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Abstract: The high-frequency (HF) voltage injection method is widely applied in achieving position-
sensorless control for interior permanent-magnet synchronous motors (IPMSMs). This method
necessitates precise and rapid extraction of the current signal for accurate position estimation and
field-oriented control (FOC). In the traditional methods, the position error signal and fundamental
current are extracted from the current signal using band-pass filters (BPFs) and low-pass filters
(LPFs), or a method based on time-delay filters. However, the traditional extraction method falls
short in ensuring simultaneous dynamic performance and accuracy, particularly when the switch-
ing frequency is limited or when encountering harmonic and noise interference. In this article, a
novel HF pulsating square-wave voltage injection method based on an improved current signal-
extraction strategy is proposed to improve the extraction accuracy while maintaining good dynamic
performance. The newly devised current signal-extraction method is crafted upon a notch filter
(NF). Through harnessing NF’s effective separation characteristics of specific frequency signals, the
current signal is meticulously processed. This process yields the extraction of the position error
signal and fundamental-current component, crucial for accurate position estimation and motor FOC.
Simulation and hardware-in-the-loop (HIL) testing are conducted to validate the effectiveness of the
proposed approach.

Keywords: IPMSM,; position-sensorless control; HF voltage injection; signal extraction

1. Introduction

In the past decades, IPMSMs have found application in various industries and traction-
drive systems due to their high efficiency, compact size, precise control, elevated power
density and the extensive operating speed range [1-3]. Field-oriented control (FOC) stands
as a cornerstone of high-performance control strategies for Interior Permanent-Magnet
Synchronous Motors (IPMSMs), offering precise regulation of the motor’s magnetic flux and
torque. Traditionally, the implementation of FOC necessitated the use of position sensors
to accurately ascertain rotor position and speed, ensuring optimal motor performance.
However, in recent decades, considerable attention has shifted towards sensorless control
methods for IPMSMs.

The emergence of sensorless control techniques represents a significant advancement,
eliminating the reliance on physical position sensors and offering a host of benefits. These
benefits include cost reduction through the elimination of sensor procurement and installa-
tion, simplified system design by removing additional hardware components, increased
system reliability due to reduced points of failure, and improved efficiency through ad-
vanced signal-processing algorithms and motor model estimations. Additionally, sensorless
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control methods afford greater flexibility and adaptability, enabling seamless integration
into existing systems without requiring extensive modifications. The growing interest
in sensorless control of IPMSMs underscores a broader trend towards enhancing motor
control efficiency, reliability, and performance while reducing overall system complexity
and cost [4]. As sensorless control techniques continue to evolve and mature, they are
poised to play a pivotal role in driving the widespread adoption of IPMSMs across diverse
industrial applications and traction-drive systems.

In position-sensorless control applications, accurate position estimation is essential for
ensuring stable motor operation, precise speed control, and efficient torque generation [5]. It
enables the motor controller to maintain optimal performance even under varying operating
conditions and load disturbances. Moreover, accurate position estimation enhances the
motor’s fault tolerance in sensorless control applications, allowing the system to detect and
respond to faults effectively without relying on sensor feedback. Furthermore, in the realm
of railway-traction applications, low switching frequencies are typically employed. PMSM
sensorless control is currently being explored in this context [6]. Additionally, in the event
of speed sensor failures, sensorless control can serve as a redundant backup, enhancing
fault tolerance in the case of position-sensor malfunction.

