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ABSTRACT: To reduce the cost and improve the accuracy of position estimation for switched reluctance motors (SRMs) at medium-to-
high speeds, this study proposes a sensorless control strategy based on a dual-stage resonant filter (DSRF) and a feedforward phase-
locked loop (FPLL). First, to address issues of weak dc-offset suppression and high-frequency harmonics in the second-order generalized
integrator (SOGI) when processing nonlinear flux linkage, a DSRF with ideal band-pass characteristics is proposed. This filter effectively
suppresses the dc-offset and higher-order harmonics. Second, the proposed FPLL introduces a feedforward compensation path related to
the speed derivative. By adding zeros to broaden the system bandwidth, the dynamic response is accelerated. The tracking accuracy and
response speed of the position observer are also enhanced under variable-speed and sudden-load conditions. Finally, the effectiveness of
the proposed strategy was verified on a six-phase 12/10 SRM experimental platform. The experimental results show that the proposed
sensorless control strategy achieves a fast and highly accurate estimation of the rotor position and speed at medium-to-high speeds,
particularly during dynamic processes, thereby enhancing system reliability and dynamic performance.

1. INTRODUCTION

wing to its significant advantages, including a simple and

rugged structure, low cost, wide speed regulation range,
strong fault tolerance, and excellent robustness under harsh op-
erating conditions such as high speed and high temperature,
switched reluctance motor (SRM) has become an important
research focus in fields such as electric vehicle powertrains,
aerospace actuators, high-performance industrial speed control,
and high-reliability household appliances, demonstrating broad
application prospects [1-4]. SRM operation relies heavily on
the accurate estimation of rotor position. However, the tradi-
tional sensor-based position estimation approach directly in-
creases a system’s cost, volume, and complexity. Furthermore,
the sensors themselves and their associated circuitry are sus-
ceptible to degradation in environments with strong vibrations,
high temperatures, dust, or corrosion, which compromises sys-
tem reliability [5-7].

Therefore, research on reliable position sensorless control
strategies has become increasingly important. This technology
aims to calculate the rotor position and speed by detecting and
processing measurable electrical signals from the motor itself,
in conjunction with the motor’s mathematical model or intel-
ligent algorithms. Existing methods can be broadly classified
into two categories based on the applicable speed range: low-
speed and medium-to-high speed methods [8, 9].
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The pulse injection method is currently one of the most
widely adopted position sensorless control techniques for low-
speed operation [10, 11]. This method injects high-frequency
voltage pulses into the non-conducting phase windings and
utilizes the periodic variation of magnetic reluctance with ro-
tor position in SRMs. In [12], based on the current response
obtained via pulse injection, a triple current-slope-difference
(CSD) threshold method was proposed. This approach replaces
the instantaneous value comparison with slope fitting and in-
troduces a third threshold to indicate the zero-current posi-
tion. Ref. [13] further proposed a dual-inductance dynamic
threshold and position-indexed pulse-fusion strategy, which
enables adaptive commutation-angle adjustment through dy-
namic thresholds. In addition to pulse injection method, induc-
tance detection is another important method for SRMs [14, 15].
This method estimates rotor position by detecting the induc-
tance of the motor winding, because an SRM’s phase induc-
tance is a single-valued function of rotor position and phase
current. Inductance detection methods can be categorized
into current-gradient methods [16] and incremental-inductance
methods [17].

