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Enhanced Sensorless Control of Switched Reluctance
Motors Using Inertial Phase-locked Loop for
Extended Speed Range
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and Dianxun Xiao, Member, IEEE

Abstract—Sensorless control of switched reluctance motors
(SRMs) often requires a hybrid mode combining low-speed pulse
injection methods and high-speed model-based estimation.
However, pulse injection causes unwanted audible noises and
torque ripples. This article proposes an enhanced model-based
sensorless approach to extend downwards the speed range in
which sensorless control can work without injection. An inertial
phase-locked loop (IPLL) based on a stator flux observer is
introduced for position estimation. Compared to the
conventional phase-locked loop scheme, the IPLL offers a more
robust disturbance rejection capability and thus reduces the flux
model errors at lower speeds. Experimental results substantiate
the feasibility of the extended low-speed operation using the
model-based sensorless control approach.

Index Terms—Inertial phase-locked loop, Switched reluctance
motor, Sensorless control.

. INTRODUCTION

N recent years, switched reluctance motors (SRMs) have
emerged as prominent contenders in high-speed, high-
temperature, and high-reliability applications due to their
advantages of simple structure, robustness, and low cost.
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Industries such as industrial high-power traction motors,
transportation electrification, and aerospace [1]-[5] have
benefited from these attributes. Conventional position sensors
such as resolvers, encoders, and hall sensors play a crucial
role in enabling precise control of SRMs by capturing
accurate positional information. However, these sensors not
only increase system costs and volume but are also
susceptible to interference, especially in harsh operating
conditions, thereby reducing overall system reliability.
Therefore, research on sensorless control strategies is essential
for enhancing the performance of SRM systems. Current
sensorless control methods primarily include injection
methods [6]-[11] and non-injection methods [12]-[20].

The injection method is commonly employed for
applications in the low-speed range. The core of this approach
involves injecting additional high-frequency pulse voltages
into the motor’s inactive phases [6]-[11]. This injection allows
for the observation of magnetic flux variations, thereby
providing accurate information on rotor position and speed. [8]
and [9] demonstrate that injecting current pulses into inactive
phases effectively detects rotor position, triggering
commutation when the peak current injection exceeds a
specific threshold. However, sensorless control schemes based
on pulse injection are not suitable for high-speed motor
operations. This limitation arises because increasing rotor
speed shortens the idle phase duration, thereby reducing the
accuracy of position estimation using most pulse injection
methods. Moreover, pulse injection can introduce high-
frequency noise and electromagnetic compatibility issues [11].

Non-injection schemes are often employed in the high-
speed operation range of motors. At high speeds, SRMs
exhibit large back electromotive force (back EMF) and higher
signal-to-noise ratio (SNR). Therefore, more accurate position
estimation can be achieved by monitoring magnetic
characteristics. For instance, full position estimation is
achieved using special position flux linkage methods [12]-
[13]. Also, this includes rotor position and speed prediction
via current gradient [14] and inductance gradient methods
[15]-[16]. Additionally, state observer-based approaches are
focused on sensorless control research. [17] proposed a
nonlinear observer combined with flux linkage characteristics
for rotor position prediction. [18] proposed a sensorless
control scheme based on a single-phase adaptive observer,
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achieving position estimation by reducing magnetic
nonlinearity and compensating for angular errors. However,
this approach exhibits poor dynamic performance due to the
limitations of the single-phase observer’s filtering capability.
Building upon this, the work in [19] introduced a multi-stage
cascaded delay factor method to better eliminate harmonics
within the flux linkage, further enhancing sensorless dynamic
performance. Nonetheless, this method demands substantial
computational resources, making it less suitable for cost-
sensitive applications. [20] combines direct computation
methods with flux observers. Initially, rotor position
estimation is achieved through numerical methods and a three
phase phase-locked loop (PLL), leveraging relationships
between position, phase currents, and flux linkages. As noted
in [17]-[20], most model-based methods face challenges at
low speeds due to the accumulation of integration errors in
flux linkage calculations. This limitation means that these
sensorless control schemes can only be effectively applied to
the high-speed range of the motor. To address these issues, a
hybrid sensorless control strategy that combines pulse
injection and model-based methods is often required.
However, as pointed out in references [21]-[22], this approach
introduces additional noise and torque ripples at low speeds
due to pulse injection. These drawbacks further constrain the
widespread adoption of sensorless control.

