-noise ratio (SNR) and excellent stability for sensorless
control. However, this approach requires one balanced resistor
network and hardware setup for voltage sensing, which increases
system size and degrades overall reliability.

To avoid decreasing system bandwidths, HF square wave
injection is utilized instead of HF sinusoidal injection in [31],
while there are multiple convergent points and position errors
in HF square wave injection. Another technique proposed in [6]
involves adding a virtual HF rotation frame based on traditional
HF pulsating injection without requiring PI regulation.

Although initial position can be obtained using the afore-
mentioned methods, they strongly depend on the predefined
inductance model and suffer from electromagnetic interference
(EMI). In order to reduce the impact of noise generated by
single-frequency, the estimated initial position can be obtained
by analyzing the time required for the charging current to
reach its peak value in the bootstrap circuit [23]. However, this
method is limited by errors caused by unbalanced magnetic
fields and nonlinearity of inductance. In [26], another approach
is proposed which compares the amplitudes of the three-phase
HF currents to mitigate the effect of noise. Nevertheless, this
method has a 30° estimation resolution as it relies on rotor
sector detection. For higher SNR, transient short pulse injection
[8], [9], [10], [11], [12] has robust and reliable identification
performance but leads to slower convergence since it needs
additional signals to change the magnetic saturation as the next
step.

Previous literatures in the field of position estimation for
PMSMs have relied primarily on phase or magnitude scalar
methods. However, these methods are vulnerable to distortion by
undesired saliency signals, leading to lower accuracy of position
estimation. To overcome this issue, a position estimation method
based on image-tracking was proposed in [32]. This method uses
the correlation value between the template image and test image
to determine the estimated rotor position. While using only one
correlation value as an image feature for image tracking, it is
still challenging to achieve high precision position estimation.
Additionally, the template images do not include polarity infor-
mation, dictating an additional rotation operation for polarity
identification.
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In contrast, our proposed method utilizes the current image in
the stationary reference, which includes polarity information, to
directly establish correlation between the current vector image
and rotor position information through support vector machine
(SVM). The SVM has the ability to obtain rich image features,
which enables accurate image tracking. Experimental results
demonstrate that the proposed method is capable of achieving
good position estimation performance for low saliency machine,
even in the presence of interference. In conclusion, the proposed
method provides a promising approach toward more accurate
sensorless control for PMSMs with low saliency.

The rest of this article is organized as follows. Section II, an
overview of the HF voltage injection method, focuses on the
current vector image and introduction of the SVM algorithm.
Section III describes the complete process of access to position
information using image identification. In Section IV, the ex-
periments are conducted at various injection positions, and the
performance of rotor position estimation is experimentally eval-
uated and discussed. Finally, Section V concludes this article.

II. TRACK OF HFI CURRENT

A. HFI Mathematical Model of PMSM

The stator voltage model for a PMSM can be represented as
follows in the synchronous reference frame:[

uq

ud

]
=

[
Rs 0
0 Rs

] [
iq
id

]

+

[
Lq Ldq

Lqd Ld

]
p

[
iq
id

]
+

[
λpmωe

0

]
. (1)

When injecting an HF signal, the resistive voltage drop be-
comes less significant than the induced voltage, and the EMF can
be ignored at low speeds. Thus, the stator HF voltage equations
can be approximated as[

uqh

udh

]
=

[
Ldh Ldqh

Lqdh Lqh

]
p

[
iqh
idh

]
. (2)

To obtain the rotor position information, a balanced three-
phase HF voltage with constant carrier frequency is injected
into the fundamental component voltage vector of the motor

us
c = Vc ejωct = Vc (cosωct+ jsinωct) . (3)

Transforming this (3) into the synchronous frame reference

ur
c = Vc e

jωct e−jθe = Vc e
j(ωct−θe). (4)

By substituting (2) into (4) followed by mathematical trans-
forms, the HF current response can be shown as follows:

irc =
Vc

Ld

∫
cos (ωct− θe) dt+ j

Vc

Lq

∫
sin (ωct− θe) dt.