During medium-to-high-speed operation, flux-linkage char-
acteristics are commonly used to estimate rotor position and
speed. By processing the nonlinear flux linkage, signals con-
taining position and speed information are obtained for the es-
timation [18-20]. In [21], an adaptive band-pass filter was
used to remove dc offset and harmonics from a single-phase
signal, extracting a quadrature signal related to rotor position,
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while Fourier analysis was applied to compensate for the phase
shifts caused by commutation. Alternatively, a dual-loop po-
sition observer extends the discrete characteristic-position es-
timation to a continuous linearized position function by incor-
porating a position adaptive law and a dual-loop structure [22].
The look-up table (LUT) approach [23-25] enables direct po-
sition estimation using flux-linkage parameters, but requires a
substantial amount of offline measured data. In contrast, meth-
ods based on characteristic positions extract key feature points
from current or inductance waveforms to directly estimate the
rotor position, thereby eliminating the error drift associated
with integration operations. Ref. [26] proposed a demagne-
tization inductance slope negative-going zero-crossing detec-
tion (D-ISNZ) as the main estimation algorithm, which avoids
false detections caused by magnetic saturation in the excita-
tion region and current ripple. A single-inductance threshold
(SIT) remedial strategy was also designed. In [27], a com-
bined characteristic-position detection method was presented,
integrating D-ISNZ detection with back-EMF zero-crossing de-
tection. In [28], a flux linkage interpolation model (FLIM) was
constructed that only requires flux-linkage data at the aligned
and unaligned characteristic positions, thereby greatly simpli-
fying the modeling process. An adaptive gradient optimiza-
tion method is further developed to perform online real-time
correction of the model for accurate rotor position estimation.
Ref. [29] presents a position-sensorless control strategy based
on an improved sliding-mode speed controller (SMSC) and a
sliding-mode position observer (SMPO) to enhance the mo-
tor’s dynamic speed response and improve estimation accuracy.
In [30], a novel machine-learning-based super-twisting sliding-
mode observer (STSMO) was proposed, which incorporated
a torque-difference estimator to enhance robustness. Further-
more, artificial intelligence methods are increasingly applied
to high-speed operations. Ref. [31] proposes an optimized neu-
ral network approach for position/speed-sensorless control of
SRM drives and introduces advanced angle control (AAC) to
regulate the SRM speed. In [9], the modeling performance of
a back-propagation neural network (BPNN) optimized via the
Levenberg-Marquardt algorithm is compared with that of a ra-
dial basis function neural network (RBFNN). Another method
employs an online-trained BP neural network for rotor position
identification, which dynamically extracts training samples and
performs the network’s batch training. However, this approach
requires considerable computational overhead and tends to de-
grade the estimation accuracy [32].

This study proposes a medium-to-high-speed sensorless con-
trol strategy for SRMs. The method estimates rotor position and
speed by using the nonlinear flux-linkage characteristics. First,
a novel DSREF filter is designed to overcome shortcomings of
the traditional SOGI in processing nonlinear flux linkage, effec-
tively suppressing dc offset and higher-order harmonics and ex-
tracting a clean fundamental-wave position signal. Compared
with existing SOGI filters, which primarily rely on adjusting in-
ternal gains to balance dynamic response and noise suppression,
the proposed DSRF constructs an ideal frequency characteris-
tic by altering the basic topology and incorporating auxiliary
high- or low-pass poles. This structural innovation effectively
overcomes the inherent trade-off between suppressing integra-
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tor drift and maintaining dynamic performance in conventional
designs. Second, an FPLL position observer was constructed.
By introducing a feedforward term related to the speed deriva-
tive, the system bandwidth is broadened, significantly improv-
ing the dynamic tracking accuracy and response speed under
variable-speed and sudden-load conditions.

2. MATHEMATICAL MODEL AND NONLINEAR MAG-
NETIC FLUX LINKAGE

2.1. Mathematical Model of SRMs

According to Kirchhoff’s law, the basic voltage equation for an
SRM’s kth phase is generally expressed as follows:

dip (O, ir)

= R'
Uk 1k + a

)
where u;, denotes the stator voltage; 75 represents the stator cur-
rent; R is the stator resistance; and (6, ix ) is the flux linkage,
which is a function of the rotor position 6, and current ig. 6y,
specifically refers to the mechanical rotor position, expressed
in electrical degrees throughout this paper.

Based on the basic voltage equation of the switched reluc-
tance motor, the expression for the actual flux linkage can be
written as:

f(uk — Rik)dt, 0 e [eon; eoff]

2
0, 0 € others @

YOk, ix) = {

where 60, and O are turn-on and turn-off angles, respectively.
Due to frequent switching of the magnetic flux path in SRMs,
magnetic flux linkage is inherently discontinuous, and when the
motor phase is within the turn-off angle interval, the flux is typ-
ically considered zero.

2.2. Nonlinear Magnetic Flux Linkage Model

The nonlinear flux linkage of SRMs contains information re-
garding the rotor position. However, the nonlinear relationship
between the flux linkage, rotor position, and current makes it
challenging to estimate the rotor position. To better represent
this nonlinear characteristic, the flux linkage is generally ex-
pressed as a Fourier series:

N

V(0k,ix) = ag — ag cos(N,.0) — Z ay, cos(kN,.0)
k=2

A3)

where a represents the dc component in the Fourier series; a;
and aj, are Fourier coefficients; N, represents the number of
rotor poles; and IV represents the Fourier series.