Therefore, extending the minimum speed range of model-
based methods is crucial to reduce the time using pulse
injection. To this end, the paper proposes an enhanced
sensorless control scheme based on an inertial phase-locked
loop (IPLL). The main contributions of this paper are
summarized as follows:

1) Addressing the issue of cumulative error in flux
calculation at low to medium speeds, the IPLL scheme
extends the speed range. Compared to conventional methods
[20], it maintains good estimation accuracy and control
effectiveness at lower speeds.

2) The proposed scheme avoids complex computations and
enhances the understanding of the system’s dynamic behavior
through time-domain analysis, laying a solid foundation for
subsequent system optimization and control.

The working principles, characteristics, and design
methodology of the proposed IPLL are analyzed in detail.
Experimental tests on a 12/8 SRM setup prove the
effectiveness of the low-speed extension.

Il.  SRM SENSORLESS DRIVE AND
POSITION ESTIMATION SCHEME

A. SRM Sensorless Drive System

Fig. 1 depicts the sensorless three-phase 12/8 SRM drive
system, which comprises several components: a three-phase
asymmetric half-bridge converter (AHBC), current sensors, a
microcontroller unit (MCU), six gate drivers for insulated gate
bipolar transistor (IGBT), and power supply. The function of
the AHBC is to regulate the bipolar voltage to generate the
unipolar current required by the SRM, ensuring that each
phase can be independently controlled. The gate driver is

responsible for providing gate signals for the semiconductor
switches, which are generated within the control board based
on references of speed, current, or torque. The AHBC
incorporates three distinct switching modes for each phase, as
delineated in Fig. 2. The first mode, termed the magnetization
mode, is initiated when both switches are concurrently turned
on, as depicted in Fig. 2(a). The stator is subjected to the
direct current (DC) link voltage, denoted as +Uy, leading to
an augmentation in the stator current. The second mode,
illustrated in Fig. 2(b) and referred to as the demagnetization
mode, is activated when both switches are simultaneously
turned off. This configuration imposes a negative phase
voltage, —-Ug, on the windings, thereby inducing
demagnetization and facilitating the return of the energy
accumulated in the windings to the DC bus. The final mode,
represented in Fig. 2(c), is the freewheeling mode. In this
mode, one switch remains deactivated while the other is
activated, permitting current circulation solely at the zero-
phase voltage juncture. Following precise rotor position and
speed signal acquisition through sensorless control algorithms,
the drive system implements proportional-integral (Pl)-based
speed control and current hysteresis control. Ultimately, the
on/off signals are output to the AHBC to achieve precise
control of the SRM.
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Fig. 1. The control diagram of the three-phase 12/8 SRM sensorless drive.
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Fig. 2. Switching operating modes of the asymmetrical half-bridge converter.
(a) Magnetization. (b) Demagnetization. (c) Freewheeling.

B. The Model of SRM and Position Estimation

According to Kirchhoff’s law, the voltage balance equation
of SRM can be expressed as:

. dP(a,i)

u=Ri+ pm Q)
where u, i, and R, respectively denote the phase voltage, phase
current, and winding resistance of the phase winding. The flux
linkage ¥ of the phase winding is a nonlinear function of the
phase current i and the rotor position angle 6. Fig. 3 shows the
flux linkage distribution of the three-phase 5.5 kW 12/8 SRM.
The currents are measured by current sensors, and for the
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unknown 6, ¥ can be initially measured by integrating (1):

(0,i) = [ (u-Ri)dt )

Given that ¥(6, i) varies with both 6 and i, within a
localized region surrounding a specific point in Fig. 3.

oY oY

AP =" =
ai 00

Since the current can be directly measured, setting Ai to
zero allows to express (3) as:

Al + A6 3)

i=const

d=const

0-6=""

o¥

where 6 denotes the estimated rotor position close to its
actual location, and ¥ represents the estimated flux linkage

associated with it. By deducting the flux linkage estimate ¥,
derived using the lookup table approach, from the calculated
flux linkage ¥, the position error e is determined through the
conversion of magnetic characteristics as outlined in (4).

e=0-0=9(7-¥) (5)

7 -9) @)

i=const

where g = % is the partial derivative of 6 with respect to %,

aiming to convert flux linkage error into position error and the
value of g varies with the change in phase current. For
simplicity in calculations, only the minimum values at
different currents are considered, and the values of g at
different currents are plotted using multi-parameter
polynomial fitting, as shown in Fig. 4.
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Fig. 3. Flux linkage profile of the studied SRM.
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Fig. 4. The value of g under different current.