(5)
Transform (5) into the stationary frame reference

isc = irc ejθe = Ip e
j(ωct−π

2 ) + Ine
j(−ωct+2θe+

π
2 ) (6)

TABLE I
EXPLANATION OF SYMBOL IN (8)

where Ip and In represent the amplitudes of the equivalent
positive- and negative-sequence carrier currents, respectively

Ip =
Vc

ωc

(
Lsa

L2
sa − L2

sd

)
; In =

Vc

ωc

(
Lsd

L2
sa − L2

sd

)
. (7)

When considering magnetic saturation and secondary salien-
cies, the current response can be modeled by (8). In this equation,
Ic−nh represents the amplitude of the negative sequence current
induced by the hth order saliency. Regardless of whether or
not secondary saliencies are considered, position information
can still be extracted from the negative sequence of the current
response, as demonstrated in [12] and [13]

isdqc ≈ Ic−p1e
j(ωct−π

2 ) + Ic−n1e
j(−ωct+2θe+

π
2 )

+Ic−p2e
j(2ωct−θe+φ2p) + Ic−n2e

j(−2ωct+3θe+φ2n)

+j
∑

Ic−nhe
j(−ωct+hθe+φh). (8)

The symbols used in (8) are explained in Table I. As seen from
(8), even though multiple saliencies are considered, position
information can still be obtained from the current in the station-
ary frame. There are four parts in (8) that contain spatial (rotor
position) information. These parts include the carrier frequency
of the negative sequence components, the second harmonic of
the negative- and positive-sequence components, and the hth
harmonic of the negative sequence components.

The carrier frequency of the negative-sequence components
contains the twofold electrical rotor position (2θe). The second
harmonic of the negative- and the positive-sequence components
include the fundamental element (θe) and the threefold of the
electric rotor position (3θe), respectively. Both the second har-
monic of the negative- and the positive-sequence components
include odd multiple rotor positions, which is why the second
harmonic of current can be used to distinguish the magnetic
polarity. Finally, the hth harmonic of the negative sequence
components contains the h-fold of the electric rotor position
(hθe).

B. Tracking Observer Rotating HFI Model

The rotor position is necessary to transform the current from
a stationary reference frame to a synchronous reference frame.
However, before it can be estimated, the rotor position cannot be
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Fig. 1. Process to extract the information of the polarity and the position error.

Fig. 2. Observer for rotor position estimation.

applied to sensorless control. The traditional observer method,
based on HF rotating voltage injection, involves extracting
the negative-sequence current using a synchronous frame filter
(SSF) modulating the negative-sequence current with a hetero-
dyne filtering technique to acquire the position error signal,
and obtaining the estimated position with the aid of LSO. As
previously mentioned, the negative-sequence term contains the
position information, while the saturation term includes the
magnetic polarity. Heterodyning and SSF are used to obtain the
position error, as depicted in Fig. 1. However, to extract these
signals, an HPF and an LPF are needed, which can introduce
phase bias in sensorless control.

Commonly, an LSO is designed to estimate the position. The
position error εpos is used as the input signal to LSO with torque
command feedforward to obtain a position with zero phase lag.
The illustrative diagram of LSO is as shown in Fig. 2.

In low saliency ratio conditions, secondary saliencies may
have a greater magnitude than the primary saliency, which can
attenuate estimation accuracy. To improve estimation perfor-
mance and utilize the multipoles information fully, a sensorless
control method based an image tracking is proposed.

C. Image-Tracking Rotating HFI Model

A vector signal is a graphical and pictorial description that
provides more insight than scalar values representing magnitude
or phase, as it contains both amplitude and phase information.
Thus, it is more reliable to extract position information from
current vectors rather than using amplitude or phase modulation
alone [32]. According to (8), the current contains position infor-
mation except for the carrier frequency of the positive-sequence
term.

While any single vector presents a pure circle image in the real
and imaginary expression, the circle’s radius varies at different
positions, which can make identifying the current image accu-
rately difficult, particularly in cases with low saliency ratios. To
obtain enough position features in the position variation of the

Fig. 3. Process of rebuilding vector.

Fig. 4. Image of current vectors at a position. (a) Current trajectory in the syn-
chronous reference frame. (b) Rebuilt current vector trajectory in the stationary
frame.

Fig. 5. Diagram of the rebuilt vector.

current vector, a composite current vector is rebuilt by employing
the HF primary negative-sequence current superimposed on the
second harmonic of the positive-sequence current, which can
distinguish the magnetic polarity. The process of accessing the
rebuilt vector is described in Fig. 3. When plotting the q-axis
current along the x-axis and the d-axis along the y-axis, the
current image over one injection period becomes an ellipse, as
shown in Fig. 4(a).