Considering the influence of harmonics and the computa-
tional complexity of the nonlinear flux linkage, the NV value
is typically set to 4. Expanding (3) into a fourth-order Fourier
series:

Y(0k,ix) = ao — a1 cos(N,.0) — ag cos(2N,.0)

—ag cos(3N,.0) — ay cos(4N.,.0) 4)
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FIGURE 1. 12/10 SRM flux linkage at different rotor positions.

For a given current level, if the flux linkage values at five
known rotor positions are known, the coefficients in Equa-
tion (4) can be determined by substituting positions and flux
linkage values. When the positions 0°, 60°, 90°, 120°, and
180° are selected, the fitting curve is shown in Fig. 1. The ex-
pressions for the flux linkage coefficients are as follows:

1 1 1 1 1 ao
1 05 -05 -1 -05 ay
1 0 -1 0 1 as
1 -05 —-05 1 -0.5 as
1 -1 1 -1 1 ay
¥(0°)
¥(60°)
= ¥(90°) (5)
¥(120°)
1 (180°)
The flux linkage coefficients can thus be calculated as:
ag 1/6  1/3 0 1/3 1/6
ax 1/3  1/3 0 -1/3 -1/3
ay | = 174 o -1/2 0o 14
as 1/6 -1/3 0 1/3  -1/6
ay /12 -1/3 1/2 -1/3 1/12
¥(0°)
¥(60°)
¥(90°) (6)
¥(120°)
¥ (180°)

Owing to the nonlinearity of the flux linkage, rotor position
estimation based on flux linkage is highly challenging, partic-
ularly when the flux linkage is not stored in advance.

It can be seen from (4) that after the dc component and
higher-order harmonics are filtered out, the remaining funda-
mental flux linkage expression contains the rotor position in-
formation, which is expressed as:

Yy = —aq cos(N,.0) 7
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where a; represents the amplitude of the fundamental flux link-
age ¥,,,. Because the flux linkage varies with the current, its
value is unknown. To eliminate a1, a sinusoidal function or-
thogonal 9, is introduced and expressed as:

Yqr = —aq sin(N,.0) ®)

Based on (5) and (6), the fundamental flux linkage amplitude
can be expressed as:

a1 = Y = \JU2 + 9%

Based on the signal processing method described above, the
fundamental flux linkage can be calculated. By removing the
nonlinear components from the flux linkage, a signal that con-
tains only position information is obtained, enabling a sensor-
less control strategy independent of the magnetic characteristic
parameters.

)

2.3. The Topology of AHB Converter

The core power circuit of the switched reluctance motor is con-
trolled using an asymmetric half-bridge (AHB) converter. Its
key advantages are a completely independent control of each
phase winding and strong fault-tolerance capability. Topology
of the AHB converter is shown in Fig. 2. Each phase winding in
the AHB converter can operate in three modes: magnetization,
freewheeling, and demagnetization.

(b)

FIGURE 2. Three modes of the AHB converter. (a) The magnetization
mode, (b) the freewheeling mode, and (c) the demagnetization mode.

When both S; and S5 are turned on, the dc power source sup-
plies the winding via switching devices, causing the winding
current to rise rapidly, which corresponds to the magnetization
mode. In the freewheeling mode, S is turned off, whereas So
remains on. The winding current forms a closed loop through
So and freewheeling diode D5, during which the current decays
slowly. When both S7 and S are turned off, the energy stored
in the winding is fed back to the dc power source via D; and
D, resulting in a rapid decrease in current. This is referred to as
the demagnetization mode. In the AHB converter, the SRM’s
switching states are designated as “1”, “0”, and “—1”, corre-
sponding to these three modes, respectively. The output signal
S), can be expressed as:

1 (demagnetization)

Sk = < 0 (freewheeling) (10)

—1 (magnetization)
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3. PROPOSED POSITION SENSORLESS CONTROL
SCHEME

3.1. Design of the Proposed DSRF

In SRM’s sensorless control, the accuracy and stability of fun-
damental component extraction directly determine system con-
trol precision. The conventional Second-Order Generalized In-
tegrator (SOGI) is widely used for fundamental extraction due
to its excellent quadrature output capability. When the nonlin-
ear flux linkage signal is input, the SOGI can extract two or-
thogonal fundamental-wave components, whose transfer func-
tions are expressed as:

kowes
$2 4 kowes + w?