The sensorless control strategies for IPMSMs can be classified into two main groups [7]:
model-based methods designed for medium-to-high speed operating ranges, and saliency-
based methods intended for low-speed operational ranges. The model-based method
for sensorless control of IPMSMs focuses on estimating the rotor position and speed by
observing the motor’s back-electromotive force (EMF) [8] or flux linkage [9]. This approach
typically involves the use of a position observer, which utilizes mathematical models of the
motor’s dynamics and electromagnetic properties to estimate the rotor position and speed.
Several techniques fall under the umbrella of model-based sensorless control methods, in-
cluding the sliding mode observer, the extended Kalman filter, the MRAS observer [10-13],
etc. The model-based methods leverage the inherent relationship between the motor’s
electrical quantities (such as back EMF or flux linkage) and its mechanical parameters (such
as rotor position and speed) to estimate the rotor state without the need for physical sen-
sors. By utilizing mathematical models and advanced estimation techniques, model-based
sensorless control methods offer robust and accurate rotor position and speed estimation,
enabling efficient and reliable control of IPMSMs in various applications. These model-
based methods have exceptional performance in medium-to-high-speed areas; however,
they encounter challenges in the low-speed region because of the diminished signal-to-
noise ratio (SNR) resulting from factors such as harmonics and inverter nonlinearity [14].
To extend sensorless control in the low-to-zero-speed region, researchers have devised
the saliency tracking methods, and the HF voltage injection-based method represents
a notable category of methods. Based on the injection reference frame of the injection
signal, HF voltage injection methods can be broadly classified into rotating voltage injec-
tion methods [15-20] and pulsating voltage injection methods [21-24]. Depending on the
injection signal, the pulsating voltage injection methods can be further subdivided into
pulsating sinusoidal voltage injection (PSVI) and pulsating square-wave voltage injection
(PSWVI) methods. By leveraging the distinctive characteristics of HF voltage signals and
analyzing the motor’s response, these methods provide robust and accurate rotor posi-
tion and speed estimation, enabling effective control of IPMSMs across a wide range of
operating conditions.

In the realm of sensorless control for IPMSMs, the application of HF signal injection
methods presents a promising avenue for accurately estimating rotor speed and position,
particularly in low-to-zero-speed regions. However, the accuracy of these estimations
hinges on several interconnected factors that must be carefully considered and optimized,
including the choice of the injection signal, the processing and extraction of the position
error signal, and design of the position observer [25,26]. In the traditional HF voltage
injection methods, the HF induced current and the fundamental current are extracted by
using a band-pass filter (BPF) and a low-pass filter (LPF). Nonetheless, employing the
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BPF + LPF-based strategy for signal extraction can degrade the dynamic performance
of the system [27,28]. In order to enhance the dynamic performance of the sensorless
algorithm, [29] proposed a signal processing method without LPF, in which the position
error signal is obtained directly through arithmetic calculations, bypassing the need for
low-pass filters, which not only eliminates time delays but also enhances the system’s
dynamic performance. But the BPF is still needed when extracting the HF induced-current
signal, so the bandwidth of the system is still limited. In [30,31], a method is proposed for
directly calculating the estimated rotor position through the utilization of the arctangent
function. This method can improve the dynamic performance of the system; however,
it needs the frame of the HF injected voltage to be changed, which will complicate the
signal demodulation process and elevate the challenge in parameter design. To eliminate
both the BPF and LPF and extend the bandwidth of the position estimation loop, [32]
proposed a time-delay filter-based signal-extraction method building upon the symmetric
characteristic of the injected voltage signal. This method eliminates the BPF and LPF at the
same time, and has a higher bandwidth compared with the traditional methods. However,
in the application of this method, the fundamental current is assumed to remain constant
between the two sampling instants. Nevertheless, in specific applications like high-power
railway-traction systems, the switching frequency is limited to several hundred hertz,
strategically reducing switching losses and optimizing inverter efficiency [13,31]. This can
lead to substantial errors, as a low switching frequency may cause significant variations
in fundamental-current values between two sampling moments. Furthermore, in signal
separation, aside from employing sampling bandpass filters (BPFs), notch filters are also
commonly utilized. Through proper design, notch filters can be employed for both filtering
and separating signals [33]. In [34], the master-slave adaptive notch filter (NF) is employed
to effectively filter and process the observed back-electromotive force (EMF). This approach
offers robust filtering capabilities, particularly suitable for use with sliding-mode position
observers. Similarly, [35] presents a novel least mean squares (LMS)-based adaptive NF
designed specifically for harmonic suppression. While both methods demonstrate efficacy
in enhancing signal quality for high-speed region applications, their direct application in
HF signal injection methods necessitates careful reconsideration and redesign to ensure
compatibility and optimal performance. Therefore, further research and adaptation may be
required to adapt these techniques for signal injection purposes.