This article proposes a different approach compared to [32],
which detects rotor position by evaluating the orientation of the
current image in a synchronous reference frame. In [32], the
current image template is rotated by a small increment of one
step to search for an angle that represents the estimated rotor
position. This occurs only if the correlation value of the rotated
template image and the test current image is the maximum in
a cycle. When plotting the q-axis current along the x-axis and
the d-axis along the y-axis, the current image over one injection
period is an ellipse, as shown in Fig. 4(a).

According to (8), the HF current response can be divided
into two components: the HF primary negative-sequence current
response rotating counterclockwise at the speed ωc, and the
second harmonic positive-sequence current response rotating
clockwise at speed 2ωc. Fig. 5 shows a diagram of the rebuilt
vector composed these two components.

To demonstrate the effect of load on the composite vector
image, Fig. 6 shows the vector image at five different rotating
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Fig. 6. Image of the rebuilt vector versus rotating injection angles with
different load.

injection angles in SPMSM machines under three different load
conditions: 0%, 50%, and 100%. It can be observed that each
composite current image is unique, particularly when the injec-
tion angles change. This indicates that the composite current
vector image contains position information and varies with the
injection angles. By comparing the current track at various
injection angles, it is apparent that the location and shape of
the current images differ in the same sketching plane. These
differences are essential for image recognition, which is why
the composite current vector image can be utilized for position
identification.

Furthermore, with an increase in fundamental currents, the
profile of the individual composite current shape becomes more
significant. This suggests a saliency variation in relation to the
fundamental currents and is attributed to feature extraction.
Consequently, this article establishes a correspondence between
the current image and the rotor position information based on
image recognition technology. This transformation enables the
investigation of rotor position information to be converted into
research on the identification of the current image.

D. Mathematical Model of SVM

SVM is a supervised machine-learning algorithm based on
statistical learning theory and the structural risk minimization
principle. Through kernel functions, SVM can transform a non-
linear separable problem into a linearly separable one in Hilbert
space. SVM has shown excellent performance in solving small
sample high-dimensional pattern classification. Moreover, it has
good generalization, fast computation speed, and high accuracy.
As a result, SVM has been utilized to forecast wind speed in
[33] and [34]. Furthermore, SVM is used to predict flux linkage
in [35]. In [36], SVM based on the ripple component is utilized
for speed and position estimation of brushed dc motors.

The SVM algorithm maps the linearly separable training
samples to the high-dimensional space at first and subsequently
utilizes the maximization interval method to search the sepa-
ration hyperplane. A separating hyperplane can be defined as
the following equation: wTxi + b = 0, where w is a decision

Fig. 7. Process of nonlinear transformation.

Fig. 8. Slack variables for linearly nonseparable data.

hyperplane normal vector and b is the intercept term to select
the hyperplane, i.e., perpendicular to the normal vector. When
the classes cannot be separated linearly, the samples need to
be transformed into a high-dimensional space where they can
be linearly separated. This transformation is achieved through a
kernel function φ(xi, xj), which maps the data from the input
space to a feature space where the classes become linearly sepa-
rable. As Fig. 7 presents, the process of nonlinear transformation
from input space high-dimensional feature space.

The kernel function used in this article is the Gaussian kernel
function, with its expression shown as

φ (xi, xj) = exp

(
−‖xi − xj‖2

2σ2

)
. (9)

Assume there is an image set of K object categoriesD =
{(x1, y1), (x2, y2), . . . , (xN , yN )}, whereyi ∈ (1, . . . ,K). To
ensure all training instances satisfy the constraint of separating
hyperplane, it is essential to introduce a slack variable ξi ≥ 0
(i = 1,2, …,) for each training instance so that the value of
geometric interval adds a slack variable is not less than 1. When
training instancexi is on or outside the correct interval boundary,
as shown in Fig. 8. After introducing the slack variable and
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Fig. 9. Block diagram of the initial position process.