Gsoai(s) = (11)
where k( represents the gain parameter of the SOGI; we is the
resonant frequency; and s represents the Laplace operator.

Although the SOGI offers effective fundamental-wave ex-
traction, simple structure, and ease of engineering implemen-
tation, its practical application is constrained by certain limi-
tations due to its single-resonant topology and the absence of
auxiliary filtering. Specifically, the lack of a dedicated dc sup-
pression stage makes it susceptible to dc offset during flux-
linkage integration, leading to output drift under low-frequency
operating conditions, whereas the absence of a high-frequency
noise-suppression mechanism further restricts its performance.
To address these issues, this study proposes a DSRF. By op-
timizing frequency domain characteristics and incorporating
supplementary filtering stages, the proposed scheme achieves
enhanced anti-interference capability and steady-state perfor-
mance.

Building on the conventional SOGI, the DSRF’s core de-
sign retains the SOGI’s resonant fundamental extraction char-
acteristics while integrating filtering capabilities to optimize the
transfer function. This integrated approach eliminates the need
for separate additional filtering stages, thereby enhancing anti-
interference capability and compensating for the performance
shortcomings of the conventional SOGI. DSRF’s control block
diagram is illustrated in Fig. 3. By inputting the nonlinear flux
linkage, the required quadrature signals 1)y and ), are ob-
tained. The DSRF’s open-loop transfer function is expressed

as:

w1w§s4

G = 12
LAl Pen T P Pl s M
where wy and wo are filter cutoff frequencies, and w1 < we <

ws. The high-pass cut-off frequency is set to w; = 0.1w, to ef-
fectively suppress dc offsets while preserving the fundamental

FIGURE 3. Block diagram of the proposed DSRF.
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component, which aligns with the inherent drift characteristics
of flux integration. The low-pass cut-off frequency is fixed at
ten times the inverter switching frequency. The stabilization
coefficient k is specified as 0.5we.

Thus, transfer functions for output quadrature signals can be
expressed as:

Gw‘f (s)
B wiw?s3 (13)
(st w2)(s+wr)(s2+w2)(s+ k) + wiw2s?
Gll%;f (3)
3.2
- W1le - (14)

(s+wa)(s+wi)(s?2+w?)(s+ k) +wiw?s

To rigorously establish the DSRF’s theoretical foundation,
the pole-zero placement strategy and stability analysis are con-
ducted. The denominator of the transfer functions is a fifth-
order polynomial D(s):

D(s) = (s +wa)(s +wi)(s? +w?) (s + k) + wiw?s? (15)

The system’s poles consist of a pair of conjugate poles lo-
cated at +jw, to ensure frequency selectivity, and three real
poles at —wy, —ws, and —k to ensure frequency selectivity.
Based on the Routh-Hurwitz criterion, since all coefficients of
D(s) are positive real numbers, no poles reside in the right-half
plane. The stability is further guaranteed by poles’ negative real
parts. The coefficient k acts as a damping factor; as k increases,
the dominant poles move further left from the imaginary axis,
enhancing the system’s disturbance-rejection capability.

The Bode diagram performance of the proposed DSRF is
shown in Fig. 4. From the perspective of magnitude-frequency
characteristics, the conventional SOGI relies solely on a sin-
gle resonant pole for fundamental component extraction. In
the low-frequency range, it provides almost no suppression
of dc offset and low-frequency integration drift. In the high-
frequency range, its attenuation slope is merely —20 dB/dec,
which fails to effectively attenuate inverter switching noise and
high-order harmonics, leading to significant offset in the output
signal. In contrast, the DSRF incorporates both high-pass and
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FIGURE 4. Bode diagram of the proposed DSRF.
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low-pass poles into its transfer function, forming ideal band-
pass characteristics of strong low-frequency attenuation, a flat
mid-frequency passband, and rapid high-frequency roll-off. In
the low-frequency range, the gain rapidly approaches negative
infinity, which can completely block the dc components and
low-frequency drift, fundamentally eliminating cumulative er-
ror from flux-linkage integration. In the mid-frequency range,
the gain remained close to unity, allowing the fundamental sig-
nal to pass without distortion and maintaining excellent funda-
mental extraction capability. In the high-frequency range, the
attenuation slope increased to —40 dB/dec, providing stronger
suppression of high-frequency harmonics and significantly im-
proving the smoothness of the output waveform.