Although smaller gains could result in a slow convergence
speed, this approach does not lead to large errors and does not
affect the stability of the system. Based on (5), the position
error can be calculated, making the use of a three-phase PLL
to converge the position error and compute the rotor’s speed
and position an efficient approach [20]. However, due to the
presence of an integrator within the PLL, this scheme tends to

accumulate integral errors at low speeds, rendering the three-
phase PLL approach unsuitable at low velocities.
Consequently, to enhance the versatility of sensorless control,
it is imperative to improve the reliability and estimation
accuracy of sensorless control strategies at medium/low
speeds without injection signals.

I11.  DESIGN AND ANALYSIS OF IPLL-BASED SENSORLESS
CONTROL APPROACH

To address the reliability and estimation accuracy issues of
the non-injection scheme discussed in Section I, this chapter
upgrades the conventional three-phase PLL and introduces a
sensorless control scheme based on an IPLL.

A. The Analysis of the Typical PLL

Fig. 5 depicts the configuration of a conventional PLL,
where @ denotes the estimated speed obtained from the PLL.
Moreover, the loop transfer function of the PLL from & to e
is represented as:

1) k;
Gpu(8) = o =k, + S (6)

The physical significance of the transfer function Gp(S)
lies in its representation of how estimation errors caused by
factors such as sensor noise, computational inaccuracies, and
model uncertainties affect estimation speed. When the gain of
the transfer function is high, it indicates that estimation errors
have a significant impact on estimation speed, resulting in
lower system accuracy. Conversely, when the gain is low, it
suggests that the system is capable of suppressing estimation
errors, thereby enhancing the accuracy of estimation speed.

0 + e C(A) 9

ko +ki/s | 1/s
0

Fig. 5. The block diagram of the conventional PLL.

Fig. 6 shows the unit step response of the system under
varying control parameters for Gp,(S). Fig. 6(a) illustrates the
effect of the control parameter k, on the system’s unit step
response. As the proportional gain k, increases, the system’s
response speed accelerates, allowing it to approach the steady-
state value more quickly. However, due to the integral action,
the output exhibits a trend of linear increase, which may lead
to an overshoot or peak. Additionally, the initial value of the
unit step response changes with variations in k, because the
proportional gain term generates an initial output at t=0 that is
equal to the value of k,. The impact of control parameters on
ki, as shown in Fig. 6(b), is such that the initial value of the
unit step response remains constant, but the response speed
increases nonlinearly with an increase in k;. This means that
increasing k; can accelerate the system’s response speed, but
the initial state is unaffected. Moreover, when the PLL is
stable, the input e=0 and the estimated speed @ equals the
actual real speed. This is also the working principle of the
PLL, which ensures the stable operation of the system by
locking the phase.




CHEN et al.: ENHANCED SENSORLESS CONTROL OF SWITCHED RELUCTANCE MOTORS USING INERTIAL PHASE-LOCKED 249

LOOP FOR EXTENDED SPEED RANGE

Magnitude
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Fig. 6. The unit-step responses of the conventional PLL with various control
parameters. (a) ki=100. (b) k,=1.
In addition, from Fig. 5, the estimated rotor position & can
be obtained as:
0= j adt @
The closed-loop transfer function Gp(S) of the
conventional PLL from input to output is represented as:
0 k s+Kk;
G S)=—=—= —_p T
ruic(9) 0 " +ks+k; ®)
The Bode plot of (8) is shown in Fig. 7. As the bandwidth
increases, the PLL is able to track the target frequency more
quickly, thereby improving dynamic performance. Besides,
the Bode plot shows that the gain in the mid-frequency range
is greater than zero, indicating that the observed values in this
range are biased high, which can easily lead to oscillations.
The increase in bandwidth also makes the PLL more

susceptible to high-frequency disturbances, potentially
causing oscillation and reducing the stability of the system.
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Fig. 7. The Bode plot of the conventional PLL under different bandwidths.