changing the constrain, the form of SVM can be written as

min
w,b,ξ

1
2‖w‖2 + C

N∑
i=1

ξi

s.t. yi(w
Txi + b) ≥ 1− ξi

ξ̈i ≥ 0, i= 1, 2, . . . , N

(10)

whereC > 0 is a normalization value used to determine the num-
ber of errors that can be tolerated in a training set. If the value of
C is large, the penalty for misclassification will increase and vice
versa. The constraint in (10) requires that all training examples
can be correctly classified after introducing slack variables.ξi are
slack variables and describe the extent to which the data do not
satisfy the constraint yi(wTxi + b) ≥ 1; xi is the input feature
vector; yi are the associated output class label of xi, and N is
the set of features in each sample. The term 1

2 ‖ w‖2 represents
a structural risk, and it aims to reduce the complexity of the
model or increase the classification interval as much as possible;
the term C

∑N
i=1 ξi indicates the empirical loss, which aims to

reduce the number of misclassification instances or increase the
fit between the model and training data to the most considerable
possible extent, and the constant C is the compromise between
the amount cost of misclassification instances in the training set
and the complexity of the model.

III. IMAGE IDENTIFICATION MODELING

A. Process of Image Identification

The block diagram shown in Fig. 9 illustrates the image-based
initial position identification process using the SVM model.
The system comprises an SVM classifier and a look-up table.
As shown in Fig. 3, the process of current vector rebuilding is
conducted to obtain the inputs and outputs of the SVM classifier,
which are rebuilt current vector images and corresponding labels
representing the rotor position, respectively. To simplify, a num-
ber of type double defined as a label corresponding to the rotor
position. For example, 2 represents the 2° position. However,
during actual testing, interference signals were present due to
undesired signals. When the categorization label value is 362,
the signals are recognized as interferences, and the program
maintains the estimated position as the previously estimated
value. To further clarify this process, Table II is included,
which illustrates the relationship between the position and its
corresponding label.

TABLE II
CORRESPONDING BETWEEN POSITION AND LABELS

And then, the SVM classifier is used to identify to current
image from the current response at the injection position. The
LUT is used to match the position angle according to the label.

A continuously rotating and balanced three-phase carrier HF
voltage vector was superimposed onto the fundamental compo-
nent voltage vector in the stationary reference frame. The cur-
rent analog–digital conversion circuits measure the three-phase
current containing both the fundamental and HF components.
Finally, the rotor angle is achieved with appropriate signal
processing, as mentioned above.

Based on (8), the rebuilt current vector consists of the real
and imaginary parts. In order to eliminate the error of the stator
current, the buffer size is determined to ensure the convergence
of 10 cycles of the HF current waveform according to the
sampling frequency of the current.

The current image is plotted to employ the real part along
the x-axis and the imaginary part along the y-axis. Then, the
current image is fed to the trained SVM classifier. After the
current image is identified and labeled, the estimation position
angle can be acquired.

In order to train the SVM classifier model, we need the
encoder as a reference for training the parameters. To ensure the
accuracy of the training model, the rotor is locked to the injection
angle during the injection progress. Then, the responding current
image is obtained at series rotor positions.

B. Image Identification Model Using SVM

To train a multicategory classification for the identification of
a current image, four processes are involved: image preprocess-
ing, feature extraction, identification classification, and match-
ing of the current image. The acquisition and feature extraction
of the current image data are explained below. Additionally,
this article explains the techniques required for each step in
multicategory classification, as shown in the flowchart in Fig. 10.

Step 1 Define the number of categorizations.
The number of categorizations must be carefully chosen be-
cause it directly correlates with the position precision. A larger
number of categorizations can provide greater precision, but it
also results in a relatively large model and longer computation
time. To achieve a better tradeoff between overall accuracy
and consumption of time for position estimation, this article
selected 180 position categorizations, dividing an electrical
cycle into 180 equal parts, with parts of two electrical degrees
at each interval considered as a categorization label. An
additional classification was added to recognize dynamic in-
terference signals, improving the recognition rate in dynamic
cases. Therefore, 181 categorizations were selected for this
article.

Step 2 Obtain the data of the train and test.
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Fig. 10. SVM algorithm for position estimation.

A total of 50 experiments were conducted at each position to
obtain 9000 samples from the experiment results, considering
nonlinear effects, such as nonideal behavior of the inverter and
sensor resolution. It is noted that the interference image data
were manually selected from the experimental image data. To
remove experimental errors, 10 multiplied periods of carrier
frequency were included in every experiment at each position.
Thirty-eight data groups were randomly selected to train the
SVM for nonlinear mapping between position information
and current image. To verify the model in every position, the
remaining 12 groups of data were used as the test sets.