In terms of phase-frequency characteristics, the DSRF op-
timizes the pole placement, resulting in a noticeably reduced
phase lag at the fundamental frequency. The phase response
across the entire band-pass exhibits gentle variation and good
linearity. The quadrature output maintained a high-precision
90° phase difference with strong amplitude consistency. Even
under operating conditions with speed fluctuations, the phase
error remains within a very small range, demonstrating excel-
lent dynamic robustness.

3.2. The Proposed Position Observer

The conventional phase-locked loop (PLL) performs well in
tracking rotor position under constant-speed conditions, and the
transfer function of the PLL error is expressed as:

—g2

Conild) = T st e
D [

(16)

where £, is the proportional gain of the PLL, and k; is the inte-
gral gain. The transfer function of a PLL is typically expressed
as:

kpS =+ k1

)= S ek

a7

Conventional PLLs, such as sliding-mode observer [29], rely
solely on feedback error correction. Owing to inherent stabil-
ity constraints, this architecture limits the achievable bandwidth
and results in a finite steady-state error when tracking ramp in-
puts. To address these limitations, the FPLL proposed in this
paper incorporates a feedforward compensation path related to
the speed derivative. Theoretically, introducing the feedfor-
ward term adds two adjustable zeros to the closed-loop trans-
fer function. These zeros effectively counteract the phase lag
caused by the poles, thereby broadening the system bandwidth

r-———~——_~-"-"-—-——----- [ II—:l_T_I__1
é ] F llcos()
(I

11 VCO

Feedforward
A, Loop

FIGURE 5. Block diagram of proposed FPLL.

without compromising stability margins. The block diagram of
the proposed FPLL is shown in Fig. 5.

The FPLL structure adds a speed-related feedforward term
to the traditional PLL, thereby enhancing its dynamic tracking
capability. The closed-loop transfer function of the designed
FPLL is derived as follows:

$2(kfwe + kp) + s(kpwe + ki) + kiwe
83 + s2(kp + we) + s(kpwe + ki) + kiwe

GrpLL(s) = (18)

where k¢ denotes the feedforward gain. The feedforward path
directly introduces a speed derivative-related term that compen-
sates for the dynamic phase lag in advance, thereby enhancing
the structure of the conventional PLL.

Therefore, the FPLL’s characteristic equation is given by:

2+ SQ(kp + we) + s(kpwe + ki) + kjwe =0 (19)

Since all coefficients are positive real numbers, the neces-
sary condition for stability is satisfied according to the Routh-
Hurwitz criterion. With the introduction of the feedforward
gain k¢, the dominant poles shift leftward, moving farther away
from the imaginary axis. This implies an increased damping
ratio and an accelerated response speed. Moreover, across the
entire parameter tuning range, all poles reside strictly in the left-
half plane, demonstrating that the FPLL has inherently stronger
stability than the conventional PLL.

The error transfer function is then modified as follows:

$3 + s%we (1 — ky)
§3 + 82(kp 4+ we) +s(kpwe + ki) +kiwe

G. rrLL(s) = (20)

A conventional PLL exhibits a sluggish dynamic response
and significant tracking errors under sudden speed variations.
In contrast, the FPLL employs feedforward compensation to
preemptively counteract the dynamic phase lag. By introducing
a zero to broaden the system bandwidth, the FPLL achieves a
markedly faster dynamic response, thereby reducing tracking
errors. When the motor accelerates or decelerates, the reference
speed signal can be approximated as a ramp signal 7/s2, and the
input reference signal in the frequency domain for the position
is then expressed as r/s3. According to the final value theorem
of the Laplace transform, the steady-state position error of the
conventional PLL can be derived as:

82

. . T T

. L R iy S

It can be seen that the PLL exhibits a fixed steady-state error

in response to the ramp input signal, which persists throughout

the motor acceleration process and limits the accuracy of the

position estimation. In contrast, the steady-state error of the
FPLL is expressed as:

lim EFPLL
t—o00

lim T 83 + s2we (1 — ky)
= 5 <= =
s—oo 53 83+ 52(ky + we) + s(kpwe + ki) + kiwe

(1 —ky)
- (22)
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As shown in Equation (22), when k¢ = 1, the steady-state
error becomes zero. Unlike a standard second-order PLL, the
FPLL exhibits zero steady-state error under ramp velocity in-
puts. By compensating for rotor displacement during acceler-
ation, this approach markedly improves dynamic response and
disturbance rejection capability. The feedforward gain k; is se-
lected within the validated effective range of 0.8 < ky < 1.0.
In the experiments, k; is set to 0.9 to strike an optimal bal-
ance between bandwidth extension and preservation of ade-
quate phase margin. While theoretical analysis indicates that
ky = 1.0 yields zero steady-state error under ramp inputs,
ky = 0.9 is more congruent with the stringent stability require-
ments typical of industrial applications.