B. The Analysis of the Proposed IPLL-based Position
Observer

To address the issue of inaccurate estimation of
conventional PLL at medium/low speeds as analyzed in the

previous section, this paper uses an IPLL for sensorless
control of an SRM. Prior to this, the IPLL is used to address
the issue of sub-synchronous resonance (SSR) when
renewable energy generation systems are integrated into weak
grids [23]-[24]. The design process of IPLL is as follows in
Fig. 8. Fig. 8 illustrates the block diagram of the IPLL, where
@ denotes the estimated speed, ws is the speed reference

value, and @ stands for the estimated position. The open loop
transfer function of the IPLL from & to e is given by (9).

w

G (8)= E = S+§(A} 9)
where A, and A, represent the inertia control parameters. The
estimated angle & can also be obtained according to (7).
Fig. 9 illustrates the step response of the IPLL-based system
under varying parameters. This figure shows that as Ay
increases, the transition time decreases. Additionally, the
steady-state amplitude of the step response corresponds to the
derivative of the control parameter A,. As A, increases, the
steady-state amplitude of the step response gradually
decreases. When the IPLL system reaches a steady state, the
following holds:

A<e + Ab(a)ref - é\)) =0 (10)
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Fig. 8. The block diagram of the proposed IPLL.
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Fig. 9. The unit-step responses of the proposed IPLL with various control
parameters. (a) Ap = 100. (b) A« = 100.
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Based on (9), the error e can be expressed as:
A(d-w,)
A

According to Fig. 10, the closed-loop transfer function of
the IPLL can be expressed as:

e= (11)

0

GIPLLC (S) = 5 = Mﬁ (12)
The Bode plot for (12) is shown in Fig. 10. As A¢ and A,
increase, although the high-frequency noise suppression
capability of the IPLL for the system decreases, it
demonstrates improved tracking ability for the instantaneous
changes of the input signal as the phase delay reduces.
Therefore, when adjusting the IPLL system’s parameters, a
balance must be struck between dynamic response, noises,
and system stability, selecting the appropriate bandwidth

based on design requirements to achieve better effects.
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Fig. 10. The Bode plot of the IPLL under different bandwidths.

C. Comparative between the PLL and the Proposed IPLL

This section offers a comprehensive comparison between
the conventional PLL and the proposed IPLL, analyzing their
performance under conditions of same bandwidth and
identical parameters.

To further enhance this comparison and better understand
the performance differences, the Bode plots of the proposed
IPLL and the PLL are compared with the same bandwidth, as
shown in Fig. 11. From Fig. 11, it can be seen that when the
bandwidths of the PLL and IPLL are consistent, the IPLL
exhibits stronger noise suppression capabilities in the low to
high-frequency range, making it less susceptible to
interference and thereby improving estimation accuracy. For
example, at a frequency of 10° rad/s, the amplitude of IPLL is
—40 dB, while the amplitude of PLL is approximately —20 dB,
indicating that the noise suppression capability of IPLL is 10
times that of PLL. Based on the above analysis, the proposed
IPLL method has better steady-state estimation accuracy and
stability compared to the conventional PLL method.

Moreover, by observing the closed-loop transfer function
expressions (8) and (12) of PLL and IPLL, it can be found
that IPLL is a typical second-order system, while PLL has an
additional zero based on the typical second-order system.

Therefore, the closed-loop transfer functions of PLL and IPLL
can be equivalently represented respectively as follows.

o

[ — Gpllc(s)
— GID”C(S)

Amplitude (dB)
A
o

&%
<)

o

.90 ¥
h— Gpllc(s)

-180 Sine®)__, \~
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Frequency (rad/s)

Phase (deg)

Fig. 11. Comparison of Bode plots for PLL and proposed IPLL with the same
bandwidth.

@’ (1+T,3)
M §)=——1—2° 13
PLLc( ) Sz+2§a)n5+a)§ ( )
2
[0}
M IPLLc(S) = - (14)

s +2lw,5+ !