To address the aforementioned issues, this paper proposes a novel HF PSWVI method
based on an improved current signal-extraction strategy. The improved strategy proposed
for current signal extraction relies on the implementation of the notch filter (NF). It is
designed to extract the position error signal and fundamental-current component, ensuring
accurate position estimation and FOC. This approach not only eliminates the need for the
BPF and LPF, thereby extending the bandwidth, but also safeguards the estimation results
from being impacted by harmonics and noise and can overcome the challenges associated
with low switching frequency. The subsequent sections of this article are structured as
follows: Section 2 outlines the HF mathematical model of IPMSM and the mechanism of
the conventional PSWVLI. In Section 3, the characteristics of the notch filter are analyzed,
and the proposed HF PSWVI method is introduced. In Section 4, simulation and hardware-
in-the-loop (HIL) testing is carried out, the results of the conventional and the proposed
HF PSWVI methods are compared, and the validation of the effectiveness of the suggested
control strategy is confirmed. Ultimately, the findings are summarized in Section 5.

2. Analysis of HF Pulsating Square-Wave Voltage Injection Methods
2.1. Mathematical Principle of HF PSWVI

The voltage model of the IPMSM in the rotor dg-reference frame can be represented

as follows:
[ud} {pLd +Rs  —wel, } {id} [ 0 } (1)
Ug welLy pLs + Rs iq cugl/Jf
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where 1, u; and iy, iy are current and voltage in the dg-reference frame respectively, L; and
L, represent the dq axis inductances, § denotes the flux linkage of the permanent magnet,
wy denotes the rotor speed, and p represents the differential operator.

Owing to the significantly higher frequency of the injected signal compared to the
fundamental operating frequency, the contributions of the stator-resistance voltage drop,
rotating voltage, and back EMF in Equation (1) can be disregarded. The high-frequency
injected voltage can indeed induce increased eddy currents, resulting in an increase in the
motor’s equivalent resistance. However, since the injected voltage used in this paper oper-
ates at 500 Hz, with an overall moderate injection frequency, the eddy currents generated
are minimal. Under high-frequency signal excitation, the IPMSM can be approximately
treated as an inductive load. Hence, the HF mathematical model of the IPMSM can be

represented as
Ugp| _ |pLa 0 } {idh} ’
[”qh] [ 0 pLq] lign @

The subscript h represents the HF component.

Figure 1 shows the coordinate reference frames of the IPMSM; the dq coordinate
axis denotes the real rotor reference frame (RRRF), the tfti coordinate axis represents the
estimated rotor reference frame (ERRF), and Af denotes the angle error between the RRRF
and ERRF. In theory, high-frequency voltage signals can be injected into both the d-axis and
g-axis. However, to mitigate the influence of the injected current on the motor torque, the
paper specifically chooses to apply voltage injection along the d-axis. The HF square-wave
voltage signal is injected in the ERREF, as in the following expression

_ |\ HYdimj| _ (_1)nuh
Uinj = l”;in;] = { 0 ] 3)

where 1, ' and u,; represent the HF voltage components in the tfﬁ axis of ERRF, U}, de-
notes the amplitude of the injection signal, and # represents the index of the control period.

q A

0

Figure 1. Coordinate reference frames of IPMSM.

The conversion of the injection HF-voltage components from the ERRF to the RRRF
can be articulated as follows:

ugp| | cosAB  sinA0
Ugn] | —sinA@ cosA@

ujiﬂj] (4)

uﬁinj

The relationship between HF induced currents in the dg synchronous rotating coordi-
nate and the a-f stationary coordinate system can be formulated as the following:

iy| _ |cosb, —sinby| |igy 5)
igh " |sinf,  cosé, igh
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Upon substituting Equation (4) into (2), the HF induced currents in the dg-axis can be
obtained. Further transforming it into the a-f stationary reference frame according to (5),
the expression for the HF induced currents in a-B-axis can be derived as

pigy]  Ydinj [Lycosfy — ALcos(6y + AB) ©)
pign| — wyLayLgy | Lysind, — ALsin(6; + Af)
where Ly = Lszqu,AL =

It is evident that the HF induced currents encompass positional information, offering
the potential for estimating the rotor speed and position of the IPMSM.

Li—Lg

2.2. Analysis of the Conventional Signal-Extraction Methods

When employing an HF PSWVI method in the d-axis of the ERRF, the motor currents
comprise both HF induced-current components and fundamental components, which can
be utilized to extract the position error signal and fundamental-current component for the
rotor position observation and motor FOC.