Step 3 Extract features of the current image.
Feature extraction is the process of simplifying an image
by extracting valuable information and discarding irrelevant
information. Extracting eigenvectors is a crucial step in im-
age identification, and can be achieved using methods, such
as edge detection, histogram analysis, texture analysis, and
shape analysis. In this article, the HOG method of edge
detection is employed because an edge-detected image con-
tains valuable feature information. The GLCM method is also
utilized, as it effectively captures comprehensive information
about the direction, adjacent interval, and changing amplitude
of a grey-level image. Features derived from HOG and GLCM
are then fed into an SVM to identify defects classification.
To avoid a sparse feature extraction that would result in a
heavy computational burden with potentially lower identi-
fication precision, the whole image is divided into several
4 × 4 small cells. By calculating the HOG of each cell,
more compact features are represented. To describe the local
variation characteristics of the image in horizontal, vertical,

Fig. 11. Extract features of the current image.

and diagonal directions, GLCMs in four directions of 0°, 45°,
90°, and 135° are selected. Characteristics, such as energy,
contrast, correlation, and homogeneity, are chosen to describe
the texture feature of the image. The entire feature extraction
process from the current image is presented in Fig. 11.

Step 4 Evaluate the model of position estimation.
The accuracy of the confusion matrix serves as an evaluation
criterion for the reliability of the position estimation model.
The parameter selection process finalized when the image
recognition rate for position estimation is more than 95%. The
image recognition rate refers to the proportion of correctly
classified samples in the total test samples. The SVM model
used in this article achieved an image recognition rate of
95.41%.

IV. EXPERIMENT EVALUATION

A. Introduction of Testbench

To confirm the effectiveness of the proposed position estima-
tion method, our experiments were conducted using a Speedgoat
as a real-time controller (sometimes referring as MBD rapid
development), which acted as the controller prototype to ex-
ecute our algorithm. This controller generates PWM signals
into a real three-phase inverter, which drives an actual motor.
The proposed initial rotor position estimation method was also
tested on an SPMSM with low saliency, and its parameters
are provided in Table II. The Speedgoat is a real-time target
controller that can operate at a frequency of up to 150 MHz
and has the capability to sample a 4-channel 16-bit A/D con-
verter simultaneously on the used board. The PWM VSI was
built using MOSFET Ipd082n10n3g and a three-phase half-bridge
driver IR2110strpbf. The experimental platform is illustrated
in Fig. 12. In order to verify the proposed estimation method,
experiments have been conducted on a Speedgoat. The initial
rotor position estimation scheme has been investigated using
experiments on an SPMSM, and its parameters are listed in
Table III. The Speedgoat is a real-time target controller whose
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Fig. 12. Experimental platform.

TABLE III
SPECIFICATIONS OF THE MACHINE AND THE INJECTION SIGNAL

frequency can reach 150 MHz and is the ability to sample a
4-channel 16-bit A/D converter in a used board simultaneously.
The PWM VSI is constructed by MOSFET Ipd082n10n3g and
three-phase half-bridge driver IR2110strpbf. The experimental
platform is shown in Fig. 12.

Generally, a larger amplitude of the HF voltage results in
improved accuracy estimates of the position but can also gen-
erate losses, noise, and vibration. As the estimation process
for initial position is short, the losses and noise from higher
amplitude HFI can be neglected. Therefore, the amplitude of
HFI can be selected to generate saturation saliency that ensures
position estimation accuracy. Moreover, the carrier frequency
of the HF signal injected should be far from the fundamental
machine operating frequency so that the frequency current is
easily separated. If the carrier frequency is excessively high,
it can lead to insufficient HF amplitude current and increased
disturbance due to the switching frequency. To trade-off, this
article selects an HF voltage signal with a magnitude of 4 V
and a frequency of 500 Hz, which is then injected into the
stationary reference frame. Experiments are conducted with
current sampling and PWM switch frequencies set at 20 and
20 kHz, respectively.