The conventional PLL is a second-order system with no
closed-loop zeros, and its dynamic response is solely deter-
mined by pole locations. Due to stability consideration, the
poles cannot be placed too close to the imaginary axis, which
limits the system bandwidth and imposes an upper bound on
response speed, making it difficult to achieve fast tracking. In
contrast, the FPLL is a third-order system that introduces two
closed-loop zeros, whose positions are determined by feedfor-
ward gain k. Introducing these zeros effectively counteracts
the phase lag caused by some poles, thereby broadening the
system bandwidth.

According to the FPLL’s closed-loop transfer function, the
expression for its zeros can be obtained as follows:

—(kpwe + kl) + \/(kpwe —+ kl)Z — 4(]6]’&]@ + pr)kiwe
2(kjwe + kp)

Z212 =

(23)
The maximum overshoot M, and rise time ¢, are given by:

M, ~ e~ ¢/ VI=¢2. (1 + %’])
_ 1.8 Cw
tr_m'(“ |z|p>

where the damping ratio ¢ and resonant frequency w,, are given
by:

24

C _ kpwe +k;
2kiwe (kp+we) (25)
— kiwe
wp - kp +we

Attributing to the zeros introduced via the feedforward path,
the FPLL exhibits a pronounced elevation in magnitude re-
sponse that effectively neutralizes the attenuation induced by
system poles. Consequently, the effective bandwidth is ex-
tended, empowering the FPLL to track rapid speed variations
with high fidelity. As observed from (23) and (24), increas-
ing the feedforward gain £ shifts zeros closer to the imaginary
axis, thereby intensifying the pole-zero cancellation effect and
broadening system bandwidth. Crucially, despite this band-
width expansion, the phase margin remains well-preserved,
guaranteeing robust stability. This theoretical bandwidth ad-
vantage manifests a significantly faster tracking response for
the FPLL during acceleration transients than the conventional
PLL.

Based on the analysis above, to address the issues of slug-
gish dynamic response, large tracking errors, and slow conver-
gence of the conventional PLL under sudden speed changes,
the proposed FPLL incorporates feedforward compensation to
preemptively counteract dynamic phase lag. By introducing
zeros to extend the system bandwidth, the FPLL significantly
improves the dynamic response speed, thereby effectively en-
hancing the steady-state performance of the sensorless control
strategy.

TABLE 1. Comparison of the algorithmic complexity of SOGI-PLL
and DSRF-FPLL.

Multiplication Execution Memory usage

Method . )
count/period  time (us) (RAM)
DSRF-FPLL 8 7.6 32
SOGI-PLL 15 16.3 50

As illustrated in Table 1, the sampling frequency was set to
10kHz on a DSP28377D experimental platform, serving as the
basis for a quantitative analysis of the algorithmic complexity
of'the conventional SOGI-PLL and proposed DSRF-FPLL. The
conventional SOGI-PLL requires 15 multiplication operations
per cycle, involving integrator updates and phase-locked loop
regulation, with an execution time of approximately 16.3 us and
a memory footprint of 50 bytes of RAM. In contrast, the pro-
posed DSRF-FPLL performs 8 multiplication operations per
cycle, primarily for dual-stage resonant filtering and feedfor-
ward compensation within the unified structure. It occupies
32 bytes of RAM and achieves an execution time of approx-
imately 7.6 us. By structurally integrating filtering and obser-
vation functions, the proposed method reduces the execution
time by 8.7 us per cycle and saves 18 bytes of memory alloca-
tion compared to the conventional approach. This streamlined
computational profile, characterized by fewer arithmetic opera-
tions and lower latency, represents a highly optimized solution
well-suited for resource-constrained embedded systems.

4. EXPERIMENTAL VERIFICATION

To verify the proposed sensorless control strategy, experi-
ments were conducted on a six-phase 12/10 SRM. As shown in
Fig. 6, an experimental platform was developed and includes
the SRM, torque sensors, magnetic powder brake, power con-
verter, power supply unit, and DSP control board. SRM’s main
parameters are listed in Table 2. The experimental results are

TABLE 2. Key parameters and dimensions of the SRM.