The BPF+LPF-based method is a conventional approach to extract the position error
signal and the fundamental-current components from the rotor currents. Figure 2 illustrates
the signal-extraction process. The extraction of the HF induced-current component is
achieved through the utilization of the BPF, and the fundamental component is obtained
by applying the LPFE.

iy + Current udq ++ VSI
dq > ® > >
Controller PWM Inverter

abcs

i ;
dgf 4 aﬂ
: LPF 2bc
r Position ‘9| err 1| Signal
A Observer i| Processing
0, <4—] i

Figure 2. PSWVI method with BPF + LPE.

The time-delay filter signal-extraction (TDFSE) method is another conventional signal-
extraction strategy [32,36]; Figure 3 depicts its signal-extraction process.

Uini O
idq + current Y. 4% PWM | VSI
'_® > Controller | Inverter |
fAl b H
) Uy ) Z_l Iabcs
quf dq Iaﬂf =
05 X af
aﬂ - " + abc
A Z‘l
’ Position ‘gerr Signal | 'aﬂh ‘
é Observer | Processing - +
' Signal Extraction

Figure 3. PSWVI method with TDFSE strategy.

In this method, the fundamental current is assumed to remain constant in the adjacent
sampling periods. Due to the symmetry inherent in the injected square-wave voltage, the
induced currents maintain a consistent magnitude but exhibit opposite polarities in two
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successive sampling periods. The extraction of the fundamental-current component and
the HF induced current can be accomplished as follows

(e
in(n) = Blr1hto-

where the subscript f denotes the fundamental-current component, while & represents the
HF induced-current component.
Hence, the discrete-time representation of this filter can be articulated as

Gflz) = - o
{Gh(z) e (®)

Compared with the BPF + LPF-based method, the TDFSE strategy has a higher band-
width and a better dynamic performance and it has attained heightened ubiquity in
HF PSWVI application. However, in some low switching-frequency applications, the
fundamental-current component undergoes substantial variations between two successive
sampling moments, making it inappropriate to assume its constancy. Additionally, in
practical applications, sampled currents often contain harmonics and noise, and the motor
current can be represented by the following expression:

is:if-i-ih-i-ihn 9)

where isr and ig, denote the fundamental- and the HF induced-current component, and iy,
represents the harmonics and the noise current.

The presence of harmonics and the noise current will also adversely impact the
accuracy of current extraction, consequently influencing the observation of the motor rotor
and its position.

3. Proposed HF PSWVI Method Based on Improved Signal-Extraction Strategy

When employing the HF PSWVI method, to ensure accurate observation of rotor speed
and position while maintaining optimal dynamic performance, this article introduces a
novel signal-extraction approach based on NF. The precision and dynamic performance of
the control system’s extraction have been significantly improved.

3.1. Review of NF Characteristics

In this section, the characteristic of the NF is delved into, as it plays a crucial role in the
context of current-signal extraction. The NF presents a distinct advantage over a normal
band-stop filter by providing a more precise and selective attenuation of a specific frequency,
allowing for effective elimination of interference without affecting neighboring frequencies
so extensively [37,38]. The transfer function of the standard NF can be rewritten as

s2 + w?
GnNrF(s) = 0

== 10
$2 + wes + wh (10)

where wy signifies the central rejected frequency, while w, denotes the width of the re-
jected band.

Defining wy = 271tfy, w, = 271tf,, Figure 4 depicts the bode plots for the NF with
the central rejected frequency fy = 500 Hz, and three widths of the rejected bands are
selected, where f. =1, 10 and 20 Hz. When the input signal frequency closely approaches
wy, the gain in the NF is very small, and as w, increases, the frequency selection capacity
diminishes. With reasonable settings, the NF is very suitable for extracting and separating
specific signals.
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Figure 4. Bode plot of NF.

3.2. HF PSWVI Strategy Based on Improved Signal-Extraction Method

The diagram in Figure 5 outlines the key blocks involved in the NF-based improved
position-error signal-extraction method. According to Formula (9), the sampling currents
in the a stationary coordinate system can be represented as

{ias = iﬂ(f + iah + iahn (11)
ilgs = iﬁf + iﬁh + i/Shn

where the subscripts f, h and hn denote the fundamental current, the HF induced current,
and the harmonics and the noise current, respectively.
Similarly, the sampling currents in the dg rotor reference-frame system can be repre-
sented as
{l:ds = i +igp + igpn (12)
lgs = 14f + lgp + Lapn

+

i i, _ .
ias ™ ap . NF (e, =0) X Lot
JiS I
| g | s .
‘Tq (NF (@, = 0) Q>
+

ar

-1 sgn(uinj) E

iV Z . :

— < lun Pl I
b Sl al ] Normal
NF (@, = o) ': Upn + Pl I ization

=X mig E

Z sgn(u;,;) 3

Envelope Dectection :

Figure 5. Block diagram of improved NF-based signal-extraction (NFSE) method.