B. Saliency of the Test Machine

The saliency ratio is a value that can demonstrate the charac-
teristic of saliency for a machine. However, due to its structurally
symmetrical design, the SPMSM has little or no saliency. The
saliency for the SPMSM depends on spatial saturation. Based
on the electromagnetic saturation model, the saliency ratio is

Fig. 13. Values of the saliency.

determined as

ξ =
Ip + In
Ip − In

. (11)

Fig. 13 displays the values of the saliency ratio at various
positions. As can be observed, the values of the saliency ratio
are significantly different at different positions, as indicated by
the orange–brown asterisk. At some positions, the saliency ratio
is less than 1.04, and the maximum value of the saliency ratio
in the experimental positions is not greater than 1.16. Because
of its low saliency, the conventional observer-based position
estimation performance is unsatisfactory.

To evaluate the performance of the estimated position over a
360° period, the error between the actual position and estimation
position is defined as follows:

Δ θe =

⎧⎨
⎩

∣∣∣θ̂e − θe

∣∣∣ , ∣∣∣θ̂e − θe

∣∣∣ <= 180◦

360◦ −
∣∣∣θ̂e − θe

∣∣∣ , ∣∣∣θ̂e − θe

∣∣∣ > 180◦.
(12)

C. Estimation Performance Using Position Observer

To demonstrate the estimation performance of the observer,
the experiment was implemented at a standstill with the injection
angle at θe = 2900 , as depicted in Fig. 14. The first subfigure
from the top displays the real and imaginary part of the nega-
tive sequence current ic−n1 obtained by the investigation based
on the conventional observer. The second and third subfigure
presents the extracted position error εpos and pole information
εpol using the conventional method, respectively. Meanwhile,
the fourth subfigure demonstrates the actual position θe, the
estimated positions θ̂e, and the position estimation error Δθe.
Theoretically, the error signal εpos extracted through heterodyne
method is converging near 0, which serves as an indicator that
the estimated position is congruent with the actual position.
However, as shown in the second and fourth subfigures of
Fig. 14, the extracted position error εpos almost approaches 0,
the estimated position is approximately 20 electrical degrees at
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Fig. 14. Position estimation performance of the conventional observer at a
standstill with the injection angle at 290°.

θe = 2900 . Regrettably, the position estimation error Δθe is
also nearly 90 electrical degrees, indicating an improper estima-
tion result. It is important to note that, as depicted in the first
subfigure of Fig. 14, interference signals occurring between t0
and t1can result in errors when extracting polarity information.
Furthermore, as seen in the fourth subfigure of Fig. 14, such
interference signals can also lead to significant deviations in
estimation accuracy. Hence, conventional observers do not have
the ability to eliminate interference signals, which can lead to
large estimation errors when the HF rotating signal is disturbed.

Considering the polarity detection and more convenient, the
estimated calculated position error is according to (12) and
converted it into a display within an angle period of 180°. As
shown in Fig. 15, the errors of the estimated position using the
conventional observer are denoted by the brown asterisk. Only
a few position errors fall within the blue circle with an error of
less than 30°. However, many position errors exceed 90°, which
is outside the red circle.

D. Estimation Performance Using Image Tracking

To operate the SPMSM test machine, a rotating vector is
injected in the stationary reference frame at several positions.
The images of the rebuilt current vector are different under
various rotor positions, and the responded current appears in
the form of different current trajectories in a plane. Based on
the characteristics of these different current responses, corre-
sponding position information can be extracted from the current
image.

1) Estimation Position at Standstill: As shown in Fig. 16,
the results of the injection angles at θe = 00 without load are

Fig. 15. Errors of estimated position using the conventional observer.

Fig. 16. Experimental results and position estimation performance without
load at 0°.

presented. The iα and iβ are displayed in the first subfigure,
while the real part of composite current ipn and the imaginary
part of composite current ipn are shown in the second subfigure.
Actual position and estimated position are presented in the third
subfigure, while the position estimation error Δθe is shown in
the fourth subfigure. The descriptions of the subfigures in the
following figures are the same. From the first subfigure, it is
evident that the amplitude of iαand iβ is not equal, indicating
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Fig. 17. Experimental results and position estimation performance with full
load at 0°.

that the stationary current contains negative-sequence current,
which contains position information. In the second subfigure,
Re[ipn]and Im[ipn] show harmonic content. The amplitude,
phase, and offset values of Re[ipn] and Im[ipn] also differ. As
seen from the third and fourth subfigures, the position estimation
performance is satisfactory, with a maximum Δθe of two
electrical degrees.