Parameter SRM
Number of phases 6
Number of stator/rotor poles ~ 12/10
Rated voltage (V) 110
Rated Torque (N-m) 8
Stator diameter (mm) 130
Air gap length (mm) 0.4
Number of turns in each pole 15
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FIGURE 6. Six-phase 12/10 SRM experimental setup.

displayed on an oscilloscope for an intuitive presentation. The
actual rotor position was measured using six Hall position sen-
sors. In addition, the currents of the six phases were individu-
ally monitored using six dedicated current sensors.

Figure 7 illustrates the hierarchical control structure of
the proposed sensorless scheme, which includes a hysteresis
current control loop and a position regulation loop. The
outer speed regulation loop processes the speed error using
a proportional-integral (PI) controller to generate torque and
produce a reference current, ensuring stable speed tracking
performance. Meanwhile, the inner current control adopts
hysteresis current control, where the inverter state is rapidly
switched when the current error exceeds a predefined thresh-
old, forcing the actual motor current to closely follow the
reference value. This control structure ensures robust current
regulation and a dynamic speed response. The phase flux
linkage obtained from phase currents and voltages measured
via the power converter served as the input signal for the
orthogonal signal extraction. Using the proposed DSRF, the
acquired nonlinear phase flux linkage is processed to output a
set of orthogonal signals containing the position information.
The orthogonal flux linkage signals were then transformed by
the FPLL to resolve the estimated position, thereby completing
the sensorless estimation process.

To verify the accuracy of the proposed sensorless control
strategy, Fig. 8 presents experimental results at 3000 r/min and
3N-m. In Fig. 8(a), it can be observed that during the current
conduction stage, the flux linkage increases approximately lin-
early with the rise of current, and the waveform shows no ab-
normal oscillation; during the current turn-off stage, the flux
linkage decays rapidly to near zero, with an amplitude of ap-
proximately 0.025 Wb. Meanwhile, the current waveform also
exhibits the characteristic of alternating turn-on and turn-off,
which matches the operating state of the AHB converter, and its
amplitude can reach 30 A. By using the proposed DSRF-FPLL
method for position and speed estimation, the experimental re-
sults showed that the estimated rotor position closely matched
the actual rotor position, with a maximum position error of ap-
proximately 0.86°, indicating that the proposed sensorless con-
trol strategy achieved good position-estimation performance
with small error. The estimated speed can also rapidly track the
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FIGURE 7. Architecture of the proposed sensorless control strategy.

reference speed, maintaining an estimation error within 5 r/min.
Further experiments were conducted at 4500 r/min, and the re-
sults are shown in Fig. 9. At this speed, the rotor position esti-
mation error remained within a small range, and the estimated
speed agreed well with the reference speed. The experimen-
tal results demonstrate that the proposed control strategy main-
tains a higher estimation accuracy, better dynamic response,
and stronger robustness under varying speed conditions than
the SOGI-PLL.

To further compare the performance of the proposed control
strategy, experiments were conducted under identical test con-
ditions using the SOGI-PLL method. The results are shown
in Fig. 10. Compared with the DSRF-FPLL, while the SOGI-
PLL method can also accurately estimate the rotor position, its
error is relatively larger: at 3000 r/min, the maximum error is
about 1.32°, and at 4500 r/min, the estimation error still reaches
1.43°. The comparison indicates that the proposed method ex-
hibits superior estimation accuracy, faster tracking response,
and better performance in the medium-to-high-speed range.

To further evaluate the performance of the proposed method
under varying operating conditions, experiments were con-
ducted with speed variations. Fig. 11 shows the experimental
results when the speed increased from 3000 r/min to 4500 r/min.
The results indicate that during acceleration, the current in-
creased rapidly but returned to its normal value after a brief
transient. With the SOGI-PLL method, although the rotor po-
sition can be accurately estimated, the error is relatively large,
reaching a maximum of approximately 2.1°. As the speed in-
creases, the estimated speed is expected to follow and adapt
to the changes in the reference speed. However, during ac-
celeration, the estimation error increases; when the reference
speed stabilizes, the estimated speed cannot quickly follow and
stabilize, and it takes approximately 8 ms to return to a stable
state. In contrast, when the DSRF-FPLL method was applied,
the rotor position was estimated with high precision. Even un-
der speed variations, the maximum error was only 1.72°, which
is more accurate than that of the SOGI-PLL. Meanwhile, dur-
ing acceleration, the estimated speed exhibits better tracking
capability: it rapidly follows speed changes and quickly stabi-
lizes after the speed variation ends, with a maximum error of
only 13 r/min at the completion of the speed transition. The ex-
perimental results demonstrate that the proposed control strat-
egy maintains a higher estimation accuracy, better dynamic
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FIGURE 10. Experimental results of SOGI-PLL. (a) Results at 3000 r/min and (b) results at 4500 r/min.

response, and stronger robustness under varying speed condi-
tions.