In the process of current demodulation, a NF configured with a center frequency
aligned with the frequency of the injection voltage signal is employed to separate the HF
induced-current signal from the sampled current. Formula (13) illustrates the result after
the input current signal passes through the NF.

NF (iaﬁs) =NF(inpf + inpn + iapin) = iapf + iaphn (13)
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By subtracting the NF filtered signal from the original signal, the HF induced-current
signal is acquired and the harmonics and noise components are filtered out.

Furthermore, to accomplish vector control, it is essential to extract the fundamental
current in the dq rotor reference frame; similar to the process of separating HF induced
currents, an NF is employed with the center frequency set to 0 Hz. When wy is set to zero,
when A is set to 0, Equation (10) can be written as Equation (14), and in this scenario, the
NF effectively functions as a high-pass filter.

, s
G'NE(s) = Py (14)

Upon convergence, the estimated position aligns with the actual position, A8 ~ 0,

0, ~ 6, according to Formula (6); the expression for the envelope curves of the HF induced
currents is as follows:

{ICOS = K - cos0, (15)

Iin = K - sinb,

where K = U}, / (wyLy), and wy, denotes the frequency of the injected square-wave voltage.

After the HF induced currents are separated, the envelope curves can be detected by
the envelope detector in Figure 5 [32]. The envelope curves of the HF induced currents
contain position information, which can be utilized for extracting the rotor speed and
position of the IPMSM. In theory, the estimated rotor position and angle can be directly
calculated using Equation (15). However, due to the instantaneous nature of the calculation,
even when the estimated results are filtered, significant fluctuations may occur. To achieve
smoother and more accurate estimation results, a position observer is employed after
extracting the envelope of the HF induced current to estimate the rotor position and speed
of the motor.

In order to eliminate the coefficient K in Equation (15), the extracted envelope is
normalized. Subsequently, the position error signal can be derived as the following:

P

Oerr == sin(6, — 6,) = sin 6, cos 6§, — cos 0, sin b, (16)

Figure 6 illustrates the control structure of the HF PSWVI strategy with the proposed
improved position-error signal-extraction method. Following the extraction of the position
error signal, a position observer is implemented to estimate the rotor position and speed of
the IPMSM. A PI-form position observer introduced in [29] is applied in this article.

.'d_Fdb—p Ug gec

l ko —»  Vvoltage 0 =

@ —> decouplin d_dec 5 -

v, pling U, 9rl Thre\fsl:hase

O d 5 Polar |-M B
eyl MTPA | i y = + u transfor PWME—) _| Uy
= - PT Fy——460- 2> -mation | 4 =

idf (Aaﬁ :—CD
i Improved |«£] ~abc|

Signal L
g | Extraction

Position < IPMSM
Observer

Figure 6. Block Diagram of HF PSWVI strategy with improved signal-extraction method.

4. Simulation and Experimental Validations
4.1. Simulation Analysis

To validate the viability of the proposed algorithm, the benchmark IPMSM drive system
as outlined in Table 1 is applied in the simulation testing with the MATLAB/Simulink 2022b.
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The simulation details include a “discrete” solver type with a step size of 1 x 107 s. The
IPMSM and inverter are modeled using Simscape library components. The controller sampling-
time and control period are established at 10 kHz. Additionally, the converter switching
frequency is configured at 500 Hz, employing SVPWM modulation to accurately simulate the
real applications in the traction-drive system. During the simulation testing, the proposed HF
PSWVI strategy with the improved signal-extraction method illustrated in Figure 6 is employed,
where the IPMSM drive control is based on vector control. The injection frequency is set to
match the switching frequency at 500 Hz, while the injection voltage amplitude is configured at
30 V. More specific control parameters are provided in Table 2.

Table 1. Parameters of the IPMSM.