Among them, w, represents the natural frequency and ¢
represents the damping ratio. For equation (13), k,=2{w, and
ki=w,’. For equation (14), A,=2(w, and A=w,’. Therefore,
the closed-loop zero of equation (13) is:

o 1 Kk
Tk (15)

As the value of T, increases, the value of the zero gradually
decreases, which causes the closed-loop zero s to approach the
origin in the complex plane. Decompose (13) into the
following form for further analysis:

conzTZs
Mo (S) =M g (8) + —SZ 2w s+ a)f
(16)

2 2
n a)ﬂ TZS

s+ 20w,8+ a)f s+ 2{w, S+ a)f
When the input signal is a unit step signal, the output
corresponding to the first term Mp_ c(S) of (16) is yipLic(t),
and the unit step response of the PLL can be expressed as:
YL (t) =YL (t) +Tz % (17)
Based on (17), Fig. 12 shows the unit step responses of
IPLL and PLL under the same parameter conditions. It can be
observed from the figure that as IPLL does not contain a zero
point, during the step response process, the maximum
overshoot of IPLL is effectively controlled compared to PLL,
reducing from the original 29.8% to 16.3%. Meanwhile,
although the settling time t; of IPLL has slightly increased by
0.005 s, compared to the overall response process, this
increment is almost negligible and has a minor impact on the
system.
In the field of sensorless control, excessive overshoot has
an impact on the accuracy of position estimation. Specifically,
overshoot increases the deviation in rotor position estimation,

,
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and the rotor position directly determines the commutation
timing of the SRM. Once the angle deviation is too large, the
commutation timing is disrupted and cannot proceed in an
orderly manner, which affects the accuracy of torque output
and weakens the smoothness and efficiency of motor
operation. In summary, under the same parameters, IPLL
demonstrates superior transient performance compared to PLL,
with a 45% reduction in maximum overshoot.

14,

Mp=29.8%
Mp=16.3%

Amplitude

— Gpiie(S)

h— GIPHC(S) i

Time (s) 03

Fig. 12. Comparison of unit step responses between IPLL and proposed PLL
with the same parameters.

D. Overview of the Sensorless Control Scheme based on the
Proposed IPLL

The proposed SRM drive employs a sensorless technique
based on IPLL to estimate the SRM’s position and speed. The
estimated position and speed information are used for speed
and position feedback. Fig. 13 provides a detailed illustration
of the implementation process of sensorless control, where the
core steps include the calculation of flux linkage, acquisition
of flux linkage error, and the estimation of speed and position
based on IPLL. Initially, ¥ is calculated through real-time
monitoring of the SRM’s current and voltage. Concurrently,
the expected flux linkage ¥, is obtained via a lookup table
method, which is pre-set according to the motor’s known
magnetic characteristics. Then, by subtracting ¥ from ¥, the
flux linkage error is calculated. This step is crucial for the flux
linkage error directly affects the accurate acquisition of
position error e, which is derived using the transformation of
magnetic characteristics formula based on (4). Subsequently,
the flux linkage error is processed using IPLL to estimate the
speed and position. The IPLL is a closed-loop feedback
system, which adjusts its phase according to the input position
error to lock onto the motor’s actual speed and position. The
advantage of this method is that through dynamic adjustment,
IPLL can effectively compensate for errors caused by load
variations or external disturbances, thereby ensuring the
accuracy and stability of control.

Look-up Table ¥ (6,i)

Flux Linkage Calculation i I
The proposed IPLL
— — _ _lookupTable  _ _ PR e T J

Fig. 13. Block diagram of the IPLL for the SRM sensorless control.

As pointed out in the analysis in Section C, compared to the
conventional PLL, the IPLL exhibits stronger robustness to
disturbances while the bandwidth remains the same. It means

the position estimation accuracy can be enhanced under a
noisier condition. This enables the sensorless control strategy
to operate effectively across a broader speed range, especially
in the mid to low-speed range, which is crucial for achieving
efficient and high-performance motor control.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

Experiments are conducted on the three-phase 5.5 kW 12/8
SRM experimental setup to evaluate the proposed position
sensorless control strategy. The setup, shown in Fig. 14,
includes the SRM, a load asynchronous induction motor (IM)
connected via a flexible coupling, and a power converter with
an asymmetrical half-bridge circuit using IGBTs (model
IGW60T120) and Schottky diodes (model D100E60). The
sensorless algorithm tests were carried out on a
TMS320F28335 control board, with phase currents regulated
through A/D conversion and PWM. The sampling frequency
is set at 20 kHz. The phase resistance of SRM is 1.29 Q, with
turn-on and turn-off angles of 0=and 20 respectively. The
parameters of IPLL are set to A=100 and A,=10000 to
achieve a balanced combination of harmonic suppression and
response speed. According to [11], [18], the PI parameters in
conventional PLL can be configured as ky=2wp . and
k; =}, , with the bandwidth of wp (=251.2. All tests are

conducted in sensorless control mode, with estimated position
and speed as feedback for the control loop. Experimental
results are obtained based on a TekMDO34 oscilloscope.