Results of the experiment conducted under varying load con-
ditions are shown in Fig. 12. The motor was initially set to a
load of 3 N-m, and after operating for a period, the load was
increased to 4 N-m. The current varied with the load change:
the phase current also changed as the load increased, with its
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peak rising rapidly to approximately 34 A. When the load was
reduced to 3 N-m, the phase current returned to its initial value.
The flux linkage exhibited a similar trend under varying loads,
reaching 0.028 Wb at 4 N-m. Experimental results show that
under varying loads, the SOGI-PLL method can estimate a
position close to the actual position, but the maximum esti-
mation error reaches approximately 2.5°. Moreover, the esti-
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TABLE 3. Method performance comparison table.

Experimental conditions Methods Maximum position error (°)  speed error (r/min)

3000 r/min SOGI-PLL 1.32 8

3N-m DSRF-FPLL 0.86 5

4500 r/min SOGI-PLL 1.42 9

3N'm DSRF-FPLL 0.92 5
3000—4500 r/min SOGI-PLL 2.1 29
3N-m DSRF-FPLL 1.72 13
3000 r/min SOGI-PLL 2.5 40
3-4N-m DSRF-FPLL 2 16

mated speed exhibits significant fluctuations: it rapidly drops
by 154 r/min at the moment of load increase, then gradually
returns to the reference speed, when the load decreases and
sharply rises by 127 r/min before gradually approaching the ref-
erence speed. Although the estimated speed followed the same
trend as the actual speed, the speed was notably affected by
load changes, resulting in a relatively large estimation error. In
contrast, under the DSRF-FPLL control, the rotor position esti-
mation error was only approximately 2°, demonstrating better
accuracy. Its advantage is even more pronounced in speed esti-
mation: during load increase, the speed drops by only 98 r/min,
and during load recovery, it increases by only 86 r/min. More
importantly, in terms of dynamic response, the speed variation
time was significantly shorter, allowing the system to return to
a steady state more quickly, indicating a superior dynamic re-
sponse capability.

Figure 13 illustrates torque variations under diverse operat-
ing conditions. With operation under steady loads, torque fluc-
tuates within a confined range, maintaining overall stability.
As depicted in Fig. 13(c), during speed transients, the torque
exhibits more pronounced oscillations coincident with accel-
eration phase. However, once the speed regulation is complete
and the system returns to steady state, the torque promptly stabi-

477

lizes within its nominal range. Furthermore, under abrupt load
step changes, the torque dynamically adjusts in accordance with
varying load demand. Nevertheless, it retains its capacity to re-
main stable within the expected dynamic envelope, following
the cessation of the load transient.

Performance indicators are compared between the two meth-
ods, as shown in Table 3. In summary, the proposed sensorless
estimation strategy not only maintains small position and speed
estimation errors under fixed operating conditions, but also ex-
hibits good robustness, high accuracy, and excellent dynamic
response under varying operating conditions, making it more
suitable for position and speed estimation in the medium-to-
high-speed range.

5. CONCLUSION

This paper proposes a sensorless control strategy for SRMs op-
erating in the medium-to-high-speed range, aiming to elimi-
nate the dependence on mechanical position sensors and im-
prove estimation accuracy. By processing the flux linkage sig-
nal with the DSRF, dc offsets and high-frequency harmonics
are effectively suppressed. Furthermore, the FPLL broadens
the system bandwidth by introducing a speed-differentiation
term, enhancing dynamic tracking capability. Experimen-
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tal results under tested conditions demonstrate that the pro-
posed strategy achieves a maximum position error of 0.86° at
3000 r/min. Compared with the conventional SOGI-PLL, the
proposed method exhibits smaller position errors and better dy-
namic responses during acceleration and sudden load changes.
These results confirm the effectiveness of the proposed scheme
in enhancing the reliability and dynamic performance of SRM
drives within its specified operational range.
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