Parameters Values Parameters Values
DC link voltage 900 V No. of pole pairs p 4
Rated power 300 kW Stator resistance 0.0066254 ()
Rated frequency 200 Hz d-axis inductance 0.3062 mH
Rated current 533 A (RMS) g-axis inductance 0.498 mH
Peak current 696 A (RMS) Flux linkage 0.128046 Wb

Table 2. Parameters of controllers and filters.

Parameter Items Parameter Values
PI for the stator current K; =0.12,K, =10
Notch filter wy = 271t fy, we = 27 fe, fo =500 Hz, f = 0.1 Hz
PI for the position observer K; =32,K, =40

To analyze the steady-state characteristics of the proposed approach, we assume that
the motor is subjected to a mechanical load with substantial inertia and operates at a
constant speed, and that the torque command is configured to be 1000 N.m at steady state.
The results depicted in Figures 7 and 8 represent the outcomes of steady-state performance
simulation testing for the conventional TDFSE method and the proposed NFSE method,
respectively, at the speeds of 20 Hz and 10 Hz.
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Figure 7. Steady —state simulation results at the speed of 20 Hz. (a) With the conventional TDFSE.
(b) With the proposed NFSE.
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Figure 8. Steady—state simulation results at the speed of 10 Hz. (a) With the conventional TDFSE.
(b) With the proposed NFSE.

In order to provide a better understanding of the simulation results, this paper has
calculated the maximum absolute error (max(abs(err)), the variance of the error (var(err)),
and the mean error (mean(err)) for both speed and position observations. These metrics
have been annotated on the corresponding error waveform plots. Through quantitative
calculations based on these metrics, it is evident that the rotor position and speed estimated
using the proposed NFSE method are more accurate compared to using the conventional
TDFSE method. Particularly noteworthy is the improvement in noise levels in the esti-
mation results, especially for speed estimation. Therefore, the proposed NFSE method
demonstrates better steady-state performance at lower switching-frequency applications.

Beyond steady-state performance, the dynamic performance has significance for the
IPMSM drive system as well. Figure 9 illustrates the traction process of the IPMSM, ranging
from 2 Hz to 20 Hz, and Figure 10 shows the braking process of the IPMSM from 20 Hz to
2 Hz.
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Figure 9. Simulation results of the IPMSM traction process ranging from 2 Hz to 20 Hz. (a) With the
conventional TDFSE. (b) With the proposed NFSE.
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Figure 10. Simulation results of the IPMSM braking process ranging from 20 Hz to 2 Hz. (a) With the
conventional TDFSE. (b) With the proposed NFSE.

For the dynamic process of traction or braking, Figures 9 and 10 show that the esti-
mated motor speed experiences only minimal fluctuations when transitioning into or out
of acceleration and deceleration states. As an intuitive comparison, the maximum absolute
errors at the points of entry and exit for traction and braking, as well as during acceleration
and deceleration, have been marked on the corresponding error waveform plots Compared
to other methods, the conventional TDFSE approach typically demonstrates superior dy-
namic performance, due to its direct calculation method for signal extraction. Through
quantitative comparisons, it is found that the performance of the proposed NFSE method is
better than that of the conventional TDFSE method. Therefore, the proposed NFSE method
also exhibits good dynamic performance in low switching-frequency applications.

In practical applications, mathematical models are affected by uncertainties and non-
linearities, leading to the generation of unwanted harmonics and noise interference in
motor currents. To validate the impact of the proposed method on these harmonics and
on noise interferences, this paper simulates the addition of artificial noise to the sampled
three-phase motor current using a random function module in MATLAB. This simula-
tion is designed to mimic the harmonics and noise that may be encountered in practical
applications. The added three-phase noise signals are shown in Figure 11.
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Figure 11. The artificial noise signals added to the sampled three-phase currents.
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Assuming that the motor is operating at a fixed rotational speed, a simulation test is
conducted with a torque of 1000 N.m applied. The results presented in Figures 12 and 13
represent the simulated test results of the traditional TDFSE and the proposed NFSE
method, respectively, at 20 Hz and 10 Hz speeds after adding artificial noise to the sampled
three-phase currents.
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Figure 12. Simulation results at the speed of 20 Hz with artificial noise. (a) With the conventional
TDEFSE. (b) With the proposed NFSE.
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Figure 13. Simulation results at the speed of 10 Hz with artificial noise. (a) With the conventional
TDEFSE. (b) With the proposed NFSE.