Load Asynchronous

5.5kW SRM

Inverter

= '- ¥ ! " 3
-

Fig. 14. Three-phase 12/8 SRM experimental setup.

Fig. 15(a) shows a comparison between the calculated flux
linkage ¥ and the flux linkage ¥ obtained by the lookup
table method at 300 r/min, indicating a similarity in the values
of flux linkage obtained by the two methods. Fig. 15(b)
displays the current waveform of phase A, with chopping
current control selected as the control method. As can be
observed, the flux linkage calculated online has a mismatch
with the lookup table. This phenomenon is caused by
measurement noises and disturbances, particularly at low
speeds where the flux linkage becomes lower.

Fig. 16(a), (b), (c), and (d) respectively show the steady-state
position error and real/estimated position comparison of the
proposed sensorless control scheme based on IPLL at 200 r/min,
300 r/min, 400 r/min, and 500 r/min. It can be observed that at
200 r/min, the maximum position error is 2.7< At 300 r/min,
the maximum position error is approximately 2.0< At
400 r/min, the maximum position error is around 1.8< At
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Fig. 15. Experimental results of flux linkage and current at 300r/min. (a)
Comparison between calculated flux linkage ¥ and lookup table flux linkage
¥ . (b) Phase current.
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Fig. 16. Position estimation results of the proposed sensorless method. (a)
200 r/min. (b) 300 r/min. (c) 400 r/min. (d) 500 r/min.

500 r/min, the maximum position error is about 1.6< It is
evident that the estimated position can track the real position
under different speed conditions and the estimation accuracy
improves with increasing speed.

To better validate the effectiveness of the proposed IPLL
sensorless control scheme, a set of comparative experiments
are conducted, as shown in Fig. 17. Fig. 17(a), (b), (c), and (d)
depict the steady-state position error and position comparison
of the conventional PLL sensorless control scheme at
200 r/min, 300 r/min, 400 r/min, and 500 r/min. As illustrated
in Fig. 17(a), at 200 r/min, the estimated position fails to track
the actual position, resulting in ineffective sensorless control.
Under operating conditions of 300 r/min, 400 r/min, and
500 r/min, the estimated position can track the actual position,
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Fig. 17. Position estimation results of the conventional PLL sensorless
method. (a) 200 r/min. (b) 300 r/min. (c) 400 r/min. (d) 500 r/min.
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with steady-state errors of 3< 2.15< and 2< respectively. It
can be observed that as the speed increases, the steady-state
position error continues to decrease. Compared to the
proposed IPLL scheme, the conventional PLL-based
sensorless control scheme exhibits higher steady-state errors,
particularly evident in the lower speed range (such as
200 r/min and 300 r/min).

To summarize and present the data from Fig. 16 and
Fig. 17 in a more concise and quantitative way, Table | is
added. This table quantitatively compares the position errors
between the proposed IPLL and conventional PLL methods at
different speeds. For the proposed IPLL method, as the rotor
speed increases from 200 r/min to 500 r/min, the position
error decreases from 2.7° to 1.6< indicating improved
accuracy with higher speeds. In contrast, the conventional
PLL method fails at 200 r/min. At 300 r/min, 400 r/min, and
500 r/min, its position errors are 3.05 2.15< and 2.0°
respectively. Clearly, the proposed IPLL method outperforms
the conventional PLL method in terms of position error,
further validating the effectiveness of the proposed sensorless
control scheme.

TABLE |

QUANTITATIVE COMPARISON OF POSITION ERRORS BETWEEN PROPOSED
IPLL AND CONVENTIONAL PLL METHODS AT DIFFERENT SPEEDS

Rotor speed (r/min) Method Position error (9
200 Proposed IPLL 2.7
300 Proposed IPLL 2.0
400 Proposed IPLL 1.8
500 Proposed IPLL 16
200 Conventional PLL Fail
300 Conventional PLL 3.0
400 Conventional PLL 2.15
500 Conventional PLL 2.0

Figs. 18 and 19 illustrate the speed tracking performance
test results of the proposed IPLL scheme compared to the
conventional PLL scheme at 250 r/min and 500 r/min,
respectively. The test results indicate that the sensorless
control scheme based on IPLL exhibits advantages in terms of
speed ripple, with the amplitude of the speed ripple being
lower than that of the conventional control scheme. This
phenomenon is validated under both 250 r/min and 500 r/min
operating conditions, demonstrating the proposed IPLL
scheme’s superiority in speed stability.
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Fig. 18. The comparison experiment of steady-state speed tracking
performance at 250 r/min.
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Fig. 19. The comparison experiment of steady-state speed tracking
performance at 500 r/min.