To illustrate the impact of cross-saturation effects, the second
experiment shows the results of the injection angles at full load
in Fig. 17. It can be observed that the amplitude of the real and
imaginary parts of ipn is greater than in the absence of load,
since saturation saliency increases with load. Under full load,
Δθe is almost equal to 0 (360) electrical degree in the fourth
subfigure.

2) Estimation Position With Interferences: To analyze the
polarity information in the composite current vector, the results
of the injection angles at no-load are displayed in Fig. 18. This is
due to the substantial differences in amplitude and phase of the
composite current harmonic displayed in the second subfigure,
compared to the current shape shown in Fig. 16. As a result, the
rotor position with polarity information can be directly obtained.

It is noted that during the initialization process of image
recognition, which lasts from 0 to 60 ms, the estimated position
output remains constant at the set value of 0 until the completion
of the initialization process. As shown in Fig. 19, in the time
range of 100 to 140 ms, the extracted HF current is confused
with some interference signals, which subsequently leads to a
negative-sequence current and rebuilt current distortion. When

Fig. 18. Experimental results and position estimation performance without
load at 180°.

Fig. 19. Experimental position estimation result with interferences at 4°.
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Fig. 20. Errors of estimated position using image tracking.

the method based on the image recognition algorithm accurately
identified the interference signal, the categorization label value is
362. When there are signal interferences, the estimated position
remains the same as the previous estimate in the program. The
results of position estimation with signal interference are shown
in Fig. 19. It should be noted that during the initialization process
of image recognition, which lasts from 0 to 60 ms, the estimated
position output remains constant at the set value of 0 until the
completion of the initialization process.

3) Errors of Estimated Position Using Image Tracking: In
order to evaluate the accuracy of the proposed method, the
estimation error results for 180 test cases with 2° intervals
between each test, covering the range of 0°–358°, are shown in
Fig. 20. The values of position error are indicated by the brown
asterisks. All of the position errors fall within the outermost
circle in Fig. 20, with an error of less than 2.5°. As depicted in
Fig. 20, the red circle represents the error range of 2°, and the
majority of the position errors during the 180 tests are contained
within this circle. These results indicate that the initial position
estimation based on image tracking has a high level of precision.

4) Estimation Position at a Relatively Low Speed: To eval-
uate the dynamic performance of our proposed method, the
experiments at 3 rpm without load is displayed in Fig. 21.
The experimental results indicate that even in the presence
of interference signals, our dynamic location estimation can
achieve better estimation accuracy. The overall average error
was 4.47°, and the maximum estimation error did not exceed
20°, except for the program initialization error.

5) Estimation Position Under the Change Load Condition:
To evaluate the position estimation performance during start-up
with a load, experiments were conducted from standstill with
load to 2 rpm, as illustrated in Fig. 22. During this experiment,
the motor began from a standstill state and gradually increased
to 2 rpm under load until the load was unexpectedly unloaded
around the 13 s. Our experimental results indicate that, overall,

Fig. 21. Experimental result and position estimation performance at 3 rpm
without load.

Fig. 22. Experimental result and position estimation performance of start-up
with load.
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the average error during the entire operation was 1.55°, exclud-
ing the partial position error resulting from fluctuations in the
q-axis current during velocity modulation. These findings sug-
gest that our proposed image tracking method delivers reliable
performance for position estimation.

V. CONCLUSION

This article proposes an image-tracking-based method to ob-
tain the initial position of electric machines with low saliency in
order to improve the sensorless control performance of SPMSM.
The proposed method utilizes a current vector image constructed
from the negative and second harmonic components of the pos-
itive sequence of HF current signals in the stationary reference,
which contains rich position information.

Compared to traditional HF rotating injection methods,
existing saliency-based observers result in relatively large errors
due to the effect of multiple saliencies and cross-saturation
when used for motors with low saliency ratios. To address
this issue, the proposed method considers cross-saturation
and interference signals to effectively identify subtle position
features and enable accurate sensorless control of SPMSM with
very low saliency ratios.

The experimental findings demonstrate that our proposed
method exhibits high estimation accuracy and robustness even
under changing load conditions. In static conditions, the position
error is less than 2.5 electrical degrees. At low speeds, the
average dynamic estimated position error is less than 4.5 elec-
trical degrees, even in constantly changing working conditions.
It is noteworthy that while the experimental results presented
were obtained using an SPMSM with a low saliency ratio, the
proposed method can be applied to other PMSMs as well.
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