To facilitate a comparative evaluation of the performance of the proposed NFSE
method and the conventional TDFSE method under the influence of harmonics and noise,
the maximum absolute error (max(abs(err)), the variance of the error (var(err)), and the
mean error (mean(err)) of position and speed estimation were also calculated here, and
annotations were made in the corresponding error waveform diagrams. Through a compari-
son, it is found that both the estimated position and speed using the proposed NFSE method
were able to effectively immunize against the influence of harmonics and noise, resulting
in more accurate estimation values. This demonstrates that the proposed NFSE method is
more robust than traditional methods under the influence of harmonics and noise.
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4.2. Experimental Validations

To further confirm the practicality of the proposed algorithm, the benchmark IPMSM
drive system as outlined in Table 1 is applied in the hardware-in-the-loop (HIL) testing
with the RT-LAB experimental platform illustrated in Figure 14. In the HIL testing, the
models of the motor and inverter are constructed to replicate the characteristics of their
real-world counterparts. By incorporating the actual motor and inverter models, including
parameters like snubber resistance and capacitance of the IGBT, HIL testing can faithfully
mimic real-world application scenarios. The estimated position and speed from the DSP
controller (TMS320F28379D) are outputted to the RT-Lab for acquisition via a DAC chip
(DAC60508). These values are then compared with the actual values, and subsequently
uploaded to the main computer for further analysis.

DSP+FPGA
Controller

Figure 14. RT-LAB experimental platform.

The HIL testing also involves analyzing both dynamic and static aspects and comparing
them with the traditional TDFSE method. The testing results depicted in Figures 15 and 16
represent the steady-state operation at speeds of 20 Hz and 10 Hz, respectively. The
dynamic performance is also studied, and Figure 17 illustrates the dynamic traction and
braking process.
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(b) With the proposed NFSE.
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Figure 16. Steady—state HIL testing results at the speed of 10 Hz. (a) With the conventional TDFSE.
(b) With the proposed NFSE.
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Figure 17. HIL testing results of the IPMSM traction and braking process. (a) With the conventional
TDFSE. (b) With the proposed NFSE.

Analyzing the results of the HIL testing reveals that in both the static and dynamic
scenarios the position and speed errors estimated by the proposed NFSE method are smaller
than those of the conventional TDFSE method.

The simulation and HIL testing results above indicate that in low switching-frequency
applications, the proposed NFSE method exhibits excellent performance in both static
and dynamic situations. In addition, under the interference of harmonics and noise, the
proposed NFSE method also demonstrated superior performance compared to traditional
methods. This fully illustrates the advantage of the proposed NFSE method in applications
with low switching frequencies and the presence of harmonics and noise.

5. Conclusions

To address challenges in low switching-frequency applications, this article intro-
duces a signal-extraction method based on the NF; leveraging the advantages of the
NF allows for the accurate extraction of position signals by selectively eliminating un-
wanted frequencies, whereas the traditional signal-extraction method based on BPF+LPF
demonstrates inadequate dynamic performance, and the effectiveness of the conven-
tional TDFSE method is limited in applications characterized by low switching frequency
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and substantial noise interference. The method proposed ensures a consistent filtering
performance, mitigates interference from harmonics and noise, and enhances the steady-
state operating performance of the system. Simultaneously, it exhibits commendable
dynamic performance, expanding the range of options for IPMSM position-sensorless
control. Finally, the simulation and HIL testing outcomes have substantiated the viability
and efficacy of the proposed strategy.

Author Contributions: D.M.: conceptualization, methodology, software, validation, data curation,
writing—original draft. Q.W.: validation, investigation, data curation. J.Z.: validation, investigation,
data curation. L.D.: conceptualization, resources, writing—review and editing. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All important data are included in the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:
HF High-frequency

IPMSM  Interior permanent-magnet synchronous motor
FOC Field-oriented control

BPF Band-pass filter

LPF Low-pass filter

NF Notch filter

EMF Electromotive force

SNR Signal-to-noise ratio

PSVI Pulsating sinusoidal voltage injection

PSWVI  Pulsating square-wave voltage injection
TDFSE  Time-delay filter signal extraction
NFSE NF-based signal extraction
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