Besides, Table Il is introduced for a quantitative analysis.
This table systematically presents numerical data on the peak
speed errors of the proposed IPLL and conventional PLL
methods at 250 r/min and 500 r/min. For the IPLL method,
the peak speed errors are recorded as 22 r/min at 250 r/min
and 24 r/min at 500 r/min. In contrast, the conventional PLL
method shows higher values, with 47 r/min at 250 r/min and
62 r/min at 500 r/min. These precise figures not only provide
a clear-cut comparison but also offer indisputable evidence of
the proposed IPLL scheme’s superior speed-tracking
performance and enhanced stability, as it consistently yields
lower peak speed errors across the tested speeds.

w
o
o

TABLE Il
QUANTITATIVE COMPARISON OF SPEED ERRORS BETWEEN PROPOSED IPLL
AND CONVENTIONAL PLL METHODS AT DIFFERENT SPEEDS

Rotor speed (r/min) Method Peak speed error (r/min)
250 Proposed IPLL 22
500 Proposed IPLL 24
250 Conventional PLL 47
500 Conventional PLL 62

Fig. 20 shows the test of the operating conditions under
load disturbance. In this test figure, the comparison between
the actual speed and the estimated speed can be clearly seen,
and the variation trends of the position error and the phase
current are also presented. When the load is suddenly applied,
the estimated rotor speed will drop instantaneously, with an
amplitude of 92 r/min. However, due to the regulation of the
speed controller, the estimated rotor speed is gradually
adjusted and finally returns to the reference speed value of
500 r/min. During the unloading process, the estimated rotor
speed will increase, also by an amplitude of 90 r/min, and
then it will be adjusted back to the reference speed of
500 r/min. It is variation trend of the actual speed, which
demonstrates the stability and reliability of its speed tracking
ability. Further observation reveals that within the range of
loading to the rated current, the position error remains
approximately at around 1.2< During the unloading process,
the position error increases, and the maximum position error
is approximately 2.0< In conclusion, from the perspective of
the entire test results, even under the operating conditions
with load disturbance, the proposed sensorless control
algorithm still exhibits robustness.
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Fig. 20. Position-sensorless control under load change when loading to the
rated current at 500 r/min.

Fig. 21 showcases a comparison between the proposed
IPLL sensorless control scheme and the conventional PLL
sensorless control scheme during a deceleration experiment
from 250 r/min to 200 r/min. It is evident in the figure that the
IPLL scheme can stably operate in the range from 250 r/min
to 200 r/min, whereas the PLL scheme experiences instability
under the same conditions. This comparison underscores the
advantage of the IPLL scheme in terms of expanded speed
capabilities, namely its ability to operate stably at lower
speeds, thereby demonstrating enhanced stability and
robustness. The experimental results reveal that, in
comparison to the conventional PLL scheme, the IPLL
sensorless control scheme exhibits superior performance in
managing the deceleration process, ensuring stable operation
of the motor over a broader speed range.
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Fig. 21. Comparison of the proposed sensorless scheme and the conventional
PLL scheme in the deceleration experiment from 250 r/min to 200 r/min.

V. CONCLUSION

In this paper, an innovative sensorless control strategy for
SRM based on the IPLL is introduced, aiming to overcome
the challenges of noise sensitivity and the limitations of
conventional observer-based methods that exhibit poor
sensorless control accuracy or even failure at low/medium
speeds. Compared to conventional methods, the IPLL-based
approach features a simpler structure, better steady-state
estimation accuracy, and speed control effectiveness, with

notably improved performance at low/medium speeds. The
effectiveness of the IPLL scheme in extending the operational
speed range of SRMs without compromising control precision
is further demonstrated through deceleration experiments. In
conclusion, the proposed IPLL sensorless control scheme
offers a viable solution to the challenges posed by low/mid-
speed operations. Its simplicity, enhanced accuracy, and
robust performance under various operational conditions
suggest that the IPLL sensorless control scheme has a broad
application prospect in the SRM field, contributing to the
advancement of sensorless control technologies